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ABSTRACT 

The radar cross section (RCS) of a warship plays an important role in its overall ability to 

survive in a hostile environment. The proliferation of sophisticated signal processors in today's 

radar systems, in particular missile seekers, makes it ever more difficult for warships to deceive 

or elude hostile intentions. The RCS has thus become a more predominant factor in the design of 

major warships across the world. There are three major means of determining the RCS of a 

complex object like a ship: scale modeling measurement, Ill-scale measurement and numerical 

modeling. This work concentrates on the significance of geometry in modeling an object 

numerically for RCS analysis. In this research, the object chosen to be modeled was the 

Canadian Patrol Frigate (CPF). 

The work undertaken in this project was part of an effort directed by the Countermeasures 

Section of the Electronic Watfare Division of the Defense Research Establishment Ottawa- In 

essence, a computer aided design (CAD) model of the CPF suitable for RCS analysis was 

generated using a modified version of a software program called RAPPORT, which stands for 

Radar Signature and Prediction by Physical Optics and Ray Tracing. As the name implies, this 

software generated by the TNO Physics and Electronics Laboratory in the Netherlands is a high 

fkequency method program which uses physical optics to predict the RCS of a complex object. 

Once complete, the model would be used to help ascertain the effectiveness of RCS reduction 

techniques prior to proceeding with expensive costs in time and resources related to installation. 

In order to keep this document unclassified, the results presented concentrate on a single 

aspect of the findings made in this project, that being the importance of precision in generating 

the CAD model of the object to be analyzed. 
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND 

In the early days of naval warfare before the advent of radars and airplanes, ships could 

only be detected by one means, visually. Detection was severely limited by environmental 

conditions such as rain, fog and daylight The cumature of the earth also limited the visual 

horizon making the height of a ship, usualIy dominated by the mast, the primary design factor 

with an impact on early detection by enemy ships. Of course the size, shape and color scheme of 

the ship were also important as would become the exhaust plume with the advent of steam 

propulsion and later gas turbines. 

Figure 1-1 HMS WARRIOR 1860 - World's First Annored Iion Ship (from USNSM [1]) 

1 - 1  



The origins of the radar can be traced back to Hertz as early as 1886 but it wasn't until the 

late 1930's that it saw any significant development, The invention of the first cavity magnewon 

by Randall and Boot in Britain overcame the major limitation of previous designs, high power at 

high fkequencies 12 1. This paved the way for efforts by Britain and the United States in 1940 

which propelled radar development leaps and bounds. 

The introduction of modem radar during the Second World War would take detection of 

enemy contacts into the next era. No longer wodd airplanes be limited by visual detection to 

classify and engage targets. Although sonar and radio intercept systems where also making their 

mark by this time, their impact on naval w a r f k  was nowhere near as signiscant as that of the 

radar. Over the past SO years, vast improvements have been made in the design of radar systems. 

The race towards technological supremacy in this area has brought forward the advent of 

electronic deception systems or jammers and off board decoys, primarily chaft The integration 

of powem signal processing techniques then enabled radars to use less and less power to detect 

targets in even the most diacult of environmental conditions, reducing the probability of counter 

detection. Finally, being able to package these sophisticated radars into missile seeker heads 

with integrated global positioning systems has forced ship builders to integrate radar cross 

section (RCS) management into the design of warships. 

The improvements made over the last decade in signal processing techniques have 

rendered the detection of targets by radar increasingly more probable, even in what has become a 

noisy spectrum due to the proliferation of communication systems. The RCS of a warship has 

thus taken on a more significant role in ensuring survivability against enemy weapons, in 

particular missiles. New ship constructions in the defease industry around the world have been 



making RCS management an important design criteria, in particular in smaller vessels where the 

benefits of signature reduction are greatest. The inclusion of a stealth design in a warship is 

depicted in Figure 1-2 by the Surface Combatant concept for the 21' Century of the United States 

Navy. In the Canadian Navy, RCS played an important part in the design and implementation of 

its latest class of warships, the Canadian Patrol Frigate (CPF). The ship provides a low profile 

over the water, thus making detection by other ships and low flying air contacts more difficult. 

The design also incorporates shaping to reduce the RCS, making it more stealthy to enemy 

radars. 

Figure 1-2 Concept of Surfbce Combatant for the 21" Cenhuy - 
United States Navy (fiom Tappan [3]) 

The prime contractor for the CPF purchased twelve ship sets worth of radar absorbent 

material (RAM) tiles to fkther reduce the RCS of the CPF. For reasons beyond the scope of this 

discussion, it was deemed more appropriate to turn the ships over to the Canadian Navy without 



having installed these RAM tiles. For the first few years of service, CPFs sent in operational 

areas were fitted with "mission fit" RCS reduction techniques which relied heavily on tiesn 

RAM panels in areas considered more important and practically treated. 

Figure 1-3 United States Navy Ships Conducting a Replenishment-at- 
Sea Illustrating the Relative Size Between an Aircraft 
Carrier, a Replenishment Ship and a Destroyer (fiom USN M) 

in search for a more permanent solution, an Operational Evaluation (OPVAL) was 

initiated in the Spring of 1995 to determine the suitability of installing the RAM tiles which up to 

this point had been dormant in storage. That is to say, the Canadian Navy wanted to h o w  if the 

operational benefits of reducing the CPF RCS by having these tiles installed would outweigh the 

cost of permanently momting and maintaining them. The ultimate question was really one of 

putting a dollar value to the RCS reduction in dB which in turn would be used to estimate the 

improvement in probability of survival against enemy missiles. These estimates would take into 



consideration the RCS of the ship as compared to that of the off board daoys under various 

operational conditions. 

The OPVAL has since been terminated, again for reasons beyond the scope of this 

discussion, but the investigation into the requkment for a permanent CPF RCS reduction fit 

continues. This project is in essence an extension or subset of this ongoing effort by Dr. Satish 

Kashyap in the Counterxneamres Section of the Electronic Warfke Division at the Defense 

Research Establishment Ottawa @REO), 

Figure 14 Canadian Patrol Frigate HMCS CALGARY at Sea (hm USNSM IS]) 

1.2 SCOPE OF WORK 

The initial scope of this thesis was to build a computer aided design (CAD) model of the 

CPF suitable for RCS analysis. Once complete, this model could be modified to assess the 



effectiveness or suitability of applying RAM tiles on specified areas deemed to be RCS %ot 

spots". For a number of reasons which will be discussed later in this report, the focus was scaled 

back partway through the research to that of investigating the significance of geometry on the 

RCS of ships. The results and discussion will thus concentrate on the more generic aspects of 

computer modeling as opposed to the specific merits of the efforts into a permanent RCS fit for 

the CPFs. Historically research in the field of RCS has been primarily conducted by defense 

related agencies and for the most part remains Micult to access. Results of related research in 

open literature is normally limited to aspects of a more generic nature. Although it is quite 

reasonable to assume that very similar research has been conducted by other countries, for the 

most part this project was initiated with little knowledge of the intricacies of modeling willships 

for RCS analysis. Such information would have allowed for a far more complete research into 

the RCS of the CPF but would have also rendered the potential findings unsuitable for opea 

publication. Experience in the field of numerical modeling of ships for RCS analysis will 

nevertheless prove to be valuable in the overall goal of managing the RCS of the CPFs and 

subsequent naval platforms in Caaada more effectively. 

In order to achieve the initial aim of this research, the proposed methodology consisted of 

the following steps: 

a. study RCS theory, paying particular attention to modeling of complex shapes at 

high frequencies using computational methods such as Physical Optics, Geometry 

Optics and Physical Theory of Diffi.acttion; 

b. study the use of the primary software tools nquirrd to conduct the research, 

namely AutoCAD, DIDEC, JUNCTION and RAPPORT; 



c. generate andlor review basic models and validate the results to gain experience in 

the process; 

d. analyze the available results of the CPF models produced by DREO; 

e. improve on the DREO models of the CPF and perform the RCS computation; and 

f. document the results. 

These steps remain essentially unchanged except that the publication of results and 

discussion will be limited to what can remain open literature. 

1.3 OUTLINE 

This project will be described in six chapters. Chapter 1 has provided an introduction 

which included a brief history, the scope of work and the outline. Chapter 2 will review basic 

radar theory as it applies to RCS and cover pertinent aspects of RCS prediction techniques. 

Chapter 3 will describe the specifics of RCS modeling based on a software tool called 

RAPPORT. Chapter 4 will present the pertinent results and Chapter 5 will describe them more 

thoroughly. Finally Chapter 6 will provide concluding remarks. 



CHAPTER 2 RCS OVERVIEW 

2.1 RADAR FUNDAMENTALS 

The term radar stands for ~ d i o  &tection and -ganging which is quite appropriate for what 

is in essence a system which utilizes radio fkquency (RF) signals to detect targets and determine 

their range. In basic terms, a radar determines the range R to a target using the equation below by 

clocking the time t it takes a know pulse of energy to get to a target and return. 

R = ct/2 

where c is the speed of light. 

The basic radar equation can be defined as follows: 

P, = (~,G;)l(47&) x d(4m x A, 

where: P, is the return power; 

G, is the transmitter antenna gain; 

R is the range between the transmitter and the target, assumed the same for 

the receiver; 

o is the RCS of the target; and 

A, is the aperture of the receive antenna. 

This fonn of the equation relates the received power P, as the product of three distinct factors. 

The first term relates the power density at the target, the second term accounts for scattering by 

the target and attenuation of the power density back to the source and finally the effective 

aperture area of the receive antenna quantifies the portion of power density intercepted by the 



radar [2]. The power received by a radar is evidently directly proportional to the RCS of the 

target. 

Transm 

Target of RCS a 

Antenna Aperture Ar 

Transmitter Pr Receiver PP 

Figure 2-1 Block Diagram of a Basic Radar System 

2.2 RCS BASICS 

The dispersing of energy incident on an object from an electromagnetic wave in all 

directions is defined as scattering. The intensity of the energy scattered back towards the radar 

receiver constitutes the radar cross section of an object. For cases where the transmitter and the 

receiver are co-located the RCS is said to be monostatic, otherwise the RCS is bistatic. The 

RCS of a object can be defined as follows [2]: 

o= 1im,,4dt2 I E , ~ ~ I ( E , ~ ~  



which relates the electric field scattered by the target back to the radar, E, , with respect to the 

incident electric field E, arriving at the target h m  the radar. The Jimit is included as a reminder 

that the relation applies in the far field and the rrmaining term normalizes the RCS to make it 

independent of the range. 

The RCS is a function of target characteristics such as size, shape, composition and 

orientation with respect to the direction of arrival and the polarization of the incident wave. 

There are four primary means of reducing the RCS of a tatget: 

a. passive cancellation; 

b. active cancellation; 

c. radar absorbent material CRAM); and 

d. shaping. 

The last two applications are the ones of particular interest for this research. As the name 

implies, the use of RAM reduces the scattered energy by absorbhg and dissipating it in the form 

of heat. On the other hand, shaping does not reduce the scattered energy as much as redistribute 

it. This effectively reduces the energy scattered in a particular direction of interest, generally 

towards the source, in favor of other directions. Shaping is a method more effectively used 

during the inception stage of ship construction but can be used throughout the Life span of a ship 

with lesser success in cases where RAM is deemed unsuitable. 

In order to appreciate the importance of shaping and geometry in the RCS of a complex 

object, a review of simple objects is essential. As the simplest threedimensional body, the 

perfectly conducting sphere is often used as the basis for understanding the concept of RCS. Its 

geometry provides an invariance in echo with orientation but more importantly presents a 



relatively simple exact solution to the wave equation by virme of its surface coinciding with that 

of the spherical coordinate system. As shown in Figure 2-2, the RCS of the sphere is highly 

dependant on its electrical size, ka = 2 d A ,  with k being the wave number and a the radius of 

the sphere. 
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Figure 2-2 Log-Log Representation of the Radar Cross 
Section of a Sphere (from Knott 121) 

The RCS of a perfectly conducting sphere can be divided into three distinct regions. In 

the Rayleigh Region objects are electrically small, kzz < I, and the normalized RCS rises quickly 

from a value of zero to a peak which overshoots unity. In the middle region, the RCS fluctuates 

around a normalized RCS of unity as a d t  of the con~iiution fiom the specular or forward 

reflections adding in and out of phase with the creeping waves which must travel diffmnt 

distances around the sphere as its size changes. This part of the curve is commonly referred to as 



the Mie or Resonance Region. As the size of the sphere gets bigger, ku > 10, the attenuation of 

the creeping waves becomes more pronounced and the oscillations of the previous region 

diminish progressively. The term Optical Region is used to characterize this part of the curve as 

the RCS approximates the geometric optics value of d very closely. 
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O 

Figure 2-3 Radar Cross Section of a 6.5" Square 
Plate with I = 1.28" (hm SkolniL [q) 

The sphere is a great tool to provide insight into the concept of RCS but UIlfortunately 

complex objects are seldom formed uniquely of spheres. It is thus equally important to 

understand the RCS of more common shapes. The first example is the RCS of a flat plate. The 
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RCS for a plate of dimensions 5 1  by 5A is shown in Figure 2-3. 

Figure 2-3 shows the results of experimentation as well as curves from two computational 

methods which will be described later, namely geometrical diffhction theory and physical optics. 

What is important to note here is that the RCS at normal incidence, a = OD, has the greatest 

amplitude with the remainder of the retum decreasing more or less as a sinc hction. The 

magnitude of the retum at normal incidence increases and the width of this main retum decreases 

as the size of the plate increases. For very large flat areas, the main return is often refemd to as a 

"spike". 

aspect angle 
Figure 2-4 Radar Cross Section of a 900 Dihedral Corner Reflector with 

17.9 crn Sides Measured at 9.4 GHz (fiom Knott 12 1) 

The dihedral comer is the next shape of interest in our review of the RCS of simple 

objects. The results shown in Figure 2-4 and Figure 2-5 were measured using two plates of 

dimensions 5.62. which is very close to that of the flat plate presented above. In the case of the 



90' dihedral, the obvious diffmnce in the return compared to the flat plate is the wider aspect 

angle of the main lobe. By simply changing the angle between the two plates to low, the RCS at 

normal incidence is greatly reduced but the retun away from incidence is still quite significant- 

From these results, it is not diflicult to understand the importance of mhhkhg the use of 90" 

dihedral corners on a warship. t h i s  is not easily accomplished when one takes into account the 

fact that the sea d a c e  acts as the ground plane for the ship and forms one side of a dihedral for 

many areas of concern. 

90 60 30 0 30 60 90 
P 

aspect angle 
Figure 2-5 Radar Cross Section of a 100" Dihedral Comer Reflector 

with 17.9 cm Sides Measured at 9.4 GHz (&om Knott [2 1) 

The last shape to be reviewed is the cone-sphere for which typical measured results are 

presented in Figure 2-6. As can be seen in the figure, the sphericai aspect of the object offers a 

very constant RCS in magnitude for azimuths covering roughly 85' to 275". The discontinuity or 

change of aspect between the cone and the sphere results in a rather significant change in the 

RCS at roughly 80° and 280". The remainder of the w e ,  accounting for the cone aspect of the 



P 

Figure 2 6  Radar Cross Section of a Large Cone-Sphere with 12.5' Half 
Angle and Radius Base = 10.4A. (a) Horizontal (Perpendicular) 
Polarbtion, (b) Vertical (Parallel) Polarization (fiom Kmtt 121) 



object, offers interesting insight into RCS. First of all, the return is dominated by a myriad of 

spikes of varying magnitudes as opposed to the smooth coastant return provided by the spherical 

aspect of the shape. The magnitudes of the returns are also far lower than those of the spherical 

aspect of the sphere, even at 00 where the cone provides an identical twodimensional d a c e  

area to that of the sphere. This M e t  illustrates the importance of the shape or geometry of an 

object in dealing with RCS. 

The significance of shaping in designing complex objects should be apparent based on the 

examples used above. The hierarchy of scattering shapes provided in Table 2.1 is a helpll guide 

in reducing the RCS of a complex object during the inception stage of a ship's design. This table 

can also prove useful in identifying potential scatterers of concern duriag the in-service phase of 

the ship. 

Determining the RCS of complex objects is no trivial matter for several reasons. The 

most significant factor is the complexity of the surface profiles. Complex objects such as ships 

and airplanes contain numerous major scattering centers and countless less significant scatterers 

which go in and out of phase with each other continuously [2]. Figure 2-7 illustrates the spike 

dominated appearance of raw RCS measurement curves. In taking fbll-scale measurements, even 

slight changes in the position of the ship resulting h m  wind or seas produce variances in the 

RCS curves over time, making precise identification of the scattering centers very difficult. This 

explains why raw measured data is g e n d y  represented as a percentile level of the signals 

collected over windows of 1" - 5' to average out the curves. This is the case in the example 

presented in Figure 2-8 where 80.50 and 20 percentile levels are drawn over 2" windows. The 

80 percentile in fact represents the level at which 80% of the measured data samples fd below 
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Figure 2-7 Radar Cross Section of the B-26 Two-Engine Bomber with 
I = 10 cm as a Function of Azimuth Angle (from Skolnik [6]) 



Figure 2-8 RCS of a Large Auxiliary Ship at (a) S band (2800 MH2) and (b) X Band 
(9225 MHz), both with Horizontal Polarization (bm Skolnik [a) 



for a specific azimuth, thus excluding the top 20% of the sampled magnitudes [2]. This 

representation is far more valuable in determining the overall RCS of a complex object. 

A quick analysis of the RCS presented in Figure 2-8 shows that a narrow spike can be 

found on both the Port and Starboard sides of the ship. Relying on the basic review of simple 

objects presented earlier, one can see that these narrow spikes are likely as a result of returns 

fiom large flat areas, in this particular case the ship's sides. The overall RCS remains 

surprisingly constant over most aspect angles except for the areas around the bow, stem and 

broadside. 

As will be shown later, computational methods tend not to produce retums as constant 

with aspect angle as those obtained fkom measured data for two reasons. First, the modeling of 

complex ships generally results in simplifyiag the geometry. For example, a bulkhead may be 

modeled as being perfectly flat and vertical whea in fact it has slight curvatures and an angle 

different fiom 90" with the deck This contributes to vary the RCS, in some case rather 

significantly. The second contributing factor is the inclusion of small details. The methods used 

to model complex objects are generally based on geometric optics approximations which become 

invalid for small objects, ka < 10, although values as low as one wavelength can produce results 

within 1 or 2 dB over most aspect angles 163. This forces the modeling of small objects to be 

either an improper representation of reality or as is more ofken the case have them not included at 

all because of the increase in complexity they pose. The absence of a significant number of small 

objects is not believed to impact the overall average RCS as much as deny the result curve of a 

more constant return with respect to the aspect angle. Accordingly, spikes fiom flat plates are 

not tapered down as much as they would nonnally be when small objects are included. The 



exclusion of small objects means that retuns in the vicinity are seen as being of lower levels than 

they might be in reality as a result of the simplified modeling for the affected reflection of 

energy. 

2.3 RCS DETERMINATION TECHNIQUES 

The most basic means of determining the RCS of an object is analytically. Uafortunately 

the complexity of solving the wave equations for RCS restricts this approach to simple objects 

such as spheres and cylinders. Alternatively, there are three main methods used to determine the 

RCS of a complex object such as the CPF: 

a. full-scale measurements; 

b. scale measurements; and 

c. computational prediction techniques. 

For large objects such as ships, 111-scale measuring is considered the most accurate technique 

since the data is taken in an environment which most closely resembles the operational theatre. 

This is due to the fact that measurements are acquired by either air or shore based radars over 

open ranges at sea. This enables accounting for effects such as reflections from the sea which 

would otherwise be difficult to predict. The two primary limitations of this method are the costly 

use of resources to conduct the measurements, necessitating the ship to be at sea, and the 

inability to predict the effectiveness of RAM treatment before installation. This technique is thus 

generally reserved as a final confirmation of a ship's RCS signature. 

Scale measurements consist of building accurate npresentations of the object being 

modeled and determining the RCS using extremely high hqyency emitters. For the CPF, a 



0.0 126 brass model was built by Thorn EM1 which required the use of a laser operating at 890 

GHz to determine the RCS at 1 1.2 GHz, 0.0126 multiplied by the source fkqyency [7,8]. The 

advantage of this method is that it allows for a very accurate determination of scattering centers 

as long as the model is a reliable representation of the ship. The construction of an accurate brass 

model is however an expensive proposition which doesn't lend itself well to changes in the 

configuration of the ship. The analysis is also generally limited to a single Erequency as the 

number of available sources in the immediate frequency ranges of the models are scarce. 

Finally the RCS of an object can be determined using computational prediction 

techniques. Although techniques which employ the method of moments can be used to compute 

the RCS of objects, the large memory requirements generally restrict their use to electrically 

small objects, less than one wavelength. The majority of the computational methods used to 

analyze the RCS of large objects such as ships ordinarily invoke either the application of simple 

ray tracing approximations similar to Snell's law or solving the Stratton-Chu integral formulation 

of Maxwell's equations by applying geometric optics approximatiom to simplify the 

calculations. These methods include but are not limited to geometric optics, physical optics, 

physical theory of diffhction, geometric theory of Whction, d o r m  theory of difhction and 

method of equivalent currents. These methods are for the most part lower bound restricted by the 

geometric optics approximation to objects of wavelengths greater than 10 although as indicated 

earlier the use of values down to as low as one wavelength are not unreasonable [2]. 

Computational prediction techniques, also referred to as high fkquency techniques, benefit from 

the fact that complex bodies may be considered as a collection of independent scattering centem 

since collective interactions are very small at these fresuencies. That is as long as the length of 



these independent scattering bodies is large compared to the wavelength. The geometric details 

also play an important role in the application of these methods. 

Computational prediction techniques rely on the construction of models representing the 

object to calculate the RCS, usually using CAD tools. Unlike scale modeling, these methods 

lend themselves very well to changes in the configuration of a ship throughout its Life and can 

easily be used to assess the effectiveness of RAM treatment which can lead to installation cost 

and time savings. Once a model has been built, it can be used to compute the RCS for any 

fiequency above the base fiequency chosen to determine the minimum size of the construction 

Lines in the model. The primary drawbacks of these methods are that the optical approximations 

which simplify the computation make it difficult to accurately model complex objects, such as 

ships. This is particularly true of modeling at frequencies below 10 GHz and practically 

unfeasible below 1 GHz. The lower bound size limitations of these methods apply not to the 

overall size of the object being modeled but rather to the lines which form the shapes utilized to 

represent it. On an object the size of a warship the use of dimensions no smaller than 3 

centimeter, one wavelength at 10 GHz, makes it very difficult to accurately describe parts which 

require many lines to define theu shape. Such is the case for spheres and cylinders, especially if 

they are electrically small themselves. Increasing the number of lines and shapes used to 

represent an object not only increases the complexity of the model but also impacts on the time 

required to compute the RCS. The modeling process is fiuther restricted in practice to the use of 

simple objects. In the case of this project, the construction of the CPF was formed entirely of 

triangles. 



2.4 COMPUTATIONAL METHODS 

The software used to determine the RCS of the models built for this project is based on 

physical optics although it does use some of the principles of geometric optics to produce faster 

and more accurate results. The application of these two methods by RAPPORT will be covered 

in the next chapter. Geometric optics and physical optics will be the focus of this section as they 

form the building blocks for most computational methods. Methods such as the geometrical 

theory of difhction, the physical theory of difhction, the e o r m  theory of difhction and the 

method of equivalent currents al l  offer variances of physical and geometric optics in solving the 

limitations of shadow boundaries and edges difihction. These methods will be mentioned 

briefly out of interest as each provides its own advantages and limitations. 

2.4.1 GEOMETRIC OPTICS 

Geometric optics has its roots firmly planted into the same principles which govern 

classical optics. Snell's law explains that when a ray confronts a medium of differing rebctive 

index, two rays are formed. One ray is reflected at the same angle fkom the d a c e  normal as the 

angle of the incident ray. The second ray is transmitted across the boundary and into the second 

medium but at a different angle than that of the incident ray depending on the properties of the 

media on either side of the boundary. This bending of the angle is termed refkction. At the 

limit, a ray incident to a perfectly conducting d a c e  would reflect all the energy, making the 

transmitted or rehcted ray null. 

The theory of geometric optics is based on the c o w a t i o n  of energy within a fictitious 

tube called a ray which combined in large numbers can approximate a wave. The behavior of 



these rays forming a wave incident to a surface can be descri'bed using SneU's law. The energy 

intensity of rays which converge or diverge at the d a c e  may be calculated fiom the cwatures 

of the reflective d a c e  and the incident wave at a point called the specular point, where the 

surface normal points towards the radar. The final d t  is simply [2]: 

o = m,a, (2-4) 

where a, and a, are the principle radii of curvature of the body at the specular point- 

Figure 2-9 Principal Radii of Curvature of a Doubly 
Cwed Surtsce (fiom Skolnik [q) 

It is interesting to note that the d t s  presented in aquation (2.4) for the RCS are not a 

function of frequency. Of course the resuits consider the wavelength to be at the limit of zero 

and are only valid for electrically large objects. Using the sphere as an example, the values of a, 

and a, would be equal to the radius of the sphere which gives the same result as proposed earlier 

in section 2.2, that being d d  = I .  



In addition to being Limited to sltrfaces where the radii of curvature is large compared to 

the wavelength, this method requires two other conditions to be met. The first is that the 

specular point not be close to the edges of the surface as no provision is made to account for the 

effects of difhction fiom edges. The second condition Limits the application of this method to 

surfaces which are cwed. A flat or singly curved surface d t s  in one or both curvatures 

having an infinite radii and according to equation (2.4) this would make the RCS infinite, which 

is obviously not the case. 

2.4.2 PHYSICAL OPTICS 

The description of physical optics is very much an exercise in derivations using two 

simple approximations. The starting point is the transformation of Maxwell's equations to the 

form presented below, known as the Strattomchi integral equations [2,6,9]: 

Es = $Vcap(n x R)Jr + (n x E )  x VJr +(n.E)Vq)dS 

where: E,, K scattered electric and magnetic fields; 

E H  total electric and magnetic fields; 

o radian frequency; 

P permeability; and 

n unit surface normal erected at the surface patch dS. 

and Green's fhction Jr is: 

$ = &4m 



with r being the distance measured fiom the surface patch dS to the point at which the scattered 

fields are desired The first approximation is that of far-field which requires r to be large 

compared to any dimension used to descri'be the object being analyzed. The gradient of Green's 

function becomes [6]: 

v@ =jw0s (2.7a) 

d /41ER 0 = e g o  ". (2-7b) 

where s is a unit vector pointing fkom an origin in or near the object to the far-field observation 

point, usually back towards the radar? and R is the distance kom the origin of the object to the 

far-field observation point. 

The second approximation is that of the d a c e  being infinite and perfectly flat. The 

tangential field components n x E and n x H can thus be replaced by 161: 

I I x E = O ;  (2.8a) 

n x H = 2n x Hi for illuminated surfaces; and (2.8b) 

n x H = O  for shaded surfaces. (2-8c) 

This simplifies equations (2.5) by making them a fimction entirely of the known incident field 

values. By evaluating one of these approximate integrals and substituting the result into equation 

(2.3), the RCS of a rectangular plate viewed in a principal plane can be expressed as 161: 

o = 4 a I (A cos @/A (sin(k 1 sin 9 ) / (k  I sin 8) 1 (2.9) 

where A is the physical area of the plate, Bis the angle between its surface normal and the 

direction of the radar, and I is the length of the plate in the principal plane containing the surface 



n o d  and the radar line of sight 

There are two problems with physical optics. The fim is the breakdown of the second 

approximation which occurs when objects become electrically small, typical of high m e n c y  

methods. The second limitation is the failure to account for edge difFraction, as was the case for 

geometric optics. The results of this method are evidently quite good at normal incidence but get 

progressively less accurate as the angle @increases. 

Figure 2-10 Keller's Cone of Dmction Rays (fkorn Skolnik [6]) 

2.4.3 GEOMETRICAL THEORY OF DIFFRACTION 

The geometrical theory of edge difhction was designed to address the problem of 

difhction from edges or d a c e  discontinuities, ignored by the both geome*c and physical 

optics. This method consists of essentially assigning a phase and rnagnitrlde to the fields 

meted from surface discontinuities [2,q. Up to this point, the reflection of rays was only 

considered to be possible in the plane of incidence containing the incident ray and the surface 

normal. Keller proposes that when a  ray is incident to a edge, the result is a  multitude of rays as 

shown in Figure 2- 10. 

The difbction coefficients required to solve the solution offa the added feature of taking 



into account the polarization of the incident ray, again ignored by physical optics. This method 

offers a definite improvement but the singularity of a c t i o n  coefficients at certain aspects 

forces obvious false results, 

Figure 2-11 Geometry for Wedge IXfhction (from Skolnik 163) 

2.4.4 PHYSICAL THEORY OF DIFFRACTION 

The physical theory of difhction attempts to improve on previous methods by addressing 

the singularity in difiction coefficients mentioned in the geometrical theory o f  difhction. This 

method, developed by Ufimtsev, also seeks to determine the difEaction coefficients at the edge 

but considers the coefficients as originating from two separate sources, the edge and the surface. 

By subtracting the contriion of the surface, the difhction coefficients are thus those of the 

edge itself in the absence of any other source. Ufimtsev's difhction coefficients are determined 

for not just one but three areas as depicted by Figure 2-1 1. This added characteristic creates 

2 - 2 2  



significant comput.tional complications but the improvement over Keller's geometrical theory of 

m c t i o n  make the effort well worthwhile [2,6]. 

Oddly enough, since Ufimtsev's coefficients are representative purely of the edge, having 

removed the surface contn'bution, the physical theory of difhction must be combined with 

another method such as physical optics in order to account for the d a c e  contributions. 

2.4.5 UNIFORM THEORY OF DIFFRACTION 

The uniform theory of difhction is another attempt to improve upon the two basic high 

frequency techniques presented earlier. It looks to address the singularities of the d iec t ion  

coefficients confronted by the geometrical theory of diffraction but in a quite different approach 

fiom the physical theory of difhction. The method removes the singularities by simply 

multiplying the diffiraction cafficients by a Fresnel integral. However, this method fails to 

eliminate the caustic difficulties of the geometrical theory of difhction where an infinity of rays 

may converge [2]. 

2.4.6 METHOD OF EQUIVALENT CURRENTS 

The last of the high frequency techniques to be reviewed is the method of equivalent 

currents which seeks to address the caustics left unresolved by the geometric theory of 

d i ~ c t i o n .  The premise for this method is the fact that any finite current distribution yields a 

finite result for the far field when that distribution is summed in a radiation integral. The 

challenge comes fiom determining suitable expressions for the current distribution. Ryan and 

Peters proposed such expressions as did Knott and Senior. The results offer improvements in 

two areas. Not only do the e d g e - m t e d  fields remain finite in caustic directions but the 



scattering direction is m, longer limited to areas on the Keller cone, thus offaing a more 

complete solution to the problem. The main limitation of this method is that the added 

computational requirements prohiiits its implementation on complex bodies 121. 



CHAPTER 3 RAPPORT MODELING 

The primary tool used in this project to analyze the RCS of the CPF is a software program 

written by the Netherlands Organization for Applied Scientific Research (TNO) Physics and 

Electronics Laboratory called RAPPORT, which stands for mdar Signature -ysis and 

Prediction by Ehysical @tics and B y  Tracing. The purpose of this chapter will be to cover the - 

basic principles, application and limitatiom of this software. RAPPORT is not a complete 

package when it comes to RCS prediction in that it requires several software tools to allow it to 

perform and depict the RCS of an object properly. In essence, RAPPORT inputs ASCII text, 

performs the RCS computations and outputs ASCII text. There are metent ways to manipulate 

the ASCII text files depending on the processing platform used This project made use of three 

software programs to generate the ASCII input and two for the output. In order to gain an 

appreciation for the effectiveness of the methodology proposed, RAPPORT will be compared 

briefly to XPATCH which is a similar software tool produced in the United States by a 

consortium comprising both military and civilian organizations. 

3.1 RAPPORT - BASIC PRINCIPLES 

As the name implies, RAPPORT uses physical optics and ray tracing to predict the RCS 

of complex objects. The application of physical optics is quite similar to the description 

provided in the previous chapter but the use of ray tracing in the acronym is somewhat 

misleading. RAPPORT uses the so-called ray tracing as a means of determining which patches 

of the object contn'bute to the RCS computation for a specific angle of incidence and observation 

point, taking into account both single and multiple reflections [9]. The fdacy is that the use of 
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ray tracing is nothing more than the application of Snell's law with respect to reflection. In any 

case, RAPPORT is essentially an improved physical optics method when it comes to estimating 

the RCS. 

The building blocks used by RAPPORT to compute the RCS of complex objects are the 

same equations proposed earlier in physical optics, namely equations (2.3), (2.5) and (2.8). 

Equations (2.8) are only valid for a plane wave incident to a perfectly conducting infinite plane 

with the reflected wave being planar and its direction equal to the angle of the incident wave as 

determined by Snell's law. RAPPORT takes this concept one step M e r  by accounting for a 

plane wave incident upon a non-perfectly conducting i . t e  plane, making the polarization of 

the incident wave a factor in the reflection coefficients for the reflected wave (93. 

The following derivations are based on the pictorial representation of Figure 3- 1. The 

fields incident to the d a c e  may be broken into components in the plane of incidence Ei, H: 

and components normal to the plane of incidence E,', 8:. Equations (2.8) can then be expressed 

as [9]: 

n x E,, = ( I  + Rn)n x E,'; (3. la) 

(3. lb) 

(3. lc) 

(3.16) 

where the Fresnei reflection coefficients R, and 4 are defined as 191: 

R, = k ~ o s 4  - @,€' - s ~ ~ ~ ~ ) ' ~ / [ ~ , . C O S  4 + @,€, - ~ i n ~ e ) ' ~ ]  ; and (3.2a) 



with 4 representing the angle between the normal and the direction of the incident wave, and p, 

E, characterizing the material of the surface being radiated. By substituting the Fresnel 

coefficients with the values for perfectly conducting material, R, = -1 and R,= I, equations (3.1) 

reduce to the results of equations (2.8) presented earlier as expected. The formulation of 

equations (3.1) allows us to calculate the scattered field for both petallel and perpendicular 

polarizations of monostatic as well as bistatic radar systems. 

observztion point / z 

--tlistpnce fkom observation point to origin I 

Y 

Figure 3-1 Representation of a Typical Scattering on an 
Object in Free Space ( i i i r e d  by Brand [9]) 

The starting point in determining an expression to compute the RCS is equation (2.3). 

The incident electric and magnetic fields, and El', of this equation can be defined as [9]: 

E' = @O#"; and (3.3a) 

where e, and b, are the incident unit direction vectors essociated with electric and magnetic field 
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magnitudes E, andH, respectively. By combining equations (2.5). (3.2) and (3.3), the scattered 

perpendicular polarized component of the electric field can be described as [9]: 

E" = -E&kdAR/(4 M)] . $f.@ -"dS (3.4a) 

in which: 

f. = (1 - R,)(n i) (ei - (e, s)s) + (1 +RJ {(n s)e, - (s edn) (3.4b) 

Similarly, the scatted parallel polarized component of the electric field can be descn'bed 

as [9]: 

A" = -H, [ ' j ~ e ' ~ / ( 4  M)] • $fpe'(' - "dS (3.5a) 

in which: 

f, = ( I  - R,)(n i) {h, - (h, s)s) + (1 +R,) {(n s)h, - (s h3n) (3%) 

In both the above cases, equations (3.4a) and (3.5a), the enclosed surface integral is over the 

illuminated area of the surface. 

These relations are valid for any combination of incident and scattered field angles, 

directions i and s, and thus valid for monostatic and bistatic cases. The scattered parallel and 

perpendicular polarized field relations can also account for d a c e  materials which are not 

perfectly conducting by virtue of the Fresnel reflection coefficients described earlier. Each 

surface polygon fonning the object being d y s e d  can be given a different reflection 

characteristic. For example, d l  the polygons forming the ship's side or a specific "hot spot" on 

the structure might be given the properties of a layer of radar absorbent material to evaluate the 

effectiveness of several different radar cross section reduction plans prior to installation. 

The final concept requked to understand RAPPORT is that of multiple reflections. 
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Figure 3-2 gives a brief overview of the scattering mechanisms one might expect fiom a typical 

ship- 

A = single refkctian 

8 = double reflection 
C = triple nfkaion 
D = edge dirtfraction 

Figure 3-2 Scattering Mechanisms which Contribute to the Radar 
Cross Section of a Typical Ship (from Brand 191) 

The basic application of the physical optics equations only account for single reflections, 

defined as ray 'A' in Figure 3-2. By using ray-tracing, RAPPORT can also account for the 

patches which contribute to the RCS as a result of reflections from other patches rather then 

being limited to direct incidence fiom the some for any scattering angle. For example using ray 

'B' in Figure 3-2, Snell's law of reflection can be employed to calculate the scattering angle of 

the reflection from the flight deck towards the hangar. In essence, this scattering angle acts as the 

incident angle to the patch@) on the affected part of the hangar. The process continues for triple 

reflections and so on. Ray-tracing is thus important to RAPPORT in accounting for both 

multiple reflections and in determining which patches are being "illuminated" for any given 

incident field angle and observation point combination. 

The equations detailed above to quant@ the scattered fields are valid for any surface 

geometry. Unfortunately, the surface integrals in equations (3Aa) and (3.5a) are not easily solved 



by computer. To simplifL matters, RAPPORT accepts only polygons in the ASCII text input file 

to define the shape of the object being analysed. UPPORT then simplifies the process evem 

further by converting the polygons into triangles to facilitate solving of the integral* The 

following expressions are used specifically by RAPPORT in the computation of the RCS [9]: 

E" = - ~ , ~ ~ 1 ( 4  &)]uI(~i)#d(i - " d ~ ;  and (3.6a) 

The summations are over the illuminated patches and the integrations are over the individual 

patches. The integrals can be evaluated using the following simplified expression 191: 

$B(i * s)dS = [-lok] [lllv x n12] C(v x n) 

where: v = i - s ; a n d  

The triangular patch is defined by vertices a ,  a, a,  ,a,, and a, = a,. It is important to note that 

although RAPPORT accepts polygons in the ASCII text input file, the models generated in this 

project where comprised entirely of triangles. This is due to the fact that the RAPPORT input 

format used for this work required the outward normal of the polygons defining the object and 

the software utilized to generate the normals was valid only for triangles. This was not seen as a 

serious Limitation given that RAPPORT internally converts all polygons into triangles in order to 

be able to make use of equation (3.7). 



3.2 RAPPORT - APPLICATION 

RAPPORT requires several different software tools to allow it to estimate the RCS of an 

object. These tools are dependant on the computer pla~orm used and the type of display format 

desired. In generic terms, RAPPORT requires an input file describing the object geometry and 

outputs the RCS as a fhction of variables such as hquency, azimuth angle and elevation angle 

for example. The output file must then be manipulated in order to make it compatible with a 

software tool which can display the raw RCS data in a more meaningfbl display format. Figure 

3-3 depicts the block diagram of the software used in this project with the applicable file formats. 

The first step in creating a model for RCS analysis is the most important and time 

consuming of the process. It consists of "lifting-off' the vertices coordinates &om drawings of 

the ship and entering them manually into AutoCAD, a commercial CAD software program. 

These coordinates could have been input directly into DIDEC but since the latter accepted one of 

the AutoCAD output file formats, it was deemed more suitable to take advantage of the more 

sophisticated CAD software to accomplish what amounts to being the most difficult aspect of the 

RCS analysis process. 

DIDEC is a CAD software tool used to create wire grid, d a c e  patch and cell models of 

complex structures for electromagnetic interaction analysis [lo]. DIDEC can accept several 

different file formats and can even interface directly with a digitizing tablet but none of the 

alternatives available to build the model where deemed more appropriate than the method 

proposed in Figure 3-3. DIDEC was thus used simply to convert the model generated by 

AutoCAD into a format compatible with JUNCTION. 



For its part, JUNCTION is ptimarily utilized to convert the DIDEC output into a fde 

compatible with RAPPORT* The version of JUNCTION used was achlally stripped of most of 

its traditional computational code and modified to perform essentially one task, that of 

calculating the outward normal for each facet or triangle forming the model. The modified 

version of JUNCTION also provided invaluable error checking capabilities, increasing the level 

of confidence in the AutoCAD model significantly. 

The process up to this point was often repeated several times to ensure that the model was 

as accurate as possible prior to the actual RCS computations being performed. As indicated 

earlier, RAPPORT recognizes any polygon shaped element to construct the model but this 

capability was not used to its limit as it would have required software capable of specifically 

calculating the outward n o d  for shapes other then triangles. The model was consequently 

generated entirely of triangles but this was not seen as a major limitation since RAPPORT 

internally converts all polygons into triangles prior to the prescribed calculation process taking 

place. RAPPORT also accepts files in the STL (Stereo Lithography) format but this option was 

not used as the software tools compatible with this format where not readily available. It should 

be noted that TNO favors the STL format over the native PLAN format to perform RCS analysis 

of ships, presumably because of its compatibility with the design software used by the Deutsche 

Navy. The CPF was designed using CAD software which is now essentially outdated and not 

compatible with either the PLAN or STL format. 



Ship's Dmwinp 

*.efie 6le formmt 
Append '..p.juo by @uhg hedw/lbaart 
to rok co~)p.nblr WW JUNCTION. 
*.002 fife formu 

Error checkin8 tiles 

mattrialr.rprn file 

*.rpi file format 
App#Rd '.?'pifife r0 ~ h 1 8  

th. RCS cahlottou so 
be ae-d by RAWOR t. * q o  file format 

- 

*.m file format ' X-Y plot 

Figure 3-3 Sohare Flow Diagram of Radar Cross Section Process Utilized 

The next step in the process is the actual RCS computation of the model generated. 

Aside from the PLAN file which describes the object geometry, RAPPORT also requires two 

other input files to function. The 6'materials.rpm" file contains the values of the material 

characteristics used to descrii the model while the RPI input file, also known as the parameter 



file, contains the data dem'bing the type of simulation which is to be performed by RAPPORT 

on the object. RAPPORT is capable of producing the following results 191: 

a. RCS, ISAR, HIST, MULTI or MSI; 

b. transmitter and receiver vertical or horizontal p o l h t i o n ;  

c. single or sweep fkquency; and 

d any combination of azimuth or elevation angles. 

ISAR represents the complex square root of the RCS, KIST calculates the RCS as a function of 

the number of reflections, =TI includes multi-path in the RCS caiculation and finally VISI 

calculates the visible area for each reflection. 

RAPPORT outputs the desired results in the RPO file which are in turn manipulated to 

accommodate a software tool suitable for graphical display of the data. In this project, a 

MATLAB M-file was written to allow the desired information to be extracted fkom the RPO file 

and plotted in an X-Y format- The information manipulated by MATLAB could also be 

transferred to another software program called SIGMAPLOT which is capable of producing a 

Theta-R polar plot of the results. This is generally the preferred format used to display RCS 

information as it can depict for example the magnitude of the RCS with respect to the admuth 

angIe for a fixed elevation angle. The process proposed in Figure 3-3 is presented in Section 3-4 

using a flat plate as an example. 

3.3 RAPPORT - LIMITATIONS 

The version of RAPPORT used to compute the RCS of the CPF in this project was not 

identical to the one conceived by TNO. TNO generated their latest version of RAPPORT, V3.0, 



using a UNIX-FORTRAN compiler. DREO incorporated improvements to TNO's source code 

of RAPPORT and made it compatible for the DEC-FORTRAN compiler used at DREO. Finally, 

the DREO source code was modified at the Royal Military College of Canada to make it suitable 

for compilation using FORTRAN 90. The time spent adapting RAPPORT'S source code to 

FORTRAN 90 allowed the research to be carried out using a standard PC with a 90 MHz clock 

and 16 MB of memory. As one would expect, the time required to compute the RCS of a 

complex object Iike the CPF was greater using the PC version compared to the UNM or DEC 

versions which ran on systems with much more memory and computational speed. However, the 

amount of time required by RAPPORT to perform the actual RCS computations was relatively 

small when compared to the amount of time required to build the model or even make relatively 

minor changes free of errors in AutoCAD. For example, adding an antema mount to the 

structure could take the better part of a day while a basic RCS computation could be done in a 

manner of minutes. There is a point where decreasing the azimuth or elevation step size andlor 

increasing the number of frequencies considered in the simulation for small values of "maxsize" 

increased the computational time enough to warrant transmitting the PLAN file to DREO for 

computation. The use of a PC nevertheless remained more than adequate to carry-out all the 

other bctions in the RCS process proposed in Figure 3-3. 

The limitations imposed by RAPPORT on the shape of the basic elements forming the 

model was discussed in passing earlier. A complex object like a ship is formed of numerous 

objects of varying shapes and sizes. Limiting the modeling to the use of triangles or even 

polygons for that matter makes it practically impossible to represent the model with a high level 

of definition. In fact, this is arguably the single most important factor in the level of precision 



achievable using numerical prediction techniques to determine the RCS of complex objects. For 

simple areas like the ship's side, triangles are more than suitable for the task On the other hand, 

several triangles are required to model curved surfaces like antennas which are lcnown to be 

major scatterers. Not only do c u m 4  surfaces quire  many triangles to generate models which 

are representative of reality but the increase in complexity also impacts negatively on the 

computational speed. These difficulties become even more prevalent as the objects being 

modeled get smaller in size, like stanchions for example. 

The next issue of concern in producing an exact model involves the complexity of adding 

objects to the model. In this project, the starting point of the analysis was a model of the CPF 

consisting of the main hull, the superstructure, the funnel and the hangar. The RCS of the ship 

was analyzed after each major change to the baseline model. This provided invaluable insight 

into the RCS response of ships. Unfortunately this approach had two drawbacks. The first was 

the fact that adding items to the baseline was complex and time consuming in many cases. For 

example, sixteen rectangular canister shaped objects where added to the boat deck. Each canister 

required 18 lines to model it and approximately as many to integrate into the baseline model as 

each new vertex necessitated the formation of new triangles with its "surr0~11dings". 

The progressive addition of shapes or objects to the baseline was deemed beneficial 

although in hindsight it could have been done more efficiently. Once an object was added to the 

baseline, it became part of the new baseline. It would have been useful to have utilized some of 

AutoCAD's features which allow objects to be saved in separate files or layers. These features 

would also prove invaluable in evaluating RCS reduction techniques like shaping or radar 

absorbent material treatment. The application of the above suggestion is not entirely trivial as 



the inclusion of layers must also take into account the interaction of the added Lines and vertices 

to the model. In some cases, lines could have to be removed fiom the baseline model to allow 

objects to be placed overtop of them. This is a feahm which is not easily accounted for 

automatically. 

3.4 RAPPORT - BASIC PERFORMANCE EVALUATION 

RAPPORT'S ability to estimate the RCS of an object is documented in 191. Due to the 

numerous modifications made to RAPPORT'S source code and the differing approach used in 

this research to handle the input and output files, it was deemed worthwhile to present a brief 

evaluation to validate the process proposed in Figure 3-3. This validation will be presented in 

two phases. The first phase consists of q u a n w g  RAPPORT'S ability to evaluate the RCS of a 

perfectly conducting flat plate. The dimensions of the plate modeled are 6.5" by 6.5" and the 

wavelength chosen is L = 1-28'., making the fkquency 9.2 GHz [2,6]. The model of the plate 

created using AutoCAD consists of four lines descniing the contour of the plate and one Line 

joining opposite corners to convert the polygon into two triangles. The PLATE-PLAN file output 

by JUNCTION is presented below: 

PLATE. PLAN 
2 

1.0000000 
1 
3 

0.0000000 
0.0000000 
0.0000000 
1.0000000 

1 
3 

0.0000000 
0.0000000 
0.0000000 

! FACES WITH AREA > 1 sq a n  
0 , 0000000 0.0000000 ! FIRST FACE OF BODY 1 

The PLAN file has two faces representing the two triangles modeled in AutoCAD as 



indicated in the second line of the PLAN file, the first line being the file name. The two triangles 

are defined by Lines 3 through 8 and 9 through 14 with the last three lines of each set representing 

the vertices coordinates, the "3"'s at Line 5 and 11 indicate that both polygons have three vertices 

and the " 1" indicates that the material code used for both facets is "l", corresponding to perfectly 

conducting material in this particular case. The PLATEORPI file used to choose the simulation 

parameters is as follows: 

RCS computation of a 6.5" by 6 . 5 A  square plate 
1 nrob j ects 
plate. plan ob j ectfile 
3 number of reflections 
0.25 maxsize 
monostatic configuration 
RCS 
azimuth scan 

0 80 10.0000 
9 0 90 1.0000 

SINGLE frequency 
9.221 9.221 0.1 

vertical transmitter polarization 
vertical receiver polarization 
plate. rpo  resultfile 
reset 

The comments included in the PLATE-RPI file make it fairly straight forward to 

understand most of the text. The value of "maxsize" refers to the maximum size allowable for 

each facet with respect to the total area of the object. RAPPORT essentially subdivides facets 

which are greater than the "maxsize'' prior to performing the RCS computations. This is an 

important factor in dealing with complex objects, like ships, since the greater the size of the 

facets, the less accurate the process of determining which facets contribute to the RCS because 

the ray-tracing algorithm determines if a facet contributes to the RCS by tracing back tiom its 

geometrical center [9]. In this specific case, the maximum allowable size of the triangles was set 

at 0.25 or 25% of the plate area which causes RAPPORT to re-generate the model of the flat 



plate internally using 8 facets instead of  the original 2 fkom the AutoCAD model to compute the 

RCS. Decreasing the value of "maxsize" greatly enhances the accuracy of the RCS results for 

complex objects within certain Limitations. First of all increasing the number of facets by 

decreasing "maxsize" will increase the time required to execute the computation. The second 

factor deals with wavelength Limitations relating to the theory presented in Chapter 2. Physical 

optics is a high-fkequency method which is limited to sizes greater than ten wavelengths. By 

forming facets, in this case triangles, with dimensions of less than ten waveIengths, the results 

computed become essentially erroneous by virtue of failing to account for scattering mechanisms 

which become more prevalent for smaller sizes. 

The results mandated in the PLATEORPI file consist of a 0° to 80" azimuth scan in 10" 

increments at an elevation angle of 90" and kquency of 9.221 GHz. The results of the 

PLATE.RP0 file are: 

# - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  RAPPORT ~ 3 - 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
# - - - -  TNO Physics and Electronics Laboratory - - - -  
# - - - -  Radar signature Analysis and Prediction - - - -  
# - - - -  by - - - -  
# - - - -  Physical Optics and Ray Tracing - - - -  
# - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  RAPPORT m - 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
# 
#TITLE OF CALCULATION 

#RCS computation of a 6.S1@ by 6 . 5 "  flat plate 
# 
#PARAMETER FILE 
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
#Parameters for the calculation were taken from the file: 
# plate-rpi 
# 
#EXTERNAL OBJECT DESCRIPTION 
# - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

#The object description is taken from the f i l e ( ~ )  : 
# plate. pla which contains 2 polygons 
#The x-min and x-max of the object are ,00000 .OOOOO 



#The y-min and y-max of the object are - -16510 
#The z-min and z-max of the object are ,00000 
 he area of the object equals -02726 
# 
#INTERNAL OBJECT DESCRIPTION 

#The polygons were transformed to triangular patches, 
#with a relative maximum area of: -25000 
#This corresponds with a maximum radius of: -061529 
#An object description with 8 patches is obtained. 
# 
#RAYTRACING INFORMATION 
# - - - - - - - - - - - - - - - - - - - - - - * * * * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - -  
#The maximum number of reflections accounted for = 3 
# 
#TYPE OF CALCULATION 
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
#Perform a monostatic calculation: transmitter and 
#receiver are located at the same position 
# 
#TYPE OF RESULT 

#The RCS after the total number of reflections. 
# 
#SCAN MODE 
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
#An azimuth scan is performed, 
#starting from azimuth angle - - . 000000 
#ending at azimuth angle = 80,000000 
#with increment = 10.000000 
#at a fixed elevationangle of 90.000000 degrees 
# 
#FREQUENCY INFORMATION 
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
#The used frequency in GHz - - 9-22 
# 
#POLARIZATION 
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - -  
#Used transmitter polarization = v 
#Used receiver polarization = v 
# 
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  RESULTS - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

# PLOTDATA 
.oo 

10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 

The h e  columns represent the azimuth angle, elevation angle and magnitude of the 



RCS in dBsm or dBm2. The X-Y plot of the above results using an azimuth increment of 0.5" 

instead of 10.0" is presented in Figure 3 4  and the polar plot in Figure 3-5. These results can be 

compared to the values presented in Figure 2-3. 

Figure 3-4 MATLAB X-Y Plot of the Radar Cross Section 
Results for a 6.5" by 6.5" Flat Plate 

RAPPORT'S results are nearly identical to those coxresponding to the physical optics 

trace in Figure 2-3. The horizontal polarization results calculated by RAPPORT are not shown 

here as they are identical to the ones presented for the vertical polarization case. There is 

generally no drastic difference between the vertical and horizontal polarization results but ody in 

instances where the geometry is identical for both polarizations are the results identical. Such is 

the case for the flat plate analyzed in this section but no so of the CPF model. Comparing the 

experimental result curve illustrated in Figure 2-3 to the physical optics curve enables us to gain 

an appreciation for the ineffectiveness of physical optics as the angle of incidence moves away 

flom normal incidence, 00. The RCS away firom n o d  incidence for a flat plate is much lower 

than it is at normal incidence which reduces the negative impact considerably. Unfortunately the 



RCS of dihedral and trihedral comers is much more distriiuted in azimuth, rendering the lack of 

accounting for edge difhction more prevalent for these shapes. 

Figure 3-5 SIGMAPLOT Polar Plot of the Radar Cross 
Section Results for a 6.5" by 6.5" Flat Plate 

The second phase of RAPPORT'S performance evaluation consists of comparing it 

briefly with XPATCH. The most obvious difference between these two high-fkquency 

prediction codes is user fiendliness. XPATCH integrates with an X-Window graphical user 

interface which combines CAD-geometry pn-processing and analysis tools along with post- 

prediction analysis tools, making it an end-to-end prediction analysis package capable of 

displaying and examining three-dimensional color views of the analysis geometry [l 11. 

XPATCH is obviously easier to use as it replaces all the software tools described in F igw 3-3. 

XPATCH is an ongoing project which has seen considerably more fbnding than 

RAPPORT. It is intended to support the Aerospace Non-cooperative Target Recognition 



(NCTR) program which seeks to develop Automatic Target Recognition (ATR) algorithms and 

processing hardware capable of positively identifying threat, neutral and fiiendty aircraft and 

ground vehicles. XPATCH is instrumental in producing the predicted radar signature templates 

for the identification algorithms at the hearth of the process. The NCTR program will require in 

the order ten million radar signature templates to be compiled. These computations are being 

performed on very high speed machines yet will still take years to complete [12]. 

Efforts to improve XPATCH are expected to continue to be fhded well into the year 

20 10. These improvements or upgrades include integrating the method of moments (MOM) to 

the algorithms used to compute the radar signature [12]. The version o f  XPATCH provided to 

DREO was based on the shooting and bouncing ray technique (SBR) which is essentially 

equivalent in function to the ray tracing used by RAPPORT to ascertain shadow and blockage 

checking on the geometry, although somewhat Merent in application. Once the SBR process is 

complete, XPATCH uses physical optics to calculate the RCS of the object. As with RAPPORT, 

XPATCH can account for multiple reflections but has the added feature of being able to include 

edge diffraction by applying a physical theory of diffraction algorithm in its code [l 11. 

A very rudimentary comparison between XPATCH and RAPPORT was made at DREO 

using the perfectly conducting flat plate described earlier and a model of the CPF. The flat plate 

results of the XPATCH simulation were similar to the GTD curve of Figure 2-3. The XPATCH 

results are evidently better away fiom normal incidence than the ones predicted by RAPPORT 

using only physical optics for the simple reason that XPATCH has the ability to account for edge 

difhction. Sample comparisons were also made using the CPF model. The results using a 

"maxsize" of 0.00 1 compared well with the one's obtained fiom XPATCH except for a few 



notable discrepancies at two specific angles. The reduction of ''maxsi~e~' to 0.0001 all but 

eliminated the discrepancies at the two angles of interest and overlaying the two sets of results 

indicated a clear correlation. Although the comparison was not extensive, it did provide a greater 

degree of confidence in the results produced by RAPPORT by virtue of the high correlation with 

the results generated by XPATCH. The results produced by XPATCH would be expected to be 

the more accurate by virtue of accounting for edge difEactio11. It is interesting to note that the 

WATCH simulation performed at DREO was approximately 600 times slower than the one 

using RAPPORT, which took approximately 80 minutes. 

The increased computational time observed in the preliminary comparison was not in 

itself sufficient to detract from its use for this pmject. Aside from the fact that DREO had not 

been able to succeed in getting XPATCH to function properly at the start of this project, it has 

one serious drawback in the prescribed application. XPATCH was intended to predict the RCS 

of airplanes and ground vehicles, not ships. Given that DREO was provided with the s o h a r e  

without the ability to alter the source code, it has remained unsuitable for the purpose of this 

project. The primary limitation of XPATCH is that it does not allow for the inclusion of a 

ground plane in the calculations. This is obviously not an issue for airplanes but the d a c e  of 

the sea acts as a ground plane and cannot be ignored. The comparisons between the two software 

packages was thus made with RAPPORT omitting the calculations for the sea-water ground 

plane. The primary advantage of RAPPORT over XPATCH revolves around the fact that several 

improvements were made to the source code to account for the ground-plane reflections. These 

improvements include the ability to account for a @ectly conducting ground plane and allowing 

the sea-water characteristics to be fhxpency dependant. 



Overall, WATCH is easier to use, includes edge difEaction and is being improved 

continuously while RAPPORT is faster and accounts for the sea-water ground-plane. Forhmately 

the models generated for RAPPORT can easily be adapted for simulation using WATCH which 

leaves the door open to firture developments. 



CHAPTER 4 RESULTS 

The purpose of this chapter is to enumerate the results of the RCS simulations performed 

on the various iterations of the CPF model. The measured RCS of most military vehicles such as 

ships or airplanes is classified and the RCS of the CPF is no exception. The RCS results 

predicted by RAPPORT will consequently not be related in this document to the known RCS of 

the CPF but rather compared to the baseline model and the subsequent modifications to i t  This 

will provide insight into the impact of geometry on the RCS of complex objects Wre ships. 

4.1 BASELINE MODELS 

There were two baseline models available from which to initiate this project. The f i t  

model was obtained by DREO from National Defeose Headquarters in a file format compatible 

with AutoCAD. This model was likely intended to be an architectural representation of the CPF, 

containing details which were superfluous for RCS analysis and in some cases even cause for 

errors. These details included lines depicting major watertight bulkheads inside the hull structure 

which are of no relevance to the RCS. Ideally, only the outer d a c e  of conducting structures 

contribute to the scattering of energy and an object such as a solid sphere would provide an 

identical RCS profile to that of a hollow sphere for example. Using this assumption, 

considerable time was expanded at DREO to make the first baseline model suitable for RCS 

analysis by removing a multitude of extraneous lines and in other cases adding lines to form 

facets. In the end, the outer hull and structure of the ship were modeled entirely using triangular 

facets. 

The second baseline model was generated by converting a wire-grid model of the CPF 



into a facet model using DIDEC. The model was originally built by LC& J B .  McLachlan for the 

purpose of his master's thesis 1131. LCdr McLachlan entered the vertices coordinates from scale 

drawings of the CPF primarily by employing a digitizing tablet interfaced to DIDEC. 

From the outset of this project, it was recognized that the two baseline models might be 

unsuited for RCS analysis in their o r i m  conditions as both had been intended for other 

purposes. The validity of the model used as the baseline for the CPF will be discussed in the 

next chapter, Figure 4-1 is a scale representation of the CPF simiIar in detail to the one utilized 

in this project to input vertices into AutoCAD except of a smaller scale. Figure 4-2a depicts 

baseline model # 1 prior to making it compatible for RCS analysis, Figure 4-2b is the same 

model except that hidden lines are not shown and Figure 4-2c represents the model after 

conversion into a facet model. The difference between Figure 4-2a and Figure 4-2b provides an 

indication of the number of lines which were extraneous in the original model, especially in the 

hull. Aside fkom having removed several Lines and formed facets with the entire structure, the 

model in Figure 4-2c was cropped at the waterline. As is the case with most electromagnetic 

problems involving ships, the waterline acts as the ground plane and thus removing the structure 

below it is not only convenient in most cases but necessary as well. 

At quick glance, baseline model # I appears to be a reasonable representation of the CPF 

in Figure 4- 1, at least for the details shown. What is less obvious is that the overall length of this 

baseline is 133.6 meters instead of the actual 134.2 meters and that some of the details are not 

particularly accurate. The most obvious flaw is in the slope of the forward aspect on the structure 

between the superstructure and the funnel but there are other details less obvious to the naked eye 

which make the model's utility questionable. Combined with the fact that the source or accuracy 



of the model could not be corned, it was deemed more appropriate not to use it as baseline. 

The baseline model which was used for RCS analysis of the CPF in this research is 

shown in Figure 4-3, baseline model # 2. Although it was originally intended to be used as a 

wire-grid model, this baseline was deemed to be a more accurate representation of the CPF. For 

instance, the angle of the funnel top is much closer to reality as are the flight deck and the 

structure between the -el and the superstructure. The after end of the hull bottom appears to 

be more detailed in baseline model # 1 but in fact baseline model # 2 is a better representation. 

The number of facets used to describe the second baseline model was also much smaller which 

contributed to simplify the addition of details and reduced the computational time dramatically. 

It is important to note that the model shown in Figure 4-3 was not simply the result of a direct 

DIDEC conversion of LC& McLachlan's wire-grid model. Initial efforts at DREO constituted 

dedicating some time making necessary adjustments, most notably the removal of the wire 

antennas which are at the basis of radiation pattern simulations but insignificant in RCS 

predictions. 

Despite considerable efforts, the converted wire-gird model used as the baseline was not 

entirely accurate. For instance, the overall length of the model was 134.4 meters instead of 134.2 

meters, the error likely arising fiom the level of accuracy achievable by the digitizing process of 

scale drawings. Based on RCS theory, this 20 centimeter difference was not deemed significant 

in the overall RCS prediction of the ship. This assumption was based on the fact that the 

difference in the broadside RCS of a flat plate the length of the CPF would be insignificant as a 

result of a 20 centimeter variance. On the other hand, a variance of this type on the angle of a 

perfect dihedral or trihedral comer could change the RCS rather significantly. The biggest 



complication caused by the above mentioned inaccuracies was the fact that the baseline model 

coordinates were rarely exactly the same as on the scale drawings. For example, the mast 

structure was referenced to a very specitic coordinate on the top of the superstructure in the 

drawings yet the inclusion of the mast onto the baseline model resulted in the mast not matching 

up with the existing structure. This forced the modification of either the detail being added or of 

the structure it was to be appended on. To facilitate the process of adding details to the model, 

the point of origin on the baseline was relocated using a translation feature in AutoCAD to make 

it the same as the reference used on the ship's drawings. 

4.2 RCS OF THE BASELINE MODEL 

The RCS prediction of the baseline model was performed using numerous combinations 

of the different features available in RAPPORT even though the inaccuracies of the baseline 

model precluded the analysis of the results from producing significant observations. The 

exercise was intended as a means of gaining a better appreciation for the analysis process as well 

as investigate the impact of changing the variables on a ship-like object as opposed to simple 

objects like flat plates. These simulations included varying: 

a. the fkequency; 

b. the azimuth angle; 

c. the elevation angle; 

d. the polarbation; 

e. the number of reflections; and 

f. the value of "maxsize". 
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Figure 4 3  Canadian Patrol Frigate Baseline Model # 2 with Hidden Lines 



The RCS prediction of the baseline model depicted in Figure 4-3 is shown in Figure 4-4 

with the applicable *.qi parameter file. 

RCS in d a m  wemus Wmrrth 

RCS computation the CPF 
1 nr-ob j ec ts 
baseline-pla obj ectf ile 
3 number of reflections 
0 - 0001 maxsize 
monostatic configuration 
MULTI 
FGC 0 - 0  0.0 
azimuth scan 

0 360 0,5000 
89.5 89.5 0.0000 

SINGLE frequency 
11.2 11.2 0.0 

vertical transmitter polarizati 
vertical receiver polarization 
baseline. rpo resultfile 

Figure 4-4 Radar Cross Section of the Canadian Patrol Frigate 
Baseline Model and Parameter File Idonnation 

The elevation angle was chosen as 89.S0, corresponding to a 0.5" angle above the horizon, 

to coincide with the approximate angle of the RCS measurement facilities located at Osboume 

Head Gunnery Range (OHGR) near Halifax, Nova Scotia [14 1. The f iequay  was selected to 

coincide with results from the Thorn-EM1 measurements performed on the scale model of the 

CPF [7,8]. The OHGR facility measurements were taken at several frequencies including 1 1 

GHz which is close enough to 1 1.2 GHz for the purpose of this project. Although Figure 4-4 

eludes to the results being RCS, they are in fact MULTI with FCG 0.0 0.0 which means that the 

RCS was predicted assuming a finitely conducting ground plane with hqyency-dependant sea- 

water dielectric parameters in accordance with reference 1151. 

The OHGR and Thorn-EM measurements are both classified SECRET and cannot be 

used for comparison in this document. Qualified users can refer to the results of the Thorn-EM1 



scale modeling measurements [7,8] or to the full-scale measurements performed on the CPF 

[14,23]. To provide some sense of figure-of-merit, the d t s  can be compared to the RCS of the 

Iarge awiliary ships measured on Chesapeake Bay shown in Figure 2-8. By taking 

measurements of several ships from the same location, the following empirical formula for the 

RCS of a naval ship was proposed [6]: 

0 = 5240 (4- 1) 

where f is the frequency in MHz and D is the full-load displacement in kilotons. This formula 

represents the average of the median RCS at low grazing angles in the port bow, starboard bow 

and quarter aspects, excluding the broadside peaks, for various wavelengths and ship 

displacements [6]. Assuming a ship displacement of 5 kilotons for the CPF at a frequency of 

1 1.2 GHz or 1 1,200 MHz, the RCS would be approximately 66 dBsm. To put this value in 

perspective, an RCS of 1 mi2 is equal to 64.1 dBsm. Assuming that the actual RCS of the CPF is 

relatively constant with azimuth as it is in Figure 2-8 for the auxiliary ship, it is rather obvious 

that the accuracy and level of detail included in the baseline model was inadequate to provide 

suitable results. At some am'muth angles, the RCS was below -10 dBsm which is nowhere near 

the 66 dBsm calculated using equation (4.1). 

There were eighteen primary modifications made to the baseline model to attempt to fN 

the azimuths where the RCS was well below the 66 dBsm calculated. These modifications 

included in Table 4-1 represent the heart of this research and are covered in the following 

section. 



Table 4-1 List of Modification to the Baseline Model 

Modification 

a 

b 

c 

d 

e 

f 

g 

h 

1 
L 

j 

k 

1 

m 

n 

o 

P 

9 

r 

Description 

changing the waterline location 

adding the solid structure supporting the mainmast 

adding a solid structure to simulate the lattice mainmnct 

changing the solid mainmast structure to a beam mast 
structure 

adding a flat plate without thickness on the starboard side of 
the boat deck, dimensions as per the general arrangement 

drawings I 

adding thickness to the starboard side boat deck flat plate 
J 

adding four of the eight VLSS canisters on the starboard side 

adding a flat plate with thickness on the port side of the boat 
deck, dimensions as per the profile drawings 

adding the other four VLSS canisters on the starboard side 

adding the eight VLSS canisters on the port side boat deck 

adding the port aft structure to the hangar 

modifying the port aft structure of the hangar added in 'k' 
and the slope on the port side of the hangar top 

modifying the aft end of the hangar to include a perfectly 
vertical door 

modifying the hangar door slope to match that of the hangar 
aft end 

adding the CIWS mount 

adding the -el tail 

cropping the bottom of four VLSS canisters on the starboard 
side, making them fie-standing 

cropping the bottom of the other four VLSS canisters on the 
starboard side 



4.3 RESULTS OF THE BASELINE MODIFICATIONS 

The results presented in this section were predicted using the same parameters as 

indicated in the *.rpi He of Figure 4-4 with the exception of the value of ''maxsize" which was 

set at 0.001. The first set of results addresses the waterline of the ship. The baseline model had a 

waterline of 4.3644 meter when in fact the CPF waterline is considered to be at 5 meters, 

although this value does vary depending on the amount of fuel stores, water and ammunition 

carried on board at any given time. The difference in the RCS results between the models with 

waterlines at 4.3644 meter and 5 meters was not significant, as shown in Plot 4- 1. The average 

difference in RCS over 360° in 0.5" increments was 0.22 dB. The most si@cant aspect of the 

results depicted by Plot 4-1 is the fact that the diffetence is distributed over the entire azimuth. 

This is significantly different from the results which will be presented below where the 

subsequent modifications present a generally localized impact on the RCS. It is interesting to 

note that although some azimuth angles have peaks as high as 18 dB, there is no obvious area 

over which an RCS improvement or reduction is noticeable. This is interesting givm the fact 

that the surface area of the ship has been reduced by the change in waterline yet the overall RCS 

has increased slightly. The change in waterline certainly did not fill the gaps in the RCS plot of 

the baseline model where the levels were well below 66 dB. This lack of improvement made it 

more apparent that filling the gaps would likely require adding large dihedral or trihedal comers 

missing from the model or a very large number of small details. 

Some references elude to the fact that the RCS of complex objects is largely dominated 

by upper deck structures like the superstructiue and the Likes [14]. Other references claim that 



dihedral and trihedral comers dominate the RCS of such objects [9]. Modification 'b' was 

included as a first step towards filling the forward quarters of the RCS plot Figure 4-5 illustrates 

the added structure. 

Figure 4-5 Mainmast Supporting Structure Modification (modification 'b') 

The box-like structure added on top of the superstructure did not impact the RCS 

significantly for the simulations of interest As depicted in Plot 4-2, there were only two 

azimuths where a significant improvement was made and that only over a very narrow area. The 

overall change is RCS fiom this modification was a mere 0.06 dB. As expected, the addition of 

the flat surface area of this structure forward was noticeable on the plot but such was not the case 

on both sides and astern. The lack of impact astern can be attri'buted to the blockage of the 

h e 1  at the elevation angle chosen while the sides of this added structure failed to bring forth 

any significant contribution by virtue of the smaller area they pose relative to the ship's sides. 

The contribution of the forward part of the structure could be incorrectly attributed to the 

dihedral shape formed with the top of the superstructure given the hct that this shape should 

have resulted in a wider area of impact, certainly with a Wangle instead of the current angle. 



The narrow spike re- seen on Plot 4-2 are more indicative of the contribution one would 

expect fkom a flat d a c e .  

Modification 'c' was added to the model in an attempt to M e r  investigate the 

significance of details well above the waterline. The mast is a complex structure formed of 

several beams supporting a myriad of different antemas. The small size of the details forming 

the mast and its components made it impractical to model thoroughly. The solid structure was 

thus designed to estimate an equivalent return by overemphasizing the surface area up to the top 

antenna platform to offset the absence of the structure above the top platfonn and of the 

antennas, in particular the Sea Giraffe se=h radar reflector due to its large physical size. 

Figure 4-6 Solid Mainmast Modification (modification 'c') 

The addition of modification 'c' did not significantly alter the RCS of the model. This 

was somewhat surprising given the d a c e  area that this added structure manifested. After the 

results of modification 'c', it was not surprising to see the minimal impact resulting &om 



modification 'd' which consisted of changing the solid mast for one formed of beams. It is 

interesting to note however that modification 'c' brought forward an overall average increase in 

RCS of 0.01 dB while modification 'd' improved the solid mast return by 0.09 dB. Granted the 

difference is academic, it ifIustrates the fact that the shape of an object can be more important 

than its surface area. On the other hand, the contribution &om flat plates such as those presented 

by the solid mast areas would only be significant at normal incidence to the plates. This would 

justify how a smaller dihedral d a c e  area could have more of an impact than a larger flat 

surface. 

Figure 4-7 Addition of the Starboard Side Boat Deck Flat Plate (modification 'e') 

The top of the superstructure contained numerous details yet almost all of them were 

omitted from the baseline model. The lack of evident change in the RCS from the mainmast 

modifications was deemed to be a suitable indication that perhaps the details more likely to 

impact the RCS were in another area of the ship. The focus thus turned to investigating the boat 

deck area. The most obvious omission b r n  the baseline model on the boat deck was that of the 



flat plates protecting the VLSS launcher area on each side. The flat plate added to the starbard 

side boat deck seen in Figure 4-7 was first modeled without thickness. The impact of 

modification 'e' seen in Plot 4-5 appears to be phenomenal, increasing the overall average RCS 

by an astonishing 29.57 dB. The only difficulty is that the model of the flat plate is actually 

flawed. One of the guidelines set into JUNCTION in converting the model into a format suitable 

for RAPPORT is that each edge can be shared by no more than two facets, or triangles in this 

case. The ship's side at the boat deck is modeled with a smalI flat d a c e  depicting a slight drop 

in angle between the hull and the deck. Although it is not obvious fiom looking at Figure 4-7, the 

flat plate was added directly overtop the hull side on the boat deck. The slope of the comer 

formed between the deck and the hull was such that there was no way to include the plate in the 

model without forming three triangles with the bottom edge of the plate. 

The flawed model was left intact to show the significance of correctly modeling the 

object being analyzed. What should have resulted in a minor improvement turned into a 

29.57 dB increase in RCS. The impact was above 40 dB over large aspects in all four quadrants 

which is obviously far too much. 

Modification 'f targeted the significance of proper modeling by giving the correct 

thickness to the same flat plate and thus deviating the multiple edge sharing phenomena. It also 

served to verify that JUNCTION and RAPPORT were utilizing the correct outward normal for 

the flat plate in estimating the RCS. By giving the flat plate the proper thickness, there could be 

no confusion in assigning the direction of the outward normals by JUNCTION which might 

occur for a plate without thickness. Modification 'f was not compared to modification 'e' as the 

latter was flawed but rather against modification 'd'. The result of the modification was a 



3.3 1 dB average overall increase in the RCS. It is relatively obvious to see fiom Plot 4-6 on 

which side of the ship the flat plate was added based on the significant increase in return between 

180' and 360". The thickness of the plate could be partially responsible for the increases close to 

0" and 180" but in all ~ e l i h o o d  the variance is due entirely to reflections caused by the plate with 

the h e 1  and the sea-surface. The exception would be broadside, at 270°, where the surface 

area of the flat plate could have been expected to impact the RCS but such was not the case as 

the contribution does not appear to have been significant enough relative to the overall area of 

the ship's side. 



RCS Difference in dB versus Azimuth 

Impact of changing the waterline location 

Plot 4-1 Radar Cross Section Difference Between Modification 
'a' and Baseline Model of the Canadian Patrol Frigate 



RCS Difference in dB versus Azimuth 

Impact of adding the mainmast base 

Plot 4-2 Radar Cross Section Difference Between Modification 'b' 
and Modification 'a' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding a solid mainmast 

90 

Plot 4-3 Radar Cross Section Difference Between Modification 'c' 
and Modification 'b' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of changing the mainmast 
from solid to lattice 

PIot 4-4 Radar Cross Section Difference Between Modification 'd' 
and Modification 'c' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding a flat plate without 
thickness on the STBD Side Boat Deck 

Plot 4-5 Radar Cross Section Difference Between Modification 'e' 
and Modification 'd' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding a flat plate with 
thickness on the STBD Side Boat Deck 

Plot 4-6 Radar Cross Section Difference Between Modification 'f 
and Modification 'd' of the Canadian Patrol Frigate Model 



Modification 'g' was included to model some of the details behind the flat plate on the 

boat deck. A complete VLSS launcher consists of eight rectangular canisters with tubes 

connected to the bottom of each canister to take the exhaust during launches and direct it 

upwards between the canisters. There are four such cylindrical tubes in a row for the eight 

canisters supported by a beam-like structure. It was not practical to model the complete launcher 

at this stage without a better appreciation for the potential impact on the RCS. The first iteration 

of the VLSS modeling was sirnpMed by making the four canisters start fiom the deck, thus 

ignoring the exhaust tubing under the canisters, and omitting all the supporting brackets and 

beams. The top view coordinates of the canisters were reasonably accurate but the canisters 

themselves were simplified in the modeling due to complexity issues. As can be seen in 

Figure 4-8, the number of lines required to include the four canisters into the model was quite 

significant. Each canister was formed of eighteen lines and took nearly half that many to merge 

with the boat deck. The result of the modification on the RCS was quite apparent, in particular 

in the forward starboard quadrant where a 20 to 30 dB increase was noticeable over nearly 45". 

Overall the average RCS was increased by 2.47 dB over a relatively concentrated area as there 

was virmally no impact outside the 4J0 window seen in Plot 4-7. The primary mechanism 

responsible for the return in the forward starboard quadrant seen in Plot 4-7 is likely multiple 

reflections resulting fiom the interaction between the sides of the VLSS canisters and the funnel. 

It would be interesting to investigate the impact of applying RAM to the side of the funnel and 

confirm that indeed multiple reflections are at the source of this highly localized rehun. 

Modification 'h' was developed to assess the impact of the difference between 

the general arrangement drawings and the profile drawings. Both were part of the same set of 



drawings but represented distinctive views or aspects of the ship, producing slightly different 

dimensions. The discrepancy between the drawings was intriguing enough to justify fuaher 

investigation. The comparison of Plot 4-8 with that of Plot 4-6 is somewhat misleading in that 

the addition of the plate and four canisters on the starboard side may have had a slight impact on 

the port side return. Nevertheless the increase in RCS fiom the addition of the flat plate on the 

port side was consistent with that of the starboard side with a 3.36 dB increase as opposed to 

3.3 1 dB to starboard- As expected, the impact of this modification to starboard was minimal. 

The return seen in Plot 4-8 diffets fiom the return of Plot 4-6 although some of the general 

features are consistent, like the 20" window in the forward quadrant where clearly the 

modification is having an impact. 

Figure 4-8 Addition of Four VLSS Canisters on the Starboard Side (modification 'g') 



The impact of modification 'i' had been expected to be as significant as that of 

modification 'g' but such was not the case. The modification increased the RCS in the aft 

starboard quadrant but over a much smaller azimuth range. The RCS increases and decreases 

were almost all narrow spikes as opposed to continuous variances although clearly the impact 

was most felt in the aft starbard quadrant as expected- The overall change in RCS fkom this 

modification was a mere 0.26 dB as opposed to the 2.47 dB noted fiom the addition of the four 

forward canisters on this side. The retum on the port side was not surprisingIy essential1~- 

unchanged. 

The addition of the eight VLSS canisters on the port side, modification 'j', was done in a 

single step using the profile drawings as opposed to the two steps taken on the starboard side 

using the general arrangement drawings. The impact of the modifcation was different although 

consistent with that obtained on the starboard side. For instance, Plot 4-10 paints the picture of a 

strong retun over a wide window in the forward port quadrant, a significant number of spikes 

with no substantial overall increase in the af i  port quadrant and fioally little change to starboard, 

all features which were observed as a result of the same modifications on the opposite side of the 

ship. The overall result is an average increase of 2.52 dB. 

The next modification was directed at addressing the low levels in the two aft quadrants 

of the previous simulations. The CPF baseline modeled the aft end of the hangar as a flat plate 

and omitted the structure on the port aft side. This missing structure presented a significantly 

large dihedral profile with the hangar aft  end even if it wasn't at 90". The first iteration of this 

detail is shown in Figure 4-9. The impact of this modification was felt almost entirely in the ail 

starboard quadrant, resuiting in a 0.80 dl3 overall average increase in RCS. As expected due to 



obstruction from the hangar itsew, Plot 4-1 1 indicates nil impact over a window of more than 

180" forward. The thrust of the improvement was felt over a 10" window corresponding to the 

bore sight of the non-ideal dihedral comer formed by this additional structure. 

Figure 4-9 Addition of the Hangar Port Aft Structure (modification 'k') 



RCS Difference in dB versus Azimuth 

Impact of adding 4 VLSS canisters 
on the STBD Side Boat Deck 

Plot 4-7 Radar Cross Section Difference Between Modification 'g' 
and Modification 'f of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding a flat plate with 
thickness on the PORT Side Boat Deck 

Plot 4-8 Radar Cross Section Diffetence Between Modification 'h' 
and Modification 'g' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding other 4 STBO VLSS canisters 

Plot 4-9 Radar Cross Section Difference Between Modification 'i' 
and Modification 'h' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding 8 PORT VLSS canisters 

Plot 4-10 Radar Cross Section Difference Between Modification 'j' 
and Modification 'i' of the Canadian Patrol Frigate Model 



The details of modification 'k' were not easily converted fiom the drawings to the model 

in AutoCAD and afler verifying the actual details onboard one of the CPFs, HMCS CALGARY, 

it was deemed appropriate to take a second look at this area of the model. It was soon realized 

that the hangar top had been initially modeled as being essentially symmetrical with respect to 

the centerline when in fact this was not the case. The structure hanging to port on top of the 

hangar should have actually been given a more pronounced downward angle than the one on the 

starboard side. This angle discrepancy also impacted the top of the structure added in 

modification 'k'. Modification '1' was thus incorporated to address the slope error on the port 

side hangar top inherent in the baseline model as well as remodel the structure on the port side aft 

end of the hangar. The result was a much less pronounced increase in the RCS as the difference 

in return was Limited to essentially a few spikes in the starboard aft quadrant. This would be 

indicative of the addition of flat suffixes as opposed to the return which appeared to be 

dominated by the dihedral of the previous modification. The overall impact of the return seen in 

Plot 4- 12 was 0.05 dB which barely justifies the additional structure. Such might not be the case 

at different elevation angles where the interaction of this additional structure with the model 

could result in returns more indicative of dihedral or even trihedral shapes. The importance of 

the angles and the coordinates used to model the port aft structure of the hangar are evident by 

comparing Plot 4- 12 with Plot 4-1 1. 

The first attempt at adding the hangar door into the model was done with the assumption 

that the aft end of the hangar was perfectly vertical. The impact of the modification shown in 

Figure 4- 10 was so astonishing that the modeling accuracy of this addition was challenged. 

There was indeed cause for concern as the hangar door was not given the same angle as the aft 



end of the hangar which sits at 2.3" according to the drawings. The modeling error of the hangar 

door generated a significant increase over a very wide window astern, 100" to 265", and nil 

impact elsewhere. The slight difference between the port and starboard side RCS shown in Plot 

4-13, most noticeable between the return at 95" and 265" where the port side is null, can be 

attributed to the port af t  end structure of the hangar. Overall this flawed modification had a 

significant impact on the RCS astern of the ship with an average increase of 10.94 dB. 

Figure 4-10 Modifications to the H a n p  Afl End (modifications 'I' and 'm') 

The 2.3" angle omitted fiom initid consideration in modification 'm' was addressed in 

modification 'n'. The difference between the two inclusions was so insignificant &om a purely 

visual perspective that a separate figure illustrating the difference was not deemed necessary. 

The return depicted in Plot 4-14 is more indicative of the results expected fiom this modification. 



From a purely geometrical point of view, the addition of the hangar door should offa no increase 

in surface area dead-astern and should not provide an increased RCS in azimuths where the 

hangar blocks the door from beef-sight, that being forward. Furthermore, the primary 

consequence of the inclusion of the hangar door was the formation of two symmetrically tall yet 

shallow dihedral comers. The returns around 105' and 260" are more than Likely the mult of 

these dihedral comers. At higher angles, the two trihedrals formed by the flight deck and the 

hangar door dihedral may become factors but there was no evidence to support this hypothesis at 

the elevation angle chosen. The overall impact of this modification was 1.22 dB. 

Figure 4-11 Addition of the Close-in-Weapon-System Mount (modification '0') 



RCS Difference in dB versus Azimuth 

Impact of adding PORT AFT 
structure of the hangar 

Plot 4-11 Radar Cross Section Difference Between Modification 'k' 
and Modification 'j' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of modifying the PORT AFT structure of 
the hangar and the PORT TOP hangar slope 

Plot 4-12 Radar Cross Section Difference Between Modification '1' 
and Modification 'j' of the Canadian Patrol Frigate Model 



Plot 4-13 Radar Cross Section Difference Between Modification 'n' 
and Modification 'm' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding the hangar door 
(with the proper slope) 

Plot 4-14 Radar Cross Section Difference Between Modification 'n' 
and Modification '1' of the Canadian Patrol Frigate Model 



In keeping with attempting to fill the low returns in the two aft quadrants, modification 

'0' was included into the model. The CIWS is a fully-automatic gun with its own search and fire 

control radars to detect, classify and engage targets at very short ranges fiom the ship. The 

search and fire control radars are mounted overtop a mount located on top of the hangar on the 

CPF. Although the inclusion of the radar reflectors would provide an increase in return down the 

bore sight of the antennas, these details were omitted as the reason this structure was added was 

to assess the potential impact of the dihedrals formed by the mount itsewwith the hangar top. 

The modification made to the model for this detail was thus restricted to a basic box-like 

structure at the appropriate location The impact at the elevation angle chosen was not 

particularly significant with an average increase of only 0.26 dB. This was lower than expected 

considering the 90" angle formed between the sides of the mount and the hangar top. The 

simplification of the mount structure was expected to over-emphasize the dihedral comers by 

ignoring the small details and rounded comers of the actual mount. Plot 4-15 indicates no 

particular are8 of impact to show for the modification. Again in this case the impact of the 

dihedral comers formed might be more prevalent at higher elevation angles where the return is 

closer to bore sight with the comers as opposed to looking down at the edges of the comers 

where the return more closely resembles that of a flat d a c e .  

The next detail added to the model was the overhanging part of the h e 1  top. It was not 

expected to impact the RCS significantly even if the added surface area of the modification was 

worth consideration. The result was a decrease of 0.004 dB which for all intent and purpose can 

be considered as negligible. Aside from the spike at approximately 15S0, the difference in RCS 

return shown in Plot 4-16 was insignificant for ail azimuths. 



Figure 4-12 Addition of the Funnel Tail (modification 'p') 

The modifications made to the model on the boat deck had the most significant impact on 

the RCS thus fsr. Additional effort in this area was thus deemed appropriate. The VLSS 

canisters modeled earlier had been simplified by allowing them to start at deck level and 

disregarding the exhaust tubing between the bottom of the canisters and the deck. As mentioned 

earlier, rounded surfaces Wres tubes are very diflicult to model using triangles. Modifications 'q' 

and 'r' thus simpiified the VLSS canisters by making them fhx-standing and excluding the 

portion between the canisters and the deck. The first part of the investigation addressed the four 

aft canisters on the starboard side. Plot 4-17 indicates clearly the impact of this modification in 

the aft starboard quadrant. The overall result of this change to the model was an average increase 

of 1.85 dB. The second part of the investigation addressed the other four canisters on the 

starboard side. The results of this modification were somewhat unexpected. Aside fiom the fact 

that cutting the bottom of the four forward canisters on the starboard side increased the average 



RCS a striking 3.80 dB over the modification of cutting the four aft canisters, the areas of impact 

were highly localized and could easily be mistaken as being in the wrong quadrants. Plot 4-18 

shows two primary areas of  impact, On the statboard side, the return was increased not forward 

but aft. Even more surprising is the large return on the port side, at approximately 120", which 

could only be explained as resulting fiom multiple reflections originating on the starboard side. 

The results of the eighteen primary modifications made to the CPF are presented in 

Table 4-2 and are discussed fhher in the following chapter. 



RCS Difference in dB versus Azimuth 

Impact of adding the ClWS mount 

Plot 4-15 Radar Cross Section DBkrence Between Modification '0' 

and Modification 'n' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of adding the Main Funnel Tail 

90 

Plot 4-16 Radar Cross Section Diff-ce Between Modification 'p' 
and Modification '0' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of cropping the bottom 
of 4 STBD VLSS canisters 

90 

Plot 4-17 Radar Cross Section Difference Between Modification 'q' 
and Modification 'p' of the Canadian Patrol Frigate Model 



RCS Difference in dB versus Azimuth 

Impact of cropping the bottom of 
other 4 STBD VLSS canisters 

Plot 4-18 Radar Cross Section Difference Between Modification 'r' 
and Modification 'q' of the Canadian Patrol Frigate Model 



Table 4-2 Impact of modifications on the RCS 

4 - 45 
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Model A I ModelB RCS difference: Nature of Modification 

r' 

modification 'a' modification 'b' 

modification 'b' modification 'c' 

modification 'c' I modification 'd' 

modification 'd' I modification 'e' 
I 
I 
I 

r 

modification 'd' f modification 'f 
L 

1 

modification 'f I modification 'g' 
I 

modification 'g' I modification 'h' 
I 
I 
1 

modification 'h' I modification 'i' 
I 

modification 'i' I modification 'j ' 
I 

I 

modification 'j' modification 'k' 
I 

modification 'j' I modification '1' 
I 
I 

modification 'm' I modification 'n' 
I 
I 

modification '1' I modification 'n' 
1 

modification 'n' modification '0' 

modification '0' modification 'p' 
I 

modification 'p' I modification 'q' 
I 
I 

modification 'q' I modification 'r' 
I 

I 

baseline model f modification 'r' 

0.06 

0.0 1 

0.09 

29.57 

3.3 1 

2.47 

3.36 

0.26 

2.52 

0.80 

0.05 

-9.72 

1.22 

0.26 

-0.004 

1.85 

3.80 

19.47 

change in the waterline location . 
addition of mainmast base 

I 

addition of solid mainmAct 

change of solid mast for lattice mast 
I 

addition of a flat late without 
th ic~ess  on the &ard side boat 
deck lo accordance with @e general 

arrangement drawmg 

addition of a flat plate with thickness 
I 

addition of 4 VLSS canisters on the 
starboard srde boat deck . 

addition of a flat plate with thickness 
on the portside boat deck @ 

accordance wth profile drawmgs 
I 

addition of the other 4 VLSS 
canisters on the starboard side 

I 

addition of the 8 VLSS canisters on 
the port slde boat deck 

addition of the n side aft structure 
of hangar 

I 

modification of the port side aft 
structure of the hangar and the port 

side hangar top slope 
I 

modificatiop of the hangar d ~ r  slope 
fiom vemcal to one matchmg the 

hangar aft end 

inclusion of the baa ar door with a 
slope to match the fangar aft end 

addition of the CIWS mount 

addition of the h e 1  tail 

cropping the bottom of 4 VLSS 
camsters on the starboard side 

CIO ing the bottom of the other 4 
VL#canisters on the starboard side 

overall impact of modifications 



CHAPTER 5 DISCUSSION 

The initial aim of this research was to generate a CAD model of the CPF suitable for RCS 

analysis using RAPPORT. This model could then be used to ascertain the effectiveness of radar 

cross section reduction techniques such as shaping or the application of radar absorbent material. 

The key to being able to draw useM results from this effort was to improve the basehe model 

of the CPF to the point of making the predicted RCS as close as possible to the measured d t s .  

This task proved to be a formidable challenge and was altered for a more achievable goal of 

investigating the impact of geometry on the RCS of a complex object. The primary reason for 

the change of objective was simply the underestimating of the model building process. The 

majority of the efforts put forth in this research were dedicated to constructing objects in 

AutoCAD only to find out that the baseline model chosen was not accurate enough to eventually 

provide the expected results. The first aim of this chapter is to assess the suitability of the 

process proposed in Chapter 3 in predicting the RCS of a complex object like a warship. The 

second aim looks at evaluating the impact of geometry on the RCS of complex objects. 

5.1 VALIDATION OF THE PROCESS 

The first part of this research consisted of translating the RCS analysis process used by 

TNO and DREO from one based on UNM or DEC-ALPHA platforms to one b&-d on a personal 

computer system. Given the fact that the Royal Military College (RMC) and DREO are located 

approximately 150 kilometers apart fkom each other, it was recognized fiom the outset of this 

research that a means of reducing the travel requirement to produce results was highly desirable. 



There were two primary options available to perfonn the function of converting the ship's 

drawings into a digital format. The first option was to interface a digitizing table with a 

computer running DIDEC and input the drawing vertices one at a time. This option was cpickly 

discarded as a digitizing table could not be obtained in a suitable time W e .  It is pertinent to 

mention that the accuracy of this method relies heavily on the ability of the user to precisely 

position the cross-hairs of the cursor or mouse on the appropriate vertices on the drawings as 

well as the scale of the drawings. Larger scale drawings make it Less likely that the coordinates 

will be incorrectly entered although these drawings tend to come in several sheets which in itself 

is a potential for errors in calirating the reference point of each sheet. 

The second option available to build the CPF model was to input the drawing vertices 

into DIDEC or AutoCAD manually. This approach offered many advantages as it would allow 

for the use of many automated features to simplify the process such as mirror imaging, copying 

and pasting of objects. The scale of the drawings was equally important in this case as the errors 

relating to lifting-off the coordinates and the measurements increased as the scale decreased. 

Smaller scale drawings also make the task of correctly identifyiag small objects or details more 

challenging. The real benefit of this method is that drawings generally have several reference 

points where coordinates are given with a high degree of certainty. Measurements to other points 

or coordinates on the drawings are often given with respect to these refereace points which 

reduces the requirement to extrapolate or convert scaled measurements manually. The use of a 

digitizing table does not easily allow one to diffkrentiate between reference points and other 

points which are less accurate, thus increasing the probability of propagating errors during the 

conversion fiom drawings to CAD tool. The obvious disadvantage ofthe manual method is that 



it is extremely time consuming and as with any repetitive process lends itself to human errors 

which could have a more or less noticeable impact on the final product. 

A copy of AutoCAD Release 13 was available at RMC while DREO provided a copy of 

the most recent version of DIDEC for the purpose of this research. Although using AutoCAD to 

generate a model was easier and more accurate than the first option, building a model of this 

magnitude was no simple task. As the level and number of details increased, the level of 

complexity associated with making modifications to the model Increased considerably. It was 

unfortunate that the CAD tools utilized by Saint John Shipbuilding (SJSL) to construct the CPFs 

were not compatible with AutoCAD or DIDEC. The initial conception of the CPF was made in 

the late 1970's and early 1980's with the help of what would be termed today as a basic two 

dimensional CAD software package. Although DIDEC has the capability of merging a pair of 

two-dimensional views into a three-dimensional view which could subsequently be massaged for 

RCS analysis, the file formats of the available two-dimensional views were not conducive to this 

approach. 

The design of fbture replacement warships or submarines will almost certainly make use 

of modem CAD tools with the ability to output files in one of the formats which AutoCAD can 

import. In the meanwhile, efforts are being staffed in NDKQ to tender a contract to an 

engineering firm capable of converting the current two-dimensional drawings of the CPF into a 

three-dimensional model in a file fonnat compatible with AutoCAD and/or DIDEC. With 

concise guidelines for the generation of the CPF model, this effort could provide a true 

appreciation for the level of accuracy achievable in predicting the RCS of warships in Canada 

with the application tools proposed in this research. Successful continuation of this research 



relies heavily on the generation of a more accurate model of the CPF. Failure to obtain a model 

fkom a contractor would warmnt dedicating efforts towards producing an algorithm which will 

allow the two-dimensional digital drawings of the CPF to be converted to a format suitable for 

input into AutoCAD and/or DIDEC. A quick investigation into the probability of accomplishing 

such an endeavor was done at the beginning this research and deemed risky but the possibility of 

attempting this effort should not be discarded without met examination. 

The next decision made early into this research was with respect to the benefits of 

converting JUNCTION and RAPPORT into PC-compatible applications. Using the versions 

available at DREO was considered but would have necessitated merit travel or having the 

simulations sent by email and returned on completion, codtuting a serious burden in the long 

term for DREO. On the other hand, it was feared that the amount of memory required by 

RAPPORT to perform the RCS calculations might preclude it fiom being able to function on a 

PC at all. The possibility of converting the programs using FORTRAN 77 on both the UNM 

based Hewlett Packard workstations and the SOLARIS based SUN workstations at RMC was 

investigated. Based on the number of users on both these systems, an insuacient knowledge 

base in the specific area of interest and the priority this project would be afforded by the 

respective network managers, the decision was made to proceed with attempting to convert the 

files for execution on a PC. This decision was finther precipitated by the fact that a Windows 

version of Microsoft FORTRAN 90 was available at RMC and had been used extensively by the 

author for a course in Nmerical Techniques in Electromagnetics. This much improved version 

of FORTRAN had been compared to WATFOR 77, Microsoft FORTRAN 77 as well as the 

UNIX version of FORTRAN 77 on the Hewlett Packard workstations at RMC and proven to be 



much more flexible with respect to memory allocation in addition to fostering easier to use 

debugging and programming tools. Converting RAPPORT to a PC based platform would have 

the added benefit of facilitating classified research M e r  along in the process. 

The effort to convert JUNCTION and RAPPORT to hct ion on a PC using FORTRAN 

90 was successll. The only significant concessions required were related to a minor memory 

allocation limitation and a relatively large reduction of computational speed, in the order of 10 

folds. The "1imit.h" file of RAPPORT Version 3.0 contains the Limits of the eight global arrays 

declared by FORTRAN which dictate the amount of memory required to execute the program 

once compiled. For instance, the value of C'MAX'MAXNRPPATCHES" was set at 1,500,000 by 

DREO and at 60,000 by TNO in their compilation of the program. At 60,000, the PC version 

was set close to the maximum available memory for this purpose yet sufficient to r u ~  most RCS 

prediction simulations. For instance, the simulations executed using a "maxsize" equal to 0.001 

generated approximately 2,400 patches for the CPF model constructed in this research. 

Decreasing "maxsize" to 0.000 1 resulted in RAPPORT describing the same model using 

approximately 21,000 patches and any value smaller than 0.0001 was not practical to run on the 

PC version. Fortunately a value of 0.001 for ''maxsize" was small enough to determine the 

impact of changing the geometry of the model. Consequently, most simulations were performed 

on the PC version of RAPPORT at RMC. 

The opportunity to submit files to DREO by email was used on occasion to validate 

results. This was particularly beneficial in cases where the results appeared to be flawed as it 

served to provide a second opinion on the accuracy of both the model and the process from 

drawings to result plots. This was easily accomplished as the output file formats of AutoCAD, 



DIDEC, JUNCTION and RAPPORT were al l  completely interchangeable between the PC and 

DEC-ALPHA versions. To fbrher simplify comparisons, the use of the different hardware 

platforms generated identical results which took away any doubt of errors being present when 

discrepancies were noted. This was not the case initially as modifications were required to the 

source code to rectify deficiencies which resuited in disparities between the two platforms. The 

use of DREO's facilities was equally beneficial in running simulations using b6maxsize" of 

0.000 1 to validate the results obtained with 0.00 1 as it represented a considerabIe times savings 

to do so once models had been finalized and verified at RMC. Based on the dimensions of the 

CPF, 0.0001 was considered the physical optics lower limit of "maxsize" and thus the memory 

limitations and the increase in calculation time inherent in the PC were not a serious issue. That 

is not to say that the value of 'kmsize" was not important. In fact to the contrary, tests 

conducted on several models indicated clearly a marked difference between the results obtained 

using 0.01 and 0.001 for "maxsize". The difference between 0.001 and 0.0001 was not nearly as 

significant and only impacted the level of detail of the curves on the polar plots as opposed to the 

location of major returns. 

The importance of the number of reflections considered in estimating the RCS was also 

investigated. Taking an W t e  number of reflections into account would idealize the re- 

calculated at the cost of increasing the computation time needlessly. Several different 

simulations were performed to investigate this feature and the results indicated a notable 

difference between the returns for single bounce to those using two reflections. Experiments 

were conducted using up to eight reflections and showed that three reflections were d c i e n t  to 

accurately account for multiple bounce contributions to the RCS. 



Overall, the process descri'bed in Chapter 3 was found suitable for analyzing the RCS of 

complex objects like the CPF. The primary limitation of this process was the complexity of 

converting the iaformation fiom the drawings to the computer. The digitizing of drawings is a 

laborious exercise which ultimately determines the achievable accuracy of the RCS prediction 

process. It is true that increasing the number of reflections and reducing the value of ''maxsize'' 

improves the exactitude of the results but both constitute a marked increase in computational 

time. The run-time for a simulation similar to the one descnid in the parameter file of Figure 4- 

4 using a "maxsize" value of 0.001 was in the order of minutes while the same run on a 90 MHz 

PC with 16 MB of memory exhausted nearly four hours. Running the same simulation using a 

"maxsize" of 0.0001 took days to nm using the PC version of RAPPORT. It is expected that the 

generation of a complete CPF model would comprise a far greater number of facets and 

necessitate the use of a platform more powefil than a PC to produce results. On the other hand, 

power and network failures at DREO resulted in a simulation run using a ~'maxsize'' value of 

0.0000 1 to take several months. Foxtunately the results of this simulation were requested more 

out of interest as they theoretically exceeded the physical optics limit. The use of the PC could 

nevertheless prove valuable as the RAPPORT simulation was the only computationally time 

consuming part of the overall process proposed in Chapter 3. 

It is expected that the benefits gained fiom generating a more precise model of the CPF 

wodd enable for a more accurate assessment of the limitations intrinsic to RAPPORT'S use of 

physical optics in the RCS prediction of complex objects. As discussed in Chapter 2, RCS 

prediction techniques do not account for all scattering mechanisms. In using physical optics, 

RAPPORT accounts only for the simplest of cases which may be the reason for the results not 



comparing favorably to the expected values. It is possible that edge diffiraction and other 

mechanisms will need to be accounted for in RAPPORT'S source code but the probability of 

providing a significant impact on the results appears unlikely based on theory. Figure 2-3 

indicates a minimum of 10 dB difference between physical optics and experimental results 

beyond 70" fiom normal incidence on a flat plate. This 10 dB minimum is not that significant in 

itself but the variance becomes nearly 40 dB or more when compared to the maximum return at 

0". It is this 40 dB difference which makes it very likely that the overall contriiution of including 

edge diffraction in the prediction process is not at the source of the low levels obtained in the 

simulations. 

Aside from the geometrical aspects of the model, the physical characteristics also play an 

important role in determining the RCS of an object. These characteristics, including the 

conductivity of the surface, were not investigated in this research. The results of this research 

simply made use of DREO's efforts in investigating the impact of including frequency-dependant 

sea-water dielectric parameters in the prediction process [15]. Although RAPPORT has the 

ability to assign different characteristic parameters to each facet of the model, failure to achieve a 

high enough level of accuracy in the model renders utilizing this feature a fbtile effort. 

5.2 REVIEW OF RESULTS 

The most important step in producing accurate results is without a question the generation 

of a model as exact as practically possible to reality. At the beginning of this research, much 

effort was dedicated to identlfLing which details would fill the gaps in RCS identified in the 

baseline model. One of the basic assumptions made Erom the beginning of this research was that 



slight discrepancies in the dimensions of the details being modeled on the CPF would w t  impact 

the RCS significantly. This is the case for simple objects considered separately such as flat 

plates but it was not so for a complex object like the CPF. This was not obvious fiom some of 

the initial results obtained. For instance, the change in waterline by over 0.5 meter had a mere 

0.22 dB impact on the RCS yet it represented a reduction in the surface area on each side of the 

ship of nearly 80 meted. To put things in perspective, this is equivalent to the dimensions of a 9 

meter by 9 meter flat plate which constitutes a relatively large object, even on a ship the size of 

the CPF. Equally interesting was the meager 0.06 dB increase in RCS resulting fiom the 

addition of the mast base given that it represented a d a c e  area of nearly 75 meted looking 

horizontally around the added structure. On the other hand, the initial error in modeling the 

hangar door as perfectly vertical instead of given it the requisite 2.3" slope presented a 10.94 dB 

increase in the overall RCS even though there was effectively no increase in surface area. It is 

not being suggested that the d a c e  area is the only factor impacting on the RCS of an object 

although it is certainly most pertinent. The point being made is that the shape of the object and 

the elevation angle at which it is being analyzed play a much bigger role than does the d a c e  

area in certain circumstances. This was not particularly unexpected as clearly fiom Table 2-1 the 

impact of both these factors is apparent. What huned out to be somewhat of a surprise was the 

fact that the areas where these factors would be more prevalent were not easy to ascertain. The 

impact of even slight changes in dimensions or angles in some areas had significant impacts 

while almost non-existent in others. The knowledge of the hierarchy of scattering shapes was not 

as important a factor in the micro-object modeling process as it was in the macro sense. In other 

words, it was far less important to consider the relative merits of including a dihedral shaped 



RCS in dB versus Elevation 

Plot 5-1 Radar Cross Section versus Elevation of Modification 'k' 

5 - 10 



object as opposed to a trihedral than it was to consider the interaction or impact on the inclusion 

of the object into the larger model. This was the case on the boat deck where reducing the VLSS 

canister length in modification 'r' actually increased the RCS even if in theory the surface area 

had been reduced In this case, it was the contniution fkom the reflections created by the space 

between the bottom of the canisters and the deck which brought about the d i f f i c e .  The 3.8 dB 

increase in the RCS level resulting ftom this modification was the most significant one made to 

the model aside fkom the errors made with the flat pIate on the both deck and the hangar door 

angle, modifications 'e' and 'my respectively. 

The elevation angle was also worth serious consideration in assessing the impact of 

adding objects or changing the geometry of the model. Although these results are not specifically 

documented in Chapter 4, the RCS varied with elevation angle in a similar fashion as it did with 

the azimuth angle. The difffxence being that the RCS variation with elevation angle was not 

nearly as severe except near 00,900 and 180". On a simulation run performed using the model 

depicting modification 'k' at an azimuth angle of 180°, the RCS did not exhibit any significant 

spike-like features as shown in Plot 5-1 except at 0°, 90" and 180" where the signal levels fell 

outside the 0 to 70 dB range of the plot. 

The effort of generating a model of the CPF with an RCS closely a m b l i n g  that of the 

actual measured results is not simply a case of making the individual objects which constitute the 

ship fit to fill the gaps in the RCS plot. It is very important to construct the model in such a 

manner as  to achieve a level of cminty in not only the comparison between the results but in the 

ability to extrapolate the process in including objects. This is the only means of ensuring that the 

prediction process is able to evaluate the impact of changing the geometry of the ship without 



RCS Difference in dB versus Azimuth 

Impact of all modifications on 
the CPF Baseline Model 

Plot 5-2 Radar Cross Section Difference Between Modification 'r' 
and Baseline Model of the Canadian Patrol Frigate Model 



requiring measurements. This would be beneficial in dewmining the impact of not only RCS 

reduction techniques but also in assessing the impact of changes in the waterline as a result of 

load characteristics or the addition of an antenna during a deployment for example. 

The possibility of having the modeling inaccuracies described above account for all the 

gaps in the CPF RCS plot is unlikely. Should a refined model of the CPF be generated, it is 

expected that its ideal representation of objects will remain a factor in the achievable accuracy of 

the results. Taking the h e 1  of the CPF as an exampIe, there are cooling grids on the top 

forward corners as opposed to being perfectly flat plates as modeled in this reserch. A maple leaf 

sits on the middle of the funnel and the metal surface suffers fiom a rippling phenomenon. The 

comers of the funnel are to a certain extent rounded as opposed to perfectly square and tinally the 

angle between the funnel and the deck may not be exactly as depicted in the drawings or the 

model. It is believed that the ideal representation of objects over-emphasizes certain areas of the 

return such as broadside while de-emphasizing others. It is conceivable that some of the large 

spikes inherent in the return of the current AutoCAD representation of the CPF would be 

smoothed-out by the details omitted or oversimplified in the model. The overall average RCS 

would not likely be changed but would differ h appearance. 

The ideal representation of smaller objects cannot be avoided completely due to the size 

limitations imposed by physical optics. In the main mast for example, not only are the beams 

constituting the structure very small, they have features which are almost impossible to model. 

Such is the case with the oval penetrations on the mast beams because such shapes are difficult to 

accurately represent with triangles, especially at these small sizes. A quick analysis of Figure 4-4 

reveals that the baseline model RCS has several spikes which would be indicative of large flat 



areas. It is possible that some of these m o w  spikes are the result of ideal modeling which as 

stated above presents an oversimplified representation of the ship. The impact of changing the 

geometry of a flat plate even slightly was touched upon in Chapter 2. In essence, the simplistic 

approach to modeling the ship using only flat mangular facets may offer certain non-ideal 

characteristics. In reality, what appears to be a flat d a c e  area may in fact have slight 

irregularities or a multitude of small objects mounted to it such that the return is less of a spike 

and more distributed. As indicated previously, depicting smaller objects increases the 

complexity of the model s i ~ c a n t l y  and results in increased computation time. Without the 

benefit of the error checking capabilities provided by JUNCTION, ensuring the accuracy of the 

details modeled would have been practically impossible. 

Overall, the modifications made to the baseline model of the CPF resulted in an average 

RCS increase of 19.47 dB. This increase excludes the erroneous impacts of the modifications 

which were modeled either improperly, as was the case with the VLSS flat plate without 

thickness and the vertical hangar door angle, or to emphasize the impact of certain features Like 

the solid mainmast and the VLSS canister length. The impact of cropping the 8 VLSS canisters 

on the port side could easily be added to the 19.47 dB already implemented which would amount 

to an additional 5.65 dB, assuming a response similar to the one observed on the starboard side. 

The results of the modifications made to the baseline model are shown in Plot 5-2. The 

improvements were clearly localized. The forward quadrants show nearly 40 dB improvement 

over a 40 degree span around approximately 4S0 and 3 15'. In the aft quadrants, several spikes are 

located approximately 30° on either side of dead astern with two 20" wide windows of nearly 40 

dB improvement at approximately 1 15' and 245". Notwithstanding the fact that the baseline 



model accuracy was found to be insufficient in allowing subsequent modifications to provide 

truly valid results for radar cross section reduction purposes, some interesting conclusions can 

nevertheless be made in this respect. Given the impact of the modifications made to the boat 

deck area, the VLSS structure in its entirety is worth considerable attention. Only the hangar 

door modification was even close to being worthy of consideration for radar cross section 

reduction purposes based on the modifications implemented. Having said that, the modifications 

made relating to the VLSS where in aII cases simplifications of reality with the exception of the 

flat plate which is believed to be a close approximation. Notwithstanding the uncertainty over 

the actual impact of the VLSS on the overall CPF RCS, it is worth noting that it was the 

formation of dihedral and trihedral comers which had the most significant impact on the overall 

RCS. These areas can be found throughout the ship around common areas Like hatches and doors 

for example. These types of details appear to be morp likely to impact the RCS than the objects 

located high above the waterline given their greater interaction with the surrounding structure 

and the ground. As a result, it is suggested that future modeling efforts of the CPF not pay too 

much attention to masts although their base structures should clearly be included given their 

obvious interaction with the remainder of the ship fiom a wave reflection perspective. 



CHAPTER 6 CONCLUSION 

The initial aim of this research was to build a model of the CPF suitable for RCS 

analysis. This model could then be utilized to ascertain the effectiveness of radar cross section 

reduction techniques such as the application of radar absorbent material or shaping. AAer 

determining that the possibility of automatically converting the available two-dimensional 

electronic drawings of the CPF into a three-dimensional file format compatiile with AutoCAD 

was low, the decision was made to focus efforts towards one of two baseline models available at 

DREO. Notwithstanding the fact that both baselines were considered of average precision &om 

the beginning, based on RCS theory it was felt that the level of detail was sufficient to achieve 

the desired results. 

After much time and effort, the initial assumptions pertaining to modeling precision had 

proven to be invalid. The fact that the level of detail would increase the validity was never in 

question but the extent to which this was true was somewhat unexpected. The scope was thus 

adapted partway through the research to that of investigating the impact of geometry on the RCS 

of complex objects. In all, eighteen primary modifications were made to the baseline model 

chosen to attempt to fill the gaps in the RCS. Although an overall average improvement of 

nearly 20 dB over the baseline model was achieved with these modifications, it was the 

significance of rigorously modeling the details which was most notable. 

This research made it apparent that in order to make any use of the results produced by 

the process proposed in Chapter 3, a means of automatically converting ship's drawings into a 

format suitable for input into AutoCAD or DIDEC was essential. It is considered fundamental 



that such a model of the CPF be generated as the next step in this research to contirm 

RAPPORT'S ability to accurately represent the RCS of the CPF. The primary complication of 

such an endeavor will be the modeling of smaller objects. The use of physical optics by 

RAPPORT limits the size of the smallest lines depicting the shape of the objects forming the 

model to no less than approximately one wavelength. It is possible that this limitation will 

prevent the results fiom attaining the desired accuracy. The other potential limitation arises from 

the omission of edge difhction in the algorithm used by RAPPORT to calculate the RCS. The 

effort to achieve a model precise enough to successllly investigate the effectiveness of radar 

cross section prediction techniques using numerical modeling may indeed rely on improvements 

to either RAPPORT or XPATCH. 

The journey towards the aim of this research also provided some secondary benefits. The 

conversion of the process used by both TNO and DREO relied on high-powered computer 

platforms. This research was conducted almost exclusively on a 90MHz personal computer with 

a mere 16 MB of memory. The PC version was not surprisingly slower in computing the RCS of 

a complex object like the CPF but was nevertheless able to prove its usefulness. This was 

particularly so as all input and output file formats of the various software tools described in 

Chapter 3 were compatible between the PC-version at RMC and the DEC-version at DREO. 

Given that the results of the CPF RCS are ultimately classified, this becomes an important 

contribution as it allows unclassified work to be conducted by a contractor or academic 

institution such as RMC on the model using a personal computer and leave the actual 

compilation of results to the defense agency, in this case DREO. Otherwise this type of research 

will continue to progress at a seemingly slow rate in Canada because of the security precautions 



inherent in such efforts. It is worth noting that the validity of the model was in large part 

dependant on the error-checking features built into the m&ed version of JUNCTION- It is not 

considered likely that a contractor could build a precise model of the CPF without some exposure 

to the complete process described in Chapter 3 and using these error-checking features. 
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