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ABSTRACT 

The focus of this thesis is the examination of a method to supplement current combatant 

ship synthesis tools with combat system equipment and warfighting capability 

parameters.  Current conceptual ship design tools lack an early integration of the naval 

architecture and the combat system aspects of a ship.  Although the U.S. Navy’s vision 

and the current JCIDS process involve designing ships based on warfighting capability 

using measures of effectiveness, the current ship synthesis tools lack the appropriate 

combat system parameters that will allow design for capability.   

 This study specifically investigates a link between a combat system capability and 

a ship design by conducting research and analysis on an existing combat system, a 

shipborne air search radar.  A mathematical relationship was obtained between the radars 

detection ranges and their respective system weights.  This equation describing the 

relationship between a combat system capability (radar detection range) and a naval 

architecture parameter (weight) was used to supplement an existing Excel-based ship 

synthesis tool.  By inserting this into the model, the ships synthesized were able to 

change based on a desired combat system capability input from the user.  Additionally, 

by modeling the radar detection range in a warfighting scenario in ExtendSim, the 

impacts of the radar detection range on warfighting effectiveness were computed.  

Therefore, it was demonstrated that a ship synthesis model could produce designs based 

on a user’s input of a stakeholder-desired combat capability.   

  Using a single combat system and its corresponding measure of effectiveness in a 

single warfare area, this thesis shows as a proof of concept that combat system capability 

can be integrated into ship design.  It lays the groundwork for creating an improved ship 

synthesis tool that includes complete sensitivity to capabilities from all the combat 

systems on the ship and how these selected parameters impact mission performance in a 

large spectrum of warfare areas.  With this new ship synthesis model, designers can 

directly address stakeholder concerns, and can conduct trade off analyses for decision 

makers that result in an optimal ship design.   
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I. INTRODUCTION 

As part of the U.S. defense acquisition process, the Joint Requirements Oversight 

Council (JROC) uses the Joint Capabilities Integration & Development System (JCIDS) 

to “identify the capabilities required by the warfighters to support the National Defense 

Strategy, the National Military Strategy, and the National Strategy for Homeland Defense 

[1].”  Through this process, outlined in Figure 1, the JROC identifies the mission, 

required capabilities, and capability gaps in the very beginning during the capabilities-

based assessment (CBA).  Eventually, the warship designers receive the results of the  

 

 

Figure 1.   JCIDS Process and Acquisition Decisions (From [1]) 

CBA in the form of an initial capabilities document (ICD).  In keeping with this process 

of filling capability gaps, warship designers are required to justify their designs based on 

that vehicle or weaponry’s warfighting capabilities, particularly their design’s ability to 

meet the capabilities set forth in the ICD.   

Unfortunately, the lack of integration that exists between the combat system and 

ship parameters within the current ship design process is not conducive to properly 

conducting the JCIDS process.  The early stage ship design usually takes place without 

accurate knowledge of how a combat system meets mission-related capability needs of 

the warfighter.  The ship designers focus on the naval architecture aspects of the combat 

systems such as their weight, volume, center of gravity, power, and area, with no 

consideration for the actual warfighting capabilities or the associated technical variables 
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of each combat or weapon system.  On the other hand, combat system and weapons 

development proceeds largely without insight into the impact on the platform or the 

platform-caused constraints [2].  Therefore, what is lacking is a way of seeing early in the 

process how naval architecture and combat system choices impact one another [3].   

This problematic separation of the combat system and ship designs exists at the 

fundamental level of conceptual design.  It is rooted within the tools that ship designers 

use to conduct initial design.  The current ship synthesis model of the Navy, Advanced 

Surface Ship and Submarine Evaluation Tool (ASSET), lacks any sensitivity to combat 

warfighting capability.  Its inclusion of combat systems only pertains to those physical 

attributes that have an effect on the naval architecture, primarily weight, area, and 

stability.  As a rough estimate, ASSET uses single data points of the weight, vertical 

centers of gravity, area, and power of specific existing combat systems, much like 

selecting a specific combat or weapon system from a catalog.  Therefore, there is no way 

of seeing how these naval architecture parameters might change if a combat capability 

other than the one belonging to the specific data point might be desired.  Furthermore, 

there is a desire to have the ship synthesis tools linked to mission effectiveness.  Ideally, 

when changing a combat system performance parameter, the user could see the impacts 

that his decision would have on both the architecture of the ship design and the ship’s 

warfighting effectiveness.  In other words, the tools that ship designers are using to create 

the designs limit them in their ability to see the impacts of their choices.  Additionally, 

the single data point entries for the combat systems leave little room for variability in the 

combat system physical characteristics used in the modeling.   

The importance of concurrent mission analysis and engineering design in the 

optimization of a system is explained using a case of torpedo design.  Researchers from 

the Georgia Institute of Technology found that the current torpedo design process, which 

consisted of disjointedness between the requirements development and engineering 

design, was not producing the most effective weapons.  Through the simultaneous use of 

a torpedo synthesis program, which linked design variables to performance and size, and 

a submarine engagement model, which demonstrated mission performance effectiveness, 
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they found a way to test their design space to prevent the creation of torpedoes that did 

not meet mission requirements without redesign.  Their work revealed a new design 

paradigm, which highlighted a way to link the engagement model with the design tool 

[4].  Similarly, the work in this thesis aims to link the engagement (warfighting) model 

with the ship synthesis tool.  In addition, it aims to link architectural characteristics to 

performance parameters within the ship synthesis tool.   

A. BACKGROUND 

Combatant capability, described by Rear Admiral Randolph King in 1974, is “the 

objectively stated system performance required by the operator to perform the intended 

mission when the ship is operating as an entity in the real world [5].”  Figure 2 presents 

the important steps that were adhered to in ship design before 1965.  It followed a 

sequential flow of preliminary design, contract design, followed by detail design.  This 

sequence of steps would result in the naval architecture being determined in the first two 

steps and a much-constrained detailed design phase occurring afterward [5].  Combat 

capability, which King describes as “the reason of a warship’s existence,” had little to no 

bearing on this design sequence.  Although the naval ship design models of today may 

take on a different appearance than that in Figure 2, the naval architecture practices 

where the selection or design of the hull comes first and all the necessary components are 

forced to fit inside its physical constraints still occurs [3].   
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Figure 2.   Pre-1965 Warship Design Sequence (From [5]) 

The idea of bringing capability into early stage ship design, ultimately coined as 

CBA, has been advocated extensively by many experts in the field of ship design 

throughout the years including Prout, Baker, and DeMattia Jr. in 1974, Rains in 1984, 

and Hockberger in 1996 [6], [7], [8].  The researchers promoted the identification and 

consideration of required capabilities early on in the ship design process.  As the JCIDS 

process of 2009 provided by the U.S. Chairman of the Joint Chiefs of Staff indicates, as 

shown previously in this report, CBA has become a first step in the U.S. military’s 

acquisition process.   

One cannot speak of CBA without mentioning measures of performance (MOP) 

and measures of effectiveness (MOE).  Simply described, MOPs are a measure of what a 

system does (such as radar range, speed, etc.) and MOEs are a measure of mission 

success (such as probability of survival) [9].  It has become a standard to establish MOEs 

in conjunction with the overall mission and operational requirements [8].   

1. Combat Systems  

Combat systems are described as “the integrated systems that give modern 

military units their enormous warfighting potential” [10].  Combat systems vary for each 
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platform, but they have a general makeup that consists of the following: sensor systems, 

weapon systems, and command & control systems.  A sensor system, whose primary 

function is detection and tracking, can take a number of forms including some of the 

following: radars (microwave, laser, synthetic aperture, etcetera), infrared search and 

tracking systems, electro-optical sensors, passive radio frequency sensors, acoustic 

sensors, magnetic and electric field sensors, nuclear, biological & chemical sensors, 

meteorological and oceanographic sensors, and several others [10].  For the purpose of 

this thesis, the author will focus on the conventional microwave radars commonly found 

on ships as the primary sensor system.  

The weapon system, whose primary function is engagement of the target, can take 

on an even greater number of forms.  Electromagnetic weapons commonly found on 

combatants are decoys and electronic warfare suites that provide jamming capabilities.  

Projectile weapons are generally the majority of weapons onboard a warship and they 

include many of the following: self-propelled projectiles (rockets, missiles, torpedoes), 

externally propelled projectiles (guns, artillery, bullets, shells), and thrown, dropped, or 

emplaced projectiles (bombs, mines, grenades) [10].  

The command & control system, whose primary function is planning, directing, 

coordinating, and controlling, includes the following components outlined in Table 1.   
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Table 1.   Command and Control Elements (From [10]) 

 

 

 

Elements of the command and control system are described as “anything that 

directly contributes to the ability to make intelligent decisions and execute actions (and is 

not a part of a mission sensor or a weapon)” [10]. 

Although the ship in Figure 3 is the Formidable Class frigate (FFG), it is a general 

representative of a warship’s combat system suite.  
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Figure 3.   Combat System Elements for Formidable Class Frigate (From online 

database of weaponry, www.harpoondatabases.com) 

Even though it contains other combat system elements, this figure highlights some 

of the major weapon and sensor systems.  A navigation radar, a multi-function surface 

search radar, an air search radar, and a sonar system are the commonly found sensor 

systems on medium-sized warships.  Most combatants come equipped with missiles to 

defend against air and surface threats, a long-range gun system, small caliber weapons, a 

close in weapon system, and torpedoes.  The command and control system elements are 

generally housed inside the ship and therefore not shown in Figure 3.  Each one of these 

elements brings a specific contribution to the ship’s total warfighting effectiveness in the 

form of an MOE.  The MOPs can include a radar’s detection range or a weapon system’s 

rounds per minute measurement.  Ultimately, the combination of several of the ship’s 

component MOPs, as variables in a warfighting simulation, results in an MOE for the 

ship’s effectiveness in a particular mission area.  An overall measure of effectiveness 

(OMOE) is determined based on the summation or combination MOEs of the ship’s 

effectiveness over a large spectrum of mission areas.  
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2. Radar 

Some discussion on the topic of radar is necessary since it is the primary combat 

system this thesis considers.  Radar, a word derived from radio detection and ranging, 

finds its earliest beginnings in 1886, from which point it was refined throughout the years 

to become one of the greatest combat system elements in military warfare [11]. Because 

it provides early detection of targets and important target information such as range, 

velocity, and size, it has become an irreplaceable asset on almost every military platform.  

The basic elements of a radar system are shown in Figure 4.    

 

Figure 4.   Basic Elements of a Generic Microwave Radar (From [10]) 

The transmitter generates a radio frequency (RF) waveform, which is routed to 

the antenna via a duplexer.  The antenna then directs the beam of electromagnetic (EM) 

energy into the atmosphere in the direction at which it is pointed.  The beam of RF 

energy is intercepted by the target and a certain amount of it is reflected back towards the 

antenna [11].  In Figure 4, it shows the same antenna both transmitting and receiving the 

RF energy, but there are cases where there are two separate antennas for each of the 

purposes.  The receiving antenna amplifies the received signals and transmits it to the 

data processer so that it is conveyed to the operator in a useable format. 

Many factors contribute to the resulting radar range as shown in Table 2.  

Characteristics of the receiver and transmitter, such as the power radiated, loss factors, 
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diameters, temperature, bandwidth and noise figure influence the resulting radar range.  

The radar cross section of the target as a factor in the radar range equation indicates that 

the variables, which impact the results of the radar’s performance cannot be completely 

controlled by the source of the radar.  Therefore, the target that it is radiating also 

influences how far the radar is able to detect something.  As is shown in Equation 1 and 

Table 2, the radar’s range is determined by a number of variables with complex 

relationships.  

 

                      (1) 

 

 

Table 2.   Radar Range Equation and Variable Table (After [10])  

Radar Range Equation Variable 

Symbol Meaning 

PT Source Radiated Power 

LT Loss Factor of the Transmitter 

LR Loss Factor of the Receiver 

DT Transmitter Antenna Diameter 

DR Receiver Antenna Diameter 

σ Radar Cross Section of Target 

k Boltzmann’s Constant 

T Receiver Temperature 

B Receiver Bandwidth 

F Receiver Noise Figure 

CNR Carrier to Noise Ratio 
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B. SYSTEMS ENGINEERING APPROACH 

A systems engineering approach becomes necessary when dealing with something 

as complex as naval ship design, which requires the integration of many subsystems into 

a single platform.  Many systems engineering approaches exist and the implementation 

will vary based on the system being generated and the individuals involved.  The author 

has chosen to examine the “Vee” model for the case of systems engineering a warship 

(see Figure 5).  The operational requirements for the desired system, formulated based on 

the needs of the warfighter, feed into the first step of the “Vee” model.  The definition of 

system requirements is based on those operational needs.  

 

Figure 5.   “Vee” Systems Engineering Process Model (From [12]) 

This thesis further implements a method using model-based systems engineering 

(MBSE), which is the “application of modeling to support systems requirements, design, 

analysis, verification and validation [13].”  The MBSE design method allocates mission 

capabilities to operational activities to specific functions and requirements, and finally to 

alternative physical forms.  Using MBSE during the CBA provides traceability from 

desired mission capabilities, as MOE, to resulting alternative physical ship design 

outcomes, as MOP, using models as the basis for engineering reasoning about system 

alternatives.  The MBSE approach requires that the mission capabilities and operational 
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scenarios first be defined, in conjunction with MOEs. One structured method to 

accomplish this is to use a Design Reference Mission (DRM) [14].  Ultimately, this 

method allows for functional versus physical ship design.   

Much research has been conducted using the MBSE approach for ship design in 

the Naval Postgraduate School (NPS) Systems Engineering Department.  Gomez Torres 

showed through discrete event simulation how varying design parameters for an offshore 

patrol vessel (OPV) affected the OPV’s performance in select mission areas [15].  Fox 

demonstrated through discrete modeling simulation and a ship synthesis model how 

varying design parameters impacted both the physical ship designs and mission 

performance in Maritime Interdiction Operations (MIO) [3].  This thesis follows the work 

of Gomez Torres and Fox in that it, too, will demonstrate a design parameter’s impact on 

physical ship designs and warfighting effectiveness.  In addition to the work performed 

on these topics, the thesis presents a ship synthesis tool that integrates combat system 

capabilities.  

C. SCOPE OF THE THESIS 

To bring system thinking into combatant ship design, there needs to be a 

modification to the ship synthesis tools utilized.  The ideal ship synthesis tool would 

provide clarity for ship designers about the impacts of their decisions not only on the 

naval architecture of a ship design, but also on its corresponding combat capabilities.  It 

would show a sensitivity of combat design parameters on naval architecture and vice 

versa.  These impacts should also be translated into the language that is understood by the 

stakeholders, using appropriate warfighting MOEs.  With the appropriate linkages being 

integrated into a ship synthesis tool, immediate impacts of designer decisions on 

stakeholder needs, warfighting capability impacts can become evident allowing for a 

clearer picture during trade off analysis and ultimately better-informed decision making.  

The primary research questions are: 

 Are there quantifiable relationships between aspects of naval architecture and 

combat system capabilities?  
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 If so, how can this relationship be implemented in a ship synthesis tool? 

 Is it possible for a ship synthesis tool to show sensitivity to combat system 

capabilities? 

 How can ship designers effectively trace the impact of ship design decisions 

on warfighting effectiveness?  

 

This study investigates the link between combat system capabilities and ship 

design and ultimately its impact on warfighting effectiveness.  In order to present a proof 

of concept, the thesis focuses on one combat system of choice and its impact on 

warfighting effectiveness in just one mission area.  Specifically, this analysis features a 

frigate-sized combatant as a baseline reference ship for the ship synthesis model and 

warfighting operational model.  The operational model is a simple simulation 

demonstrating the possible impact a combat system’s parameter has on warfighting 

effectiveness.  The results of the research are not recommendations for a particular ship 

design, but rather to demonstrate a process beneficial for ship design.   

D. BENEFIT OF STUDY 

The primary benefit of this study is demonstrating the possibility for integration 

of combat system capabilities into ship design.  This is meant to be a foundation for 

which future research can build upon in order to refine the current ship design process.  

In accord with the recommendations from many naval ship design enthusiasts, it is meant 

to be a step forward in the direction of a “critically important,” yet “elusive” goal, which 

is “understanding the simultaneous impact of requirements, product design variables, and 

emerging technologies during the concept formulation and development stages” [16].  

E. METHOD 

The method used for this study consists of four parts.  First, an analysis of 

available data relevant to “real world” military use of radar was conducted.  Secondly, a 

design reference mission (DRM) was created, following the results of the research, which 

brought focus to a specific combat system.  Then, an existing ship synthesis model was 
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used, with the addition of a mathematical equation found in the initial analysis part of the 

method.  Finally, an operational model to demonstrate warfighting effectiveness was 

presented, which shows an MOE that can be traced to the combat capability used in the 

ship synthesis model.   
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II. RADAR RESEARCH & ANALYSIS 

As seen in the calculation of radar range, Equation 1, the influences of a specific 

variable on combat system’s performance can be quite complicated, making it difficult to 

show mathematically the performance’s relationship with a single factor.  The open 

literature does not include information relating the physical design characteristics of a 

combat system, like a radar, to the parameters such as weight, volume, area, or input 

power needed.  Therefore, the author chose to research the open literature for existing 

combat systems to determine if there was enough data to establish relationships or trends 

that could exist between some of the physical characteristics and performance 

characteristics.  Although other combat systems would be valuable in this analysis, the 

author specifically focused on radar as the combat system of choice since radars are a 

major and critical component for surface combatant warfighting performance. 

A. RESEARCH 

The limiting factor to this entire study was the amount of available information 

about existing military combat systems.  The goal of the research was to identify both 

performance and physical characteristics of existing military radars.  After researching 

navy fire control (NFC) radars from around the world, the author concluded that the 

amount of available physical characteristic data for NFC radars is insufficient to conduct 

an analysis of all of their characteristic relationships.  Therefore, the author focused on 

researching air surveillance radars, and concluded there was sufficient data available.  

Parameters such as frequency, detection range, power, scan rate, weight, volume, area, 

and antenna information were collected when available.  The table of all the radar 

information collected is located in Appendix A.  

Since this data was eventually to be integrated into a ship synthesis model, the 

author also researched the types of ships that these air search radars generally were 

housed in.  From Indonesia’s Todak Class missile attack craft (housing the Variant radar) 

at 446 LT shown in Figure 6 to the Russian Federation’s Kuznetsov Class aircraft carrier 
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(housing a Fregat radar) at 58,500 LT shown in Figure 7, the 16 air search radars used for 

the data baseline, shown in Table 3, reside in a large spectrum of different-sized ships 

from many different countries [17].  

 

 

Figure 6.   Todak Class Missile Attack Craft (From [17])  
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Figure 7.   Kuznetsov Class Aircraft Carrier (From [17]) 

Although these radars are placed into over 47 different classes of ships in over 25 

different countries, they are most frequently found aboard ships comparable in size to a 

frigate (FFG).  Therefore, the German Sachsen Class FFG (housing the SMART-L radar) 

at 5600 LT shown in Figure 8 was used as a baseline reference ship for the ship synthesis 

and operational models.  Its average size and SM-2 capabilities made it an ideal reference 

ship for both the ship synthesis and operational models [17].  
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Figure 8.   Sachsen Class Frigate (From [17]) 

B.  ANALYSIS 

Using the data from the 16 different air search radars listed in Table 3, the author 

performed several different evaluations, comparing the relationships between radar range, 

power, frequency, total weight, antenna surface area, total area occupied, and total 

volume [17].  From these evaluations, the most promising relationships resulting from 

this analysis were that of maximum radar detection range versus total radar weight and 

total radar weight versus radar power, shown in Figures 9 and 10, respectively.  The 

results of the other analyses are found in Appendix B. 
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Table 3.   Air Search Radars used in the Analysis  

 

Air Search Radar 
Maximum 

Range  

Total 

Weight  
Power  

DA05 135 km 3.2213 LT 
Not 

Available 

DA08 125 km 4.2843 LT 
Not 

Available 

EL/M-2228S (2D HP 

AMDR) 
70 km 1.7096 LT 15 kW 

EL/M-2228S (3D AMDR) 70 km 2.116 LT 21 kW 

Fregat-MAE 130 km 4.5539 LT 30 kW 

Fregat-MAE-1 125 km 3.6603 LT 30 kW 

Fregat-MAE-4K 58 km 2.679 LT 30 kW 

MW08 55 km 2.116 LT 
Not 

Available 

Podberyozovik-ET1 300 km 7.0538 LT 45 kW 

Podberyozovik-ET2 240 km 5.4466 LT 45 kW 

Pozitiv-ME1  110 km 3.1495 LT 45 kW 

Pozitiv-ME1.2  50 km 2.116 LT 45 kW 

RAN 20S 120 km 3.7252 LT 
Not 

Available 

RSR 210N 55 km 1.929 LT 
Not 

Available 

SMART-L 400 km 11.3863 LT 140 kW 

VARIANT 70 km 0.8464 LT 8.1 kW 
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Figure 9.   Radar Weight and Detection Range Relationship 

 

       
 

Figure 10.   Radar Weight and Power Relationship 
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The R
2
 value of 0.9259 in Figure 9 indicates that a close relationship exists 

between maximum detection range and weight for the air search radars researched.  In 

Figure 10, the R
2
 value of 0.8019 also demonstrates a close relationship between radar 

weight and radar power for the air search radars.  Equation 2 and 3, derived from the 

Excel plots in Figures 9 and 10, express these relationships and will be inserted into the 

ship synthesis model because they link a combat system parameter with  ship naval 

architecture parameters.   

                   Radar Range = 37.255(Radar Weight) – 7.6297                        (2) 

                   Radar Power = 10.441(Radar Weight) – 1.1627                        (3) 



22 

 

THIS PAGE INTENTIONALLY LEFT BLANK  



23 

 

III. DESIGN REFERENCE MISSION 

As the Navy pushes to find a more cost-effective way to create systems that fulfill 

a greater amount of missions around the world, it has become evident that there is a need 

for a DRM concept during the design process.  A DRM is used to “define the projected 

threat and operating environment baseline for a rigorous systems engineering process 

[14].”  Although it can vary based on what type of DRM used, it generally considers 

aspects such as operational situations (OPSITS), physical environment, and threat 

characterization [14].  For the purpose of this thesis, the author created a DRM for a 

hypothetical situation.  It is a simple example of a DRM, which serves as a foundation for 

operational and ship synthesis models.  

A. INTRODUCTION TO ANTI-AIR WARFARE (AAW) 

History reveals the great impact that combat systems technology, such as ship-

borne radar, has had on naval warfare.  For example, the Battle of Empress Augusta Bay 

in 1943 during World War II demonstrates in particular how radar enabled U.S. ships to 

successfully defend themselves against impending Japanese air attacks [18].  In this 

particular case in history, four light cruisers and four destroyers were able to not only 

survive against 100 attacking Japanese aircraft with minimal damage, but inflicted a 

substantial amount of damage on the Japanese [18].  This example shows that radar, 

through its early warning capabilities, has become an essential piece of the AAW 

mission.  

AAW is one of the many missions of a surface warship.  The objective of AAW is 

“to protect the task force from enemy air attack [19].”  In conducting the AAW mission, 

units must conduct air defense (AD), which is defined in Joint Publication 1–02 as 

“defensive measures designed to destroy attacking enemy aircraft or missiles in the 

atmosphere, or to nullify or reduce the effectiveness of such attack [20].”  This process 

can be split into three parts: detecting and identifying the enemy aircraft, controlling the 

sensor and weapon systems, and engaging the threat [21].  The intricacy of this process 
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depends on the number of sensor and weapon systems available for use in this mission.  It 

can be as simple as the air search radar and surface-to-air missiles (SAM) of just one 

combatant in self defense or it can be as complex as the many sensor and weapon systems 

of an entire task force, which could additionally include combat air patrol (CAP), in the 

defense of a high value unit (HVU).  For the overarching purpose of demonstrating a 

method in ship design, this thesis focuses on the simple example of a surface ship 

conducting air defense of its own unit.   

B. OPERATIONAL SITUATION (OPSIT)   

For the purposes of this thesis, the following fictional scenario will be examined.  

As a major theater of war has been in the Middle East, the author selected this as the 

location for a proposed threat situation:  

After many years of ongoing war in Iraq and Afghanistan, the United States now 

faces a third major conflict with Persian Gulf State, Country X.  After both FFGs, USS 

Reuben James (FFG 57) and USS Kauffman (FFG 59), were each hit by an air-to-surface 

missile (ASM) from a single attack fighter aircraft from Country X within one week of 

each other, the 5
th

 Fleet Combatant Commander (COCOM) has directed assets to engage 

any identified enemy aircraft within range.  Both FFGs were conducting an independent 

operation of offshore oil platform defense when they were attacked.  Because of the 

continued importance of Iraqi oil platform defense and the United States’ inability to 

meet the AD requirements with the current class of FFGs used, the Maritime Component 

Commander (MCC) has directed that the new class of FFGs, comparable to the Sachsen 

Class baseline FFG be used.  The importance of their SM-2 capabilities for AAW was a 

determining factor for this decision.  

The physical environment that the ship will operate in is the Persian Gulf.  Its 

large hydrocarbon reserve, 500 species of fish, and strategic location amongst 8 

surrounding countries make it a frequently transited area for large oil and shipping 

tankers and numerous small dhows [22].  Its average water depth is 50 m, its length is 

1000 km, and width across ranges from 200 to 300 km [22].  Therefore, Country X is not 
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far from the location of most naval assets within the Gulf.  Its climate is hot and arid with 

temperatures getting into 100° F in the summer.  Days vary in sea state and visibility. 

The main threat for this OPSIT is Country X’s fighter attack aircraft.  They are 

comparable in size and performance to the U.S.’s F-18 Superhornets.  Its most 

threatening weapon for the U.S.’s new class of FFG is its long-range, high speed, fire-

and-forget ASM.  But because of its need for multiple types of ordnance and limited 

payload capacity, Country X’s aircraft generally only carry one of these ASMs at a time.  

Country X’s newly acquired fighter aircraft generally operate independently due to their 

inexperience and lack of doctrine.  Their tactics seem to consist of approaching the target 

with little concern of minimizing their exposure, delivering the one ASM near the area of 

the target, and immediately conducting an egress from the target area back towards their 

home base [21].  They generally conduct their attacks on days with good visibility and 

only during daylight hours because most of them are inexperienced tactical pilots.  

C. MEASURES OF EFFECTIVENESS (MOE) 

In keeping with a systems engineering approach to ship design, there are a certain 

number of aspects that must be established from the very beginning, such as problem 

definition, needs statement, operational requirements, and MOEs.  In the formalized 

JCIDS process, the CBA, which identifies the capabilities, should be created in 

conjunction with how those capabilities will be measured, in terms of MOEs.  The MOEs 

provide a metric for how well the system will meet those operational requirements.  In 

the end, the stakeholders and decision makers often care more about how well the system 

will perform operationally against threats (MOE), versus what it can do on its own 

(MOP).    

In this study, the author has defined the problem, the mission, and the operational 

requirements in the DRM.  The ship to be designed will take on the AAW mission so that 

it may conduct AD in the protection of itself against the aircraft threats.  This ship to be 

designed will need the capabilities in order to meet the operational requirements that 
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were set forth in order to be successful in that mission.  Therefore, the next step is in 

defining how to measure this system’s success in the AAW mission.  

In defining the MOE for this mission, the Universal Naval Task List (UNTL) was 

consulted to verify it was in alignment with the official requirements for mission success.  

Naval Tactical Task (NTA) 6 “Protect the Force” defined the objective of the design 

ship’s mission well.  The stated objective is “to protect the tactical forces fighting 

potential so that it can be applied at the appropriate time and place” and it includes “those 

measures the force takes to remain viable and functional by protecting itself from the 

effects of or recovery from enemy activities [23].”  Table 4 shows the UNTL measures 

for this particular task.  

Table 4.   Measures for Naval Tactical Task “Protect the Force” (From [23]) 

 

In selecting areas for consideration in determining the scope of this thesis, the 

number of casualties due to enemy activities and natural occurrences (M2) was omitted to 

focus on this research’s primary purpose, which is to integrate combat capability into a 

ship synthesis model.  Natural occurrences were not considered as a threat in the OPSIT.  

Therefore, the author only focused on M1, the casualties to friendly forces due to enemy 

actions.  In the case of the scenario of the “designed ship,” in which it is protecting itself 

from an incoming enemy aircraft and its ASM, the number of friendly force casualties 

will either be one or zero since there is only one ship that makes up the “friendly force.”  

When examining this OPSIT in a warfighting simulation, it is assumed that the 

probability of being killed when hit is one for both the U.S. FFG and Country X’s 

aircraft.  By repeating the simulation several times, the sum of the instances that the 

“friendly” ship endures a casualty divided by the number of simulation repetitions reveals 

the probability of the ship being killed.  This is shown in Equation 4.  This is then 

subtracted from one in order to give a probability of survival, which is shown in Equation 
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5.  In conclusion, the MOE for this study is the ship’s probability of survival, PS, against 

the incoming enemy aircraft equipped with its ASM.    

 

                     PBeing Killed =                    (4) 

 

                           PS = 1 – PBeing Killed                                           (5) 

 

There are numerouos MOPs that impact this mission such as detection range for 

the ship’s radar, SAM range, or the speed of the aircraft just to name a few.  Because the 

purpose of this study is to examine the impacts of changing the shipborne radar’s 

detection range on warfighting effectiveness, the MOP of interest in this study is the 

detection range of the ship’s air search radar.  
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IV. SHIP SYNTHESIS MODEL 

The third part of the method involves the use of an Excel-based ship synthesis 

model that was provided to the author by Professor Whitcomb.  The model was initially 

developed over many years by the Naval Construction and Engineering faculty and 

students from the Massachusetts Institute of Technology (MIT) 13A Program, (now 2N 

Program), and refined by Professor Whitcomb in the past several years using the results 

of ship research  at the University of Michigan and the Naval Postgraduate School (NPS).  

The Excel ship synthesis tool provides a reasonable “first order approximation of a 

concept’s feasibility” [24].  The model uses a collection of worksheets within one Excel 

file to perform mathematical calculations based on the basic principles of naval 

architecture.  Under the “Inputs” worksheet, the user enters the ship’s naval architecture 

gross characteristics (displacement, prismatic coefficients, etc.), performance-type 

requirements (such as speed), machinery requirements, space requirements, weight 

requirements for structures and payload, manning requirements, and cost constraints.  

The results, found in the “Evaluation” worksheet, are the characteristics of the 

synthesized ship based on the user’s input requirements.  The “Evaluation” worksheet 

also indicates if the ship is feasible based on some basic rules of naval architecture.  For a 

breakdown of all the worksheets, refer to Appendix C.  

Unfortunately, this model, like most existing ship synthesis tools, is lacking any 

sensitivity to combat system design variables.  As shown in Figure 11, its combat system 

worksheets only provide single data points for specific U.S. pieces of combat systems 

equipment.  For example, in the surface search radar category, the SPS-67’s unique 

characteristics of weight, vertical centers of gravity, area, and power are listed.  

Therefore, every ship synthesized with this model is assumed to have a surface search 

radar with the same characteristics of an SPS-67.  What happens when the user wants a 

surface search radar with different capabilities?  In this way, the model provides no 

variability in the combat system portions of the model, but acts much like selecting 

specific examples of combat systems from a catalog.  
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Figure 11.   Combat System Worksheet for Excel-based Ship Synthesis Tool 

A. MODEL REVISION 

The equations formulated in the first step of the thesis method were  integrated 

into the ship synthesis model.  Equation 2, relating radar detection range and radar 

weight, and Equation 3, relating radar power and radar weight, were inserted into a newly 

created worksheet titled “Combat Systems Equations” (shown in Figure 12).   
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Figure 12.   Combat Systems Equations Worksheet of Excel-based Ship Synthesis 

Tool 

As shown in Figure 13, what this offers as an improvement to the original model 

is that the user is now able to enter in the desired radar detection range in the “Input” 

worksheet.  Once this radar detection range is used in a warfighting simulation, such as a 

discrete event simulation of a warfighting scenario as an operational model, a direct link 

now exists between the ship synthesis model and a warfighting effectiveness model. 
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Figure 13.   Worksheet for User Input Supplemented with Radar Range on Excel-

based Ship Synthesis Tool 

The “Combat Systems Equations” worksheet takes the user’s input for “Desired 

Radar Detection Range” from the “Input” worksheet and calculates the resulting weight 

and power of the radar.  This resulting weight and power are then automatically inserted 

into the “Combat Systems” worksheet under the appropriate columns in the “Air Search 

Radar” row.  These updated values are used in the ship synthesis calculations.  Therefore, 

although it is only for the air search radar’s values of weight and power, the ship 

synthesis model is now capable of varying its values based on a combat system 

capability.  In addition to the combat system relationship equations presented here, 

further coordinates and parameters could be inserted into this “Combat Systems 

Equations (CSE)” worksheet.  This would eliminate the use of unique, unchanging data 

points for each combat system.  Ideally, each of the combat systems’ naval architecture 

characteristics would change with the differing system capabilities entered into the CSE 

worksheet by the user.  Additionally, since the combat systems’ architectural 
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characteristics would change based on the user’s input, the “Combat Systems” worksheet 

would have generic titles for each system, as what is shown in Figure 14 versus the 

specific combat system names that are shown in the “Combat System” worksheet of 

Figure 11. 

 

 

Figure 14.   Revised “Combat Systems” Worksheet with Generic Titles  
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V. OPERATIONAL MODEL 

This analysis uses discrete-event simulation for the operational model of the ship 

being designed.  Discrete-event simulation (DES) is “the modeling of a system as it 

evolves over time by a representation where the state variables change instantaneously at 

separated points in time [25].”  An attribute of a DES model is that it is event-based.  

Changes in time and states of variables occur through event.  The operational model was 

constructed using ExtendSim, which is a modeling tool that uses a library of building 

components, called blocks, to model discrete-event systems.  In this study, the 

warfighting scenario described above was modeled as a Monte Carlo simulation, which is 

a statistical model that uses repeated random samplings from a probability distribution to 

characterize parts of that system [26].  This random sampling from a distribution is used 

in parts of the model that require human interaction and cannot be deterministically 

represented.  

A. MODEL DEVELOPMENT 

The objective of the operation in this model is for the ship to conduct successful 

point defense against an incoming aircraft threat.  The ship’s course of action (COA) 

chosen for this model is to engage the incoming aircraft and/or missile threat with its 

primary SAM once it has done the following three actions: detects the aircraft or missile, 

identifies it as hostile, and tracks it within ship firing range.  The enemy aircraft’s COA 

chosen for this model is to engage the ship with its primary ASM once it is within the 

aircraft’s firing range.  The only changing variable within this model is the MOP of 

interest, the detection range of the ship’s air search radar.  All other variables that would 

normally have impact on the outcome of the model remain constant. 

1. Model Scope 

Because the purpose of the thesis is to show a way of implementing combat 

system capability into ship design, the operational model created is a very basic 
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simulation to demonstrate warfighting effectiveness.  The MOE values resulting from the 

operational model are used to show how a ship synthesis tool can be supplemented with 

them and are not meant for use in an actual combatant design.  The following statements 

describe specific boundaries of the model: 

 The model is based solely on speed and range, not three-dimensional 

geometry. 

 The model is based on only one mission area (point defense in AAW). 

 The model only evaluates PS of ship. 

 The model is focusing only on the aircraft’s standard ASM and the ship’s 

standard SAM for its defensive capabilities and does not consider the 

other weapon system assets. 

2. Model Assumptions 

The intent of this model is not to predict with certainty the outcome of a 

warfighting situation in order to influence a Commanding Officer’s decision, but rather to 

present a simple, yet realistic way of demonstrating one MOP’s impact on a specific 

MOE for a specific mission.  Therefore, the following assumptions are made in the 

model: 

 The ship is stationary. 

 The ship is at its highest level of combat readiness; ship has intelligence 

that air attack is imminent and all watchstanders are very alert. 

 The ship utilizes a Shoot-Look-Shoot Doctrine. 

 The aircraft’s tactics consist of shooting only 1 ASM when it reaches its 

firing range and will immediately change course and return to its home 

base. 

 The aircraft’s radar detection range is greater than its firing range. 

  If the ship or aircraft is hit, PS = 0. 

 The PDetection of both the ship and aircraft’s radar is equal to  1. 

 All environmental and time factors (weather, sea state, visibility, 

temperature, etc.) are ideal for ship and aircraft combat system and 

weapon performance.  
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B. MODEL LOGIC 

The model was constructed using the logic in Figure 15.  The ship radar’s 

detection range is the MOP of interest and is the only number that is varied throughout 

the simulation trials.  In this scenario, this range is the maximum range at which a fighter-

sized aircraft can be detected.  The range, at which air search radars are capable of 

detecting missiles, is generally much smaller.  Therefore, at the beginning of the 

simulation, the ship radar’s missile detection range is calculated based on the following 

equation: 

                   (6) 

 

This equation was formed based on an evaluation of the relationship between 

several existing radars’ known detection ranges for both aircraft and missiles.  Further 

details of this evaluation are found in Appendix D.  The first event is the creation of the 

target that the radar is detecting.  This is based on the ship’s radar detection range that has 

been entered by the user.  If the ship’s radar detection range is greater than the aircraft’s 

firing range, the ship will detect the aircraft first.  Therefore, the initial target created is 

the enemy aircraft.  However, if the ship’s radar detection range is less than the aircraft’s 

firing range, the initial target created is the incoming anti-ship missile (based on the 

assumption that the enemy aircraft’s tactics are to shoot only 1 ASM and immediately 

increase distance away from the ship and return to home base).  From that point, the 

simulation can go one of the following ways: 
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Figure 15.   Logic Diagram for Operational Model 
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If the initial target detected is the enemy aircraft: 

 The ship hits the aircraft with its SAM before the aircraft reaches its firing 

range 

 The ship does not hit the aircraft with its SAM before the aircraft reaches 

its firing range, but successfully hits the incoming ASM before it reaches 

the ship’s minimum firing range 

 The ship does not hit the aircraft with its SAM before the aircraft reaches 

its firing range, does not hit the incoming ASM before it reaches the ship’s 

minimum firing range, and the ASM successfully hits the ship 

 The ship does not hit the aircraft with its SAM before the aircraft reaches 

its firing range, does not hit the incoming ASM before it reaches the ship’s 

minimum firing range, but the ASM misses the ship 

If the initial target detected is the ASM:  

 The ship hits the incoming ASM before it reaches the ship’s minimum 

firing range 

 The ship does not hit the ASM before it reaches the ship’s minimum firing 

range and the ASM hits the ship 

 The ship does not hit the ASM before it reaches the ship’s minimum firing 

range, but the ASM misses the ship 

Ultimate outcomes of operational model: 

 Aircraft hit; ship not hit 

 ASM hit; ship not hit 

 ASM not hit; ship hit 

 Neither ASM nor ship hit 

 

The outcomes for each of the variables under consideration are recorded into an 

Excel database where they are averaged over the number of iterations performed in the 

simulation.  A screenshot of the Excel database can be found in Appendix E.  The MOE 

probability of ship survival is calculated using Equations 4 and 5 previously discussed.  

Throughout the model, random samplings from a normal distribution take place at the 

points where human involvement determine that event’s length of time.  The time for a 

skilled operator to detect, track and identify the threat (which could be as simple as the 
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receipt of an Identification Friend or Foe (IFF) code or as time-consuming as multiple 

verbal queries and warnings) and the time for a Commanding Officer or Tactical Action 

Officer to make the decision to engage both bring a great source of variability to the 

modeling scenario.  A screenshot of the actual operational model in ExtendSim is found 

in Appendix F.  

C.  MODEL PARAMETERS 

Table 5 shows the parameters that were held constant through every iteration of 

the model simulation.  Some of the parameters were selected based on research of actual 

aircraft, ship, and missile parameters from Jane’s Fighting Ships and Jane’s All the 

World’s Aircraft.  

Table 5.   Parameter Values used in the Operational Model 

Constant Parameters Value 

Maximum Aircraft Firing Range 100 km              (54 nm) 

Maximum Ship Firing Range 150 km              (81 nm) 

Minimum Ship Firing Range 2 km                (1.08 nm) 

Aircraft Velocity 0.3087 km/s        (0.9M) 

SAM Velocity  0.8575 km/s        (2.5M) 

ASM Velocity 0.686 km/s             (2M) 

SAM PK of Aircraft 0.65 

SAM PK of ASM 0.6 

ASM PK of Ship 0.85 

 

The values were also deemed realistic by a qualified Surface Warfare Officer and F-18 

Weapon Systems Officer.  The author was unable to find probability of kill (PK) 

information and therefore picked reasonable values based on expert opinion, but in an 

actual modeling case, real data would be used.  In determining the normal distributions’ 

means and standard deviations for the human-based activities, the author consulted with a 

qualified Anti-Air Warfare Coordinator.   
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VI. RESULTS 

Once the operational model was constructed and refined and the “real world” 

parameters were added, the simulation was run 1000 times for several detection ranges 

going from 10 km to 400 km.  The probability of survival, PS, was calculated for each 

detection range and the results are shown in Figure 16.   

 

Figure 16.   Plot of PS versus Radar Detection Range in Results from Operational 

Model 

The knee of the curve is around the 190 km area, which means that increasing the 

detection range of the radar more than 190 km does not result in as great of a return in 

probability of survival of the ship.  Because the author used an equation for calculating 

the radar’s missile detection range based on the radar’s maximum detection range, there 

continues to be an increase in PS of the ship as detection range increases even though it is 

not as pronounced after the 190 km point.  The importance of the 190 km point can be 

described in the logic and parameter choice of the model.  From detection ranges of 190 

km and greater, the ship has the greatest amount of opportunities to shoot down the 
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aircraft before it can even fire one of its ASMs.  From 190 km and greater, the ship is 

able to detect the aircraft far enough in advance so that its radar operator can detect, 

track, and identify the target through IFF and possibly verbal queries and warnings, and 

the Commanding Officer and/or Tactical Action Officer can make the difficult decision 

on engagement, all before the aircraft has reached the 150 km maximum ship firing 

range. The curve’s not quite perfectly smooth shape is based on the variability involved 

in the parts of the model that require human interaction.  These parts use the random 

samplings from a normal distribution in order to determine the amount of time for that 

certain event.  

The values for PS from Figure 16 were used as the MOE for warfighting 

effectiveness of the ship to be designed.  After warfighting effectiveness information was 

collected, the author developed ships using the ship synthesis tool based on a user’s 

requirement for an air search radar of low, medium, and high detection range.  The results 

are summarized below in Table 6.  Screenshots of the “Evaluation” worksheets for these 

three ships synthesized can be found in Appendix E. 

Table 6.   Ship Synthesis Information for Low, Medium, and High Air Search Radar 

Detection Ranges 

Ship Synthesis Results  
Air Search Radar 

Range 

Total Ship Full Load 

Weight 

Ship Survivability in 

AAW  
Cost 

High       (400 km) 4840 LT 96% 
$677.69 

M 

Medium  (135 km) 4826.7 LT 55% 
$673.66 

M 

Low      (55 km) 4822.7 LT 18% 
$670.63 

M 

 

In order for the ship to achieve a 96% PS in the AAW scenario, it needs a combat 

capability of 400 km (air search radar detection range), which results in an overall ship 

weight of 4840 ltons.  As shown in Table 6, going from a ship with a low radar detection 

range to a high radar detection range increases its warfighting effectiveness by nearly 



43 

 

80%, but only increases its weight by about 17 tons.  These are the types of observations 

that ship designers, stakeholders, and decision makers need in order to conduct proper 

trade off analyses when building a ship.  

In demonstrating what this modeling tool is capable of, it should be noted that this 

analysis focused specifically on the air search radar and its individual impact. 

Additionally, the ships synthesized were based on the Sachsen Class FFG, which belongs 

under the “Combat Systems 2” worksheet of the ship synthesis model.  The Sachsen 

Class FFG is representative of the average of the ships that housed the radars used in this 

analysis and its additional information can be found in Appendix H.  Because the 

research conducted here examined closely a particular scenario, it must be understood 

that claims made here are limited to the scenarios in question.  In other words, while it 

does indicate what might take place between one ship and one aircraft, it does not speak 

to how well the ship would do in other warfare areas.  Finally, the cost shown in Table 6 

is the total lead ship acquisition cost and is calculated by the ship synthesis model solely 

based on weights of parts of the ship and not on other costly factors, such as combat 

systems software.  Therefore, the costs shown may not be indicative of the actual costs.  
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VII. CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

Historically, ship synthesis models, such as Asset and the Excel-based model used 

in this thesis, have only accounted for combat systems through inserted single data points 

that included only physical characteristics like weight, volume, area, and input power.  

These tools are void of any sensitivity to combat system design variables that relate to 

their performance as combat and weapon systems.  Through this thesis, it was shown as a 

proof of concept that it is possible to integrate combat system design parameters directly 

into a ship synthesis tool.  By finding a quantitative relationship between radar detection 

range and radar weight, the author discovered a link between combat system design 

parameters and naval architecture parameters that can be used to directly couple to 

operational simulation models to determine warfighting MOE.  Implementing this 

quantitative relationship into the ship synthesis model provides a way to show variability 

in the combat systems architecture characteristics based on the combat system parameter 

inputs.  By measuring the warfighting effectiveness of the combat system design 

parameter at different values, the author then links the combat system design parameter to 

what is pertinent to the stakeholders and decision makers, the MOE.  As a result, 

stakeholders have an enhanced ability to evaluate a combat system parameter, such as a 

radar range, based on its impacts on both the actual ship’s naval architecture and 

warfighting effectiveness, which allows them to conduct trade-offs on variables of direct 

concern and therefore make more informed decisions.  

B. RECOMMENDATIONS 

If the proof of concept outlined here were expanded, further research should 

examine any or all of the ship’s combat systems and warfighting effectiveness measures 

in all warfare areas.  Therefore, the ship synthesis model used would have the “Combat 

Systems Equations” worksheet populated with equations describing every relationship 



46 

 

between each combat system’s input parameters and its naval architecture characteristics.  

Additionally, the “Combat System” worksheets would no longer contain single data 

points for a unique existing combat system, but would instead be a list of generic names 

for essential pieces of ship combat systems equipment and their data values would 

change based on the user’s input for their parameters.  

Since the author only focused her research on air search radars, a future 

recommendation is to research other pieces of combat systems equipment, such as 

surface search radars, multifunction radars, sonar, missiles, close-in weapon systems, 

guns, torpedoes, and several others.  The next step in an analysis of this kind would be to 

determine if there is a relationship between any of their physical characteristics, such as 

weight, volume, or size, and any of their performance parameters.  Any clear 

relationships found would be gathered together in much the same way as was done in this 

thesis in the “Combat Systems Equations” worksheet section.  

Additionally, the author only focused on one MOE for one particular mission area 

during her evaluation of the warfighting effectiveness of her combat system parameter.  

This research could be expanded to show how combat and weapon systems beyond radar 

range affect other mission scenarios, such as anti-surface warfare (ASuW) or maritime 

interdiction operation (MIO).  MOE’s other than ship survivability could be explored as 

well.  Expanding the number of warfare areas and MOEs analyzed would provide 

relevant information that would enable a decision maker to understand and therefore 

analyze the impact of a change to overall ship design.   

The Excel-based ship synthesis model is a math-based tool that allows ship 

designers to test different concept designs for feasibility based on the principles of naval 

architecture.  The method outlined in this thesis consists of the following:  

 Conducting research and analysis on the physical and functional 

parameters for existing combat systems 

 Supplementing the ship synthesis model with mathematical relationships 

found from the previous analysis 
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 Demonstrating the combat system functional parameter’s impact on 

warfighting effectiveness through the use of an operational model 

 Linking the impacts of a combat capability on both the ship design and 

warfighting effectiveness 

By using this method for future research in other combat systems, warfare areas, 

and MOEs, the ship synthesis tool can provide enough information to enable decision 

makers to make better-informed choices to meet the requirements of CBA and the current 

JCIDS process.   
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APPENDIX A:  AIR SEARCH RADAR INFORMATION 

COLLECTED DURING RESEARCH 

Table 7 shows the air search radar information that was collected during the 

author’s research.  Although initially there were more radars investigated, these 

specifically were the radars used in the analysis of the thesis.  As can be seen by the 

blank cells in the table, the amount of information varied for each radar.  Therefore, all 

the radars listed in Table 7 had range and weight data available that was useful in the 

analysis of this relationship.  Other  comparisons were made between the other categories 

of information available but are discussed further in Appendix B.  Because Table 7 is a 

very long and wide Excel spreadsheet, it is broken up into several pages.  The first two 

pages include the type, frequency, range, scan rate, weight, and power requirements for 

all 16 air search radars from top to bottom alphabetically arranged.  The third, fourth, and 

fifth pages of Table 7 include the dimensions, antenna information, class of ships 

carrying the radar, the country flags of those ships, the radar’s functions, and the 

manufacturer of the radar for all 16 air search radars in the same order as before.    
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Name Type Freq Range Scan Rate Weight Power Req 

DA05 
high power, med 
range surveillance  

2–4 
GHz 

135 km   3273 kg    

DA08 
horn fed parabolic 
reflector 

3–4 
GHz 

125 km 15 rpm 1100 kg (top), 3253 kg (rem)   

EL/M-2228S  
(2D HP AMDR) 

2-D HP, Automatic 
Missile Detection 
Radar (AMDR); pulse 
Doppler multimode 

2 - 4 
GHz 

20 km (auto threat alert of 
incoming missile), 70 km 
(fighter), 100 km (instrm) 

12 or 24 
rpm 

237 kg (ant), 1500 kg (below 
decks) 

15 kVa 

EL/M-2228S   
(3D HP AMDR) 

3-D, HP, AMDR; pulse 
Doppler multimode 

2 - 4 
GHz 

20 km (auto threat alert of 
incoming missile), 70 km 
(fighter), 100 km (instrm) 

12 or 24 
rpm 

550 kg (ant), 1600 kg (below 
deck) 

21 kVA 

Fregat-MAE 
3-D, 1 channel, 
baseline 

2 - 3 
GHz 

27 or 30 km (missile), 125 or 
130 km (fighter), rad horizon 
(ship) 

15 rpm 2.2 t (ant), 2.9 t (below decks) 30 kW 

Fregat-MAE-1 

3-D, 1 channel, 
variant of MAE + 
electronic beam 
stabilisation 

2 - 3 
GHz 

27 km (missile), 125 km 
(fighter), radar horizon (ship) 

15 rpm 1 t (ant), 3.1 t (below decks) 30 kW 

Fregat-MAE-4K 
3-D, 1 channel, 
lightweight, variant of 
MAE-1 

6 - 8 
GHz 

17 km (missile), 58 km 
(fighter), radar horizon (ship) 

30 rpm 0.4 t (ant), 2.6 t (below decks) 30 kW 

MW08 
3D short to medium 
range surveillance 
and target acquis 

4–6 
GHz 

55 km (fighter)   
650 kg (above deck), 1500 kg 
(below deck) 

  

Podberyozovik-
ET1 

3-D, solid state   
4 - 8 
GHz 

55 km (missile), 300 km 
(fighter), radar horizon (ship) 

6 or 12 
rpm 

3.2 t (below deck), 4.7 t (ant) 45 kW 

Table 7.   Air Search Radar Information (Continued over next 4 pages)
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Name Type Freq Range Scan Rate Weight Power Req 

Podberyozovik-
ET2 

3-D, solid state  
4–8 
Ghz 

45 km (missile), 240 km 
(fighter), radar horizon 
(ship) 

6 or 12 
rpm 

2.9 t (ant), 3.2 t (below deck) 45 kW 

Pozitiv-ME1 
(Strut Curve?) 

3D flat phased array X 
110km (air), 15 km (anti ship 
missile) 

2,5,10,20 
cycle sec 

1460 kg (above), 1740 kg 
(below) 

  

Pozitiv-ME1.2 
(Strut Curve?) 

3D flat phased array X 
50 km (air), 13–15 km (aship 
missile) 

1, 2, 5 750 kg (above), 1400 (below)   

RAN 20S 
2-D, solid state, med 
range, air and surface 
search radar 

2–4 
GHz 

52 km (28 rpm, instr) ; 120 
km (14 rpm, instr) 

14 rpm 
and 28 
rpm 

240 kg (below deck ant group 
control unit), 300 kg (rcvr), 
1325 kg (trnsmtr), 1920 kg 
(above deck ant group) 

  

RSR 210N  2-D, lightweight 
8 - 
12.5 
GHz 

185m-10km (helo cont), 1–
25km (gunfire support), 1–
30km (anti-air), 2–55 km (air 
surveillance) 

15 rpm, 
30 rpm, 
60 rpm  

<560 kg (ant/pedestal 
assmbly), < 1400 kg (below 
deck elements) 

  

SMART-L 
Multibeam 
Radar 

Multibeam Radar 
1–2 
GHz 

65 km (missile), 400 km (a/c, 
max) 

12 rpm 

72 kg (humid contr), 120 kg 
(climate contr unit), 200 kg 
(drive contr unit),231 kg (B/C 
video proc cab), 275 kg (vid 
proc cab A), 2,640 kg (transm 
cab), 7800 kg (antenna) 

(440 V, 60 hz, 
3phase,130 
kVA), (115V, 
60hz, 3phase, 
10 kVA)  

VARIANT 
dual band, 2D surveill 
and target indic radar 

4–6 
GHz, 
8–10 
GHz 

60 km (air), 70 km (surface) 
14 and 28 
rpm 

180 kg (search process cab), 
230 kg (interf proc cab), 450 
kg (ant sys) 

(115 V, 60hz, 
3phase, 3.9 
kVA), (115 V, 
60hz, 1 phase, 
1.2 kVA), 
(440V, 60 hz, 3 
phase, 3 kVA)  



52 

 

Name Dimensions Antenna Info Class of Ships Countries Function Manufacturer 

DA05   
horn fed 
parabolic 
reflector 

FFG, corv, 
patrol ships 

Argentina, Bulgaria, Egypt, 
Finland, Indonesia, 
Ireland, South Korea, 
Malaysia, Morocco, Spain, 
Thailand 

air surveillance 
and target 
indication 

Thales Nederland, 
Hengelo, 
Netherlands 

DA08     
DDG, FFG, corv, 
Amph Trnspt 
dock, CG 

Argentina, Bangladesh, 
Canada, Malaysia, 
Netherlands, Pakistan, 
Peru, Portugal, Turkey 

med-long range 
surv, target 
indication to 
WCS 

Thales Nederland, 
Hengelo, 
Netherlands 

EL/M-
2228S  (2D 
HP AMDR) 

  

2-D HP, cosec^2 
lightweight 
reflector on 
masthead 

DDG Chile 

missile (sea 
skim) detection, 
air/surf 
surveillance 

Elta Systems Ltd 
(sub of Israel 
Aeorospace Ind), 
Ashdod 

EL/M-
2228S   (3D 
HP AMDR) 

  

3-D HP, reflector 
+ multibeam 
array on 
masthead 

DDG Chile 

missile (sea 
skim) detection, 
air/surf 
surveillance 

Elta Systems Ltd 
(sub of Israel 
Aeorospace Ind), 
Ashdod 

Fregat-
MAE 

16 m^2 Area   

survey ship, 
DDG, FFG, 
carrier, CG, 
amphibious 
transort dock, 
missile range 
ship 

China, India, Russia, 
Ukraine 

multi-function 
3D naval 
surveillance 
radar 

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant 
‘Salyut’, Moscow. 

Fregat-
MAE-1 

16 m^2 Area   

survey ship, 
DDG, FFG, 
carrier, CG, 
amph transort 
dock, missile 
range ship 

China, India, Russia, 
Ukraine 

multi-function 
3D naval 
surveillance 
radar 

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant 
‘Salyut’, Moscow. 
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Name Dimensions Antenna Info Class of Ships Countries Function Manufacturer 

Fregat-MAE-4K 20 m^2 Area   

survey ship, 
DDG, FFG, 
carrier, CG, 
amph trns 
dock, missile 
range ship 

China, India, Russia, 
Ukraine 

multi-function 
3D naval 
surveillance 
radar 

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant  

MW08   
stripeline array 
(rcv and 
transmit) 

FFG, DDG, 
Corv, FAC 

Greece, South Korea, 
Oman, Portugal, Turkey 

short to med 
range 
surveillance 

Thales Nederland, 
Hengelo, 
Netherlands 

Podberyozovik-
ET1 

area occupied 30 m^2 

7.16 X 6.26 m; 
narrow 
trns/rcptn 
beams, low 
sidlobe 

CG Russia 

air and surface 
surveillance 
and targeting 
radar 

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant  

Podberyozovik-
ET2 

area occupied 30 m^2 

7.16 X 2.92 m; 
low sidelobe 
and narrow 
trns/rcptn 
beams 

CG Russia 

air and surface 
surveillance 
and targeting 
radar 

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant  

Pozitiv-ME1 
(Strut Curve?) 

      Russia   

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant  

Pozitiv-ME1.2 
(Strut Curve?) 

      Russia   

Rosoboronexport, 
Moscow; State 
Unitary Enterprise- 
State Moscow Plant  
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Name Dimensions Antenna Info Class of Ships Countries Function Manufacturer 

RAN 20S 

1370 X 700 X 5090 mm 
(bel deck ant group cont 
unit), 1850 X 700 X 645 
mm (rcvr), 2109 X 700 X 
2180 mm (trnsmtr), 
2740 X 778 X 5090 mm 
(above deck ant group) 
HWD 

roll and pitch 
stabilised ant 
group, conformal 
array that is 
mounted on a 2 
axis stabilisd 
platform 

FFG, corv Brazil 
med range, air 
and surface 
search radar 

Selex Sistemi 
Integrati SpA, Rome 

RSR 210N  

1.8 X 2.1 X 0.9 m (below 
decks elem), 1.8 (ht) X 
1.5 m (swept radius, 
ant),  

planar array ant, 
stabilised pitch 
and roll;  1.8 m 
(ht) X 1.5 m 
(swept radius, 
antenna) 

FFG Norway 
air/sea 
surveillance  

Reutech Radar 
Systems, 
Stellenbosch 

SMART-L 
Multibeam 
Radar   

planar array ant FFG, amph 
Denmark, Germany, South 
Korea, Netherlands 

air/surf 
surveillance and 
target desig 

Thales Nederland, 
Hengelo, 
Netherlands 

VARIANT 

WHD 745 X 1859 X 446 
mm (search and interf 
proc cab, each), 2353 
(W) X 1970 (H) mm (ant 
syst) 

double pill box 

FFG, FAC, 
Amphib dock, 
large patrol 
craft 

Bangladesh, Greece, 
Indonesia, Netherlands 

automat fast 
reaction sensor, 
provides info to 
weapon sys 

Thales Nederland, 
Hengelo, 
Netherlands 
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APPENDIX B: OTHER RESULTS FROM AIR SEARCH RADAR 

ANALYSES 

Figures 9 and 10 showed the two analyses that resulted in the most promising 

relationships.  The following figures are plots of the other analyses that were conducted 

based on the information researched in Appendix A, but did not result in strongly 

correlated relationships.   

 

 

Figure 17.   Analysis of Radar Scan Rate versus Radar Weight 
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Figure 18.   Analysis of Radar Range versus Radar Frequency 

 

 

Figure 19.   Analysis of Radar Range versus Radar Area Occupied 
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Figure 20.   Analysis of Radar Frequency versus Radar Weight 

 

Figure 21.   Analysis of Radar Range versus Radar Power 
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APPENDIX C: BREAKDOWN OF THE WORKSHEETS OF THE 

EXCEL-BASED SHIP SYNTHESIS MODEL 

The Excel-based ship synthesis model used in this thesis is a collection of 18 

worksheets that together perform mathematical calculations based on the principles of 

naval architecture.  Based on the user’s inputs under the “Input” worksheet, the other 

worksheets accept the input variables and perform calculations, and finally the results of 

the synthesized ship are displayed in the “Evaluation” worksheet for users to view.  The 

following figures show a screenshot of each of the worksheets and a brief description is 

provided.  

In Figure 22, the first worksheet, “Saunders Design Lanes” shows plots of several 

design lanes for important naval architecture parameters that are used throughout the 

model.  These plots show visually the standard for U.S. naval surface vessels and are a 

quick reference for ship designers for feasibility of selection.  

 

Figure 22.   Screenshot of “Saunders Design Lane” Worksheet 
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The combat system information of the ship being synthesized is found in either 

one of three worksheets, “Combat System 1,” “Combat System 2,” or “Combat System 

3.”  Figures 23, 24, 25 show how all three of them are arranged with the name of the 

combat system on the very left column and the weight, vertical center of gravity, area, 

power, and weight moment listed in the same row to the right of each one.  The three 

different options of combat system worksheets represent the use of a large, medium, or 

small combat system suite for the ship being synthesized.  For example, the number of 

vertical launching system (VLS) cells goes from 32, 64, and 128 for combat system 3, 2, 

and 1 respectively.  The differences in combat system suite makeup can be seen by 

examining Figures 23, 24, and 25. combat system worksheets all calculate the total sum 

of combat system payload weight as well as the vertical center of gravity for payload and 

variable payload.  

 

 

Figure 23.   Screenshot of Large Combat System Suite of “Combat System 1” 

Worksheet 
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Figure 24.   Screenshot of Medium Combat System Suite of “Combat System 2” 

Worksheet 
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Figure 25.   Screenshot of Small Combat System Suite of “Combat System 3” 

Worksheet 

Figure 26 shows the “Input” worksheet where the user enters in information that it 

desires the ship to be synthesized to have.  It includes naval architecture gross 

characteristics, such as prismatic coefficient and beam to draft ratio, energy requirements, 

propulsion requirements, area and weight requirements, manning requirements, and any 

cost constraints.  These inputs are then used in other worksheets as variables in their 

equations to calculate parameters for the ship being synthesized.  
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Figure 26.   Screenshot of “Input” Worksheet 

Figure 27 shows the “Gross Characteristics” worksheet.  It conducts mathematical 

calculations on the variables that were entered in the “Input” worksheet in order to find 

hull principal characteristics, such as the beam and the draft measurements, hull 

coefficients and ratios, such as the volumetric coefficient, and overall principal 

characteristics, such as full load displacement.  
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Figure 27.   Screenshot of “Gross Characteristics” Worksheet 

Figure 28 shows the “Machinery” worksheet.  It allows the user to enter specific 

information about the propulsion plant, machinery box, and ship service generators.  It 

also lists other propulsion-related constants used in calculations.  
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Figure 28.   Screenshot of the “Machinery” Worksheet 

Figure 29 displays the “HollenbachE” worksheet where a number of mathematical 

calculations are performed in order to make resistance predictions.  They are based on a 

method proposed by Hollenbach in estimating twin screw vessel resistance.  
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Figure 29.   Screenshot of “HollenbachE” Worksheet 

Figure 30 displays the “Energy” worksheet, which performs a number of 

calculations in order to determine such things as a propeller diameter estimate, effective 

horsepower, shaft horsepower, fuel requirements, electric load, electric fuel requirement 

and total ship fuel.  
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Figure 30.   Screenshot of “Energy” Worksheet 

In Figure 31, the “Space” worksheet provides estimates based on user input of the 

underwater hull volume, above water hull volume, total hull volume, deck house size, 

machinery box size, tankage sizes, payload and living deck areas, hull habitability areas, 

hull stores area, and other important areas.  
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Figure 31.   Screenshot of “Space” Worksheet 

Figure 32 shows the “Weight” worksheet, which calculates the weights of the 

major ship group components.  These groups include the following: Group 100 Structure, 

Group 200 Propulsion, Group 300 Electrical Plant, Group 400 Command and 

Surveillance, Group 500 Auxiliary Systems, Group 600 Outfit and Furnishings, and 

additional loads such as stores and crew.   
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Figure 32.   Screenshot of the “Weight” Worksheet 

Figure 33 displays the “Stability” worksheet, which takes the weight, vertical 

center of gravity, and vertical moment information from all the major groups of the ship 

and calculates total ship stability characteristics.  The major ship groups used are the 

following: structure, propulsion plant, electrical plant, command and surveillance, 

auxiliary systems, outfit and furnishings, armament, and loads.   
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Figure 33.   Screenshot of “Stability” Worksheet 

In Figure 34, the “Evaluation” worksheet displays an evaluation of the results 

achieved compared to the required results of the synthesized ship for the user.  It allows 

the user to make adjustments to different parts and compare how close he is to the desired 

results.  
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Figure 34.   Screenshot of the “Evaluation” Worksheet 

The “Summary” worksheet will be shown and explained for the ships that were 

designed in this study in Appendix G.  The remaining worksheets pertain to cost, which 

was not in the scope of this thesis, but would be quite useful in ship design analysis. 
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APPENDIX D: CALCULATION OF MISSILE DETECTION RANGE 

To make the operational model more realistic, the author distinguished between 

the range at which the radar detected the enemy fighter aircraft and the range at which it 

detects the incoming enemy missile.  In reality, the range at which a radar can see a 

missile is much less than the range at which it can see something as big as an aircraft.  

Therefore, in order to make the missile detection range adjust to the user’s input of the 

maximum detection range, the author conducted an analysis on maximum radar detection 

range and missile detection range for existing radars.  The analysis was conducted only 

on those air search radars from Table 7 that had missile detection range available and 

these are listed in Table 8.  

Table 8.   Air Search Radars Used in Maximum Detection Range-Missile Detection 

Range Analysis 

Radar Name 

Maximum  

Range 

Missile Detection  

Range 

EL/M-2228S (2D 

HP AMDR) 70 20 

EL/M-2228S (3D 

AMDR) 70 20 

Fregat-MAE 150 27 

Fregat-MAE-1 150 27 

Fregat-MAE-4K 58 17 

Podberyozovik-

ET1 300 55 

Podberyozovik-

ET2 240 45 

Pozitiv-ME1 110 15 

Pozitiv-ME1.2 50 13 

SMART-L 400 65 

  

The information in Table 8 was compared and plotted in Excel and is shown in Figure 35. 
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Figure 35.   Analysis of Maximum Detection range versus Missile Detection 

Range for Air Search Radars in Table 8 

As shown in Figure 35, there is a very close relationship between maximum 

detection range and missile detection range for the air search radars.  Therefore, the 

equation expressing this relationship shown in Figure 35 was inserted into the operational 

model.  When the user enters a desired detection range, the program automatically 

calculates by way of the equation the missile detection range and uses it during the 

simulation.  
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APPENDIX E: EXCEL DATABASE FOR OPERATIONAL MODEL 

OUTPUT 

Figure 36 shows the Excel database that received the results from the ExtendSim 

program.  With each iteration of the operational model, the results were recorded in each 

row.  A number was placed under the column for the number of times the following 

actions occurred in that particular simulation trial: the ship being hit, the missile missing 

the ship, the aircraft being hit, the aircraft missile being shot down, the ship’s missile 

missing the aircraft, and the ship’s missile missing the aircraft’s missile.  Although all the 

information was a good indicator for the author on the workings of the model, the “Ship 

Hit” column was of most interest for the sake of the study.  The MOE for this mission is 

the probability of the ship surviving this encounter with an enemy aircraft.  Therefore, PS 

was calculated by subtracting the average of the “Ship Hit” column from 1.   

 

Figure 36.   Screenshot of Excel Database for Operational Model Output 
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APPENDIX F: SCREENSHOTS OF OPERATIONAL MODEL 

 

 

Figure 37.   Aircraft Detection and Engagement Section 
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Figure 38.   Missile (ASM) Detection and Engagement Section 
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Figure 39.   Radar Detection Range User Input and Missile Detection Range 

Calculation Section 
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APPENDIX G: DESIGN SUMMARY FOR SHIPS SYNTHESIZED 

WITH HIGH, MEDIUM, AND LOW AIR SEARCH RADAR 

DETECTION RANGES 

The following figures are screenshots of the “Summary” worksheets in Excel for 

the three ships synthesized in this study with high, medium, and low detection ranges.   

 

 

Figure 40.   Screenshot of “Summary” Worksheet for Ship with High Air Search 

Radar Detection Range (400 km) 
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Figure 41.   Screenshot of “Summary” Worksheet for Ship with Medium Air 

Search Radar Detection Range (135 km) 
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Figure 42.   Screenshot of “Summary” Worksheet for Ship with Low Air Search 

Radar Detection Range 
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APPENDIX H:  SACHSEN CLASS FRIGATE INFORMATION 

Table 9.   Sachsen Class Frigate Information (After [12]) 

Sachsen Class (Type 124)  FFGHM 

Displacement (full load) 5690 tonnes (5600.1 (uk) t) (6272.2 t (short)) (5690000 kg) 

Length (overall) 143 m (469 ft) 

Length (waterline) 132.2 m (434 ft) 

Beam (overall) 17.4 m (57 ft) 

Draught (hull) 6.9 m (22.6 ft) 

Speed (top) 29 kt (53.7 km/h) (33.4 mph) 

Range (Standard) 4000 n miles (7408 km) (4603.1 miles) at 18 kt (33.3 km/h) (20.7 mph) 

Crew Capacity 255 

Officer Capacity 39 

Machinery 
CODAG; 1 GE LM 2500 gas turbine; 31,514 hp (23.5 MW); 2 MTU 

20V 1163 TB 93 diesels; 20,128 hp(m) (14.8 MW); 2 shafts; cp props  

Missiles 

SSM: 8 McDonnell Douglas Harpoon Block 1D 2 (twin); active radar 

homing to 95 km (51 n miles) at 0.9 Mach; warhead 227 kg.  SAM: Mk 

41 VLS (32 cells) 24 Raytheon Standard SM-2 Block IIIA; 

command/inertial guidance; semi-active radar homing to 167 km (90 n 

miles) at 2.5 Mach. 32 Evolved Sea Sparrow RIM 162B; semi-active 

radar homing to 18 km (9.7 n miles) at 3.6 Mach; warhead 39 kg. 2 

RAM RIM-116 launchers. 21 cell Mk 49 launchers; passive IR/anti-

radiation homing to 9.6 km (5.2 n miles) at 2.5 Mach; warhead 9.1 kg. 

42 missiles.  

Guns 

1 Otobreda 76 mm/62 IROF; 108 rds/min to 16 km (8.6 n miles) anti-

surface; 12 km (6.5 n miles) anti-aircraft; weight of shell 6 kg. 2 

Mauser 27 mm. 4–12.7 mm MGs.  

Torpedoes 6–324 mm (2 triple) Mk 32 Mod 7 tubes. Eurotorp Mu 90 Impact.  

Physical 

Countermeasures 
Decoys: 4 Rheinmetall MASS-4L decoy launchers.  

Electronic 

Countermeasures 
ESM/ECM: EADS Fl 1800S-II; intercept and jammer 

Radars 

Air search: SMART L 3D; D-band. Air/surface search: Thales 

APAR phased array; I/J-band. Navigation: 2 SAM 9600M; E/I-band. 

IFF: Mk XII. 

Sonars 
Atlas DSQS-21B (Mod); bow-mounted; active search; medium 

frequency.  

Combat Data Systems CDS F 124; Link 11/16. 

Electro-optic Systems MSP optronic director 

Helicopters 2 NH90 NFH or 2 Westland Super Lynx Mk 88A. 
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