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ABSTRACT

Developments in the Application of the
Geometrical Theory of Diffraction and Computer Graphics
to Aircraft Inter-Antenna Coupling Analysis

Michael Bogusz

This thesis examines the need for a systematic methodology for the analysis of
ancratt electromagnetic compatibility (EMC) problems. 1t surveys the available computer
ards used moaneratt EMC analysis and establishes the theoretical basis for the complex
algonithms which identity and quantity electtomagnetic interactions. The thesis presents
an overview of one puticularly well-established aircraft antenna-to-antenna EMC analysis
code. the Ancraft Inter-Antenna Propagation with Graphics (AAPG) Version (7 (VO7)
soltware program.

The thesis discusses the specific new algorithms that have been created to compute
cone geodesios and their associated path losses, and to graphically portray representations
of the physical coupling path.  These algorithms are validated against basic principles.
Loss computations apply the Uniform Geometrical Theory of Diffraction (UTD) and are
subsequently compared to measurement data.

The thesis assesses the increased modelling and analysis capabilities of the newly
developed AAPG Version (W (VOY) against those of AAPG V(7. Several models of a
“real-world” aireraft, namely the Electronics Systems Trainer (EST) Challenger, are
penerated and are provided as the basis for this preliminary comparative assessment.
Issues such as software reliability, algorithm stability, and quality of hardcopy output are

abso discussed. This comparative study opens several avenues for future research.
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CHAPTER 1
INTRODUCTION
1.1 THE NEED FOR ELECTROMAGNETIC COMPATIBILTTY ANALYSIS

COMPUTER CODES

Weapon systems such as mulitary  anrcratt have become very sophusticated
collections  of electronic  circuiuy  with  gieat potential - for complications  trom
electomagnetic interference (EMD [ 1], In modern weapon systems, EME iteractions
typically number in the thousands and their occunence and importance we ditheult to
predict.

The traditional approach to addressing potential EMI problems and realizing
system level electromagnetic compatibility has been to invoke a0 plethora of 1M
specifications and standards at all Tevels of development.includig the system, subsystern,
and equipment levels. At the system level. MIF-E-60ST 2] is called outand imposes an
immense responsibility and obligation on contractors to achieve and prove - srem fevel
electromagnetic compatbility (EMC).

In spite of their responsibilities. prime contractors or systenm mtegrators have
tended to downplay, or ignore outright, the system level pinciples of MIL-E 60OST. Then
EMC design strategies have often relied too heavily on specthications peared towards
individual equipments in the hope that the ditterent subsystems will function compatbly
once combined into a complete system. When a proper EMC analysis of a systemn desipn
is not performed, coupling mechanisms between individual equipments are nepledted
One pitfall of such an approach is the high cost of repun and retrofit of equipments found
to be electromagnetically incompatible.  Another risk is the high cost of unnecessary

EMC overdesign of some equipments A proper EMC analysis may reveal that some
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cqupments do not require full compliance with equipment level EMI specifications in
order to work compatibly in the overall system.

To address the responsibility and obligation of system level EMC, the United
States Air Foree (USAF) established in the early 19707 the Intrasystem Analysis Program
(IAP) [1.3] as a unified, comprehensive, and systematic methodology to be applied to the
EMC analysis process over the entire fife cycle ot a weapon system. The 1AP provided
a focal point toward which many independent developers of EMC analysis computer
codes could direct their efforts. The outgrowth of these efforts was a considerable system
fevel EMC analysis capability.  These system level EMC analysis computer codes
provided the means of establishing a detailed EMC profile or baseline for the initial
design of o complex weapon system.  This baseline would then serve as a point of
reterence tor planned system upgrades, modernization programs. or other contingencies,
such as the Persian Gulf mussion.

The first computer codes associated with the 1AP were run on mainframe
computers that generated substuntial amounts of tabular numerical data.  These vast
amounts of data tended to overwhelm the analyst and failed to provide a focus on the
trends suggested by the data. This drawback was remedied with the advent in the mid-
1970°s of the Anrcraft Inter- Antenna Propagation with Graphics (AAPG) computer code
which combied sophisticated electromagnetic coupling algorithms  with interactive
computer  graphies [4.5.6]  The AAPG analysis provides detailed electromagnetic
interference data which are tormatted and organized in poignant fashion for further study
by the user. The refinement of the algorithms of this code forms the substantial portion

ot this thess.,



1.2 SURVEY OF EMC ANALYSIS CODES AND THEIR APPLICATIONS

As noted above, first generation EMC analysmis codes required mamtrames to tun
properly.  This requirement pliced many limitations on the FMC analvais process,
Mainframes were limited in availabihity, processing power, and memory, which i nnn
limited the size and complexity ot data file representations of an FMC problem
Furthermore, any execution of an EMC analysis code that provided usetul data requned
much processing time which was expensive. At that ame, interactive graphics were
provided by expensive dedicated graphics workstations. Haird copy outputs were provided
by expensive dedicated scanning plotters.

State-of-the-art codes. on the other hand, are executed on computing hindware tht
is widely available and reasonably priced and has supenor processing power Fan
example, a typical system which can run un EMC analysis code consists of a 80386 based
microcomputer, a Virtual Graphics Array (VGA) o1 SupetVGA (SVGA) monitor, with
PostScript file or hardcopy laser output. Current eftorts for code update and extension
include the incorporation of fuzzy logic [7] and expert systems [ K] to allow EMC analysis
codes to brouaden the scope of their analysis capabilities.

The technical hiterature is rife with references that encompass the advances i the
EMC analysis methodology. in numerical electromagnetic techmques associated with the
Geometrical Theory of Diffraction (GTD), and in the implementations of the methodology
and the technigues into sophisticated EMC analysis computer codes. Spimna [ 1] develops
a broad and extensive frumework for an EMC analysis methodolopy. The HEEL

Transactions on_Electromagnetic Compatibility dedicated o special issue to a sarvey ol

numerical electromagnetic codes |9]. Siarkiewicz [ 1O} provides an informational tutarial
on the "General Electromagnetic Model for the Analysis of Complex Systeins”
(GEMACS) computer code developed by the USAF to accomplish a sophisticated analysis

of the electromagnetic field phenomena associated with a given aviomces system
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Burnside et al. [ 11| and Gerbi and Anro {12] describe several user-oriented computer
codes that employ GTD numerical techniques in order to analyze gain patterns of
antennas and EMC coupling phenomena on aircraft surfaces. Li et al. [13] examine an
automated procedure which applies GTD techniques to the analysis of shipboard exterior
RI- communication systems. Hodes and Widmer | 14] narrow the focus to a study of the
ancraft antenna-to-antenna analysis and graphics display capabilities of AAPG and to the
validation of these capabilitics against a "real-world” test case.

The above references highhght the established acceptance of EMC analysis codes
and aftord the rationale for this thesis by recognizing the benefit of maintaining and

upgradimg those codes and of exploring viable alternative codes.

.3 THESIS OVERVIEW

This thesis examines the status of current developments in antenna-to-antenna
EMC analysts computer codes. It then investigates a number ot limitations and errors in
antenna-to-antenna coupling algorithms, describes algorithm improvements which were
created by the author, and presents the impact of those improvements. The material is
presented ina sequence structured to provide a comprehension of the background. the
theory. the application, and the current state-of-the-art.

Chapter 2 examines the EMC analysis methodology and its challenges. The
concept of EMI margin is introduced as a quantifying factor in determining the severity
ot an EMl interaction. The EMC analysis methodology. the EMI margin, and modelling
considerations are then studied in the context of the Aircraft Inter-Antenna Propagation
with Graphics (AAPG) computer code.

Chapter 3 focuses on the theory associated with the curved-surface diffraction loss
factor used in the computation of the EMI margin. The presentation lays the framework

tor the general principles required i the assessment of the algorithm deficiencies in



subsequent chapters. A detailed assessment of the specitic mplementations of the cunved-
surface diffraction loss factor is deferred untl Chapter 6.

Chapter 4 applies the insight gamed trom the derivation ot the crved-suttace
ditfraction loss factor in Chapter 3 to the exanunation ot the deticient areas ot the cone
geodesic computational algorithms in AAPG Version 07 (VO7). The improy ements, test
results, and their impact on realistic aircratt EMC problems e outhined

Chapter 5 builds on the improvements of Chapter 4 by assessig the analogous
graphics  display algorithms for the cone section.  The pimaple of  one to one
correspondence between the computed paths and the path which s graphicatly displayed
is discussed. The corresponding improvements, test results, and then impact on realistic
aircraft EMC problems are presented.

With the mathematical expressions denved in Chapter 3 and the satustactory
implementation and test results of the AAPG VO7 algorithm improvements of Chapters
+4and 5, Chapter 6 moves to the presentation and assessment of cutrent developments
specific implementations of the curved-surfuce diffraction loss factor by comparison with
measurement data. The study of the expanded capabilities of computing curved-surtace
diffraction loss factor for arbitrarily convex cross-sections i AAPG Version 09 (VOY)
forms a major portion of this chapter.

Chapter 7 rounds out the theoretical and algorithmic aspects of the previous
chapters with a user-directed comparative evaluation of AAPG VO7 and VOU. The
differences in EMI margins and the relative merits of cach code n the context of a "ieal
world" test case are explored.

Chapter 8 summuarizes the thesis work and highhghts suggestions for future
investigations in order to increase the rehability and capabilities of EMC analysis codes

and to increase the user community’s confidence in those tools,
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1.4 THESIS® CONTRIBUTION TO THE ONGOING DEVELOPMENT OF EMC

ANALYSIS COMPUTER CODES

Much of this thesis 15 based on continuing development worl" being performed
at the EMC Laboratory at Concordia University under contract to the Department of
Supply and Services (DSS) and the Department of National Defence (DND) Canada. As
a consequence of that considerable software engineering endeavour, many deficiency
reports were prepared to inform the AAPG V(07 community of problem areas and
lmitations of the code [15]. In the majority of instances, new algorithms were designed
and implemented in the code. In other instances, old algorithms were improved both in
tunctionality and in code structure. Upon successful completion of testing of algorithm
changes, eight tormal change notices and new code releases were issued | 15] to document
the corrections made to address the previously documented deficiencies. Some of this
worh was presented in a paper given at the Canadian Conference on Electrical and
Computer Engineering in the autumn of 1991 [16] and is elaborated further in this thesis.

AAPG VOT iy the aircraft antenna-to-antenna EMC analysis code currently in use
and 1t will continue to be used in Canada by DND and its contractors [17-19] for the
immediate future. In addition. AAPG V07 is the only version currently being distributed
to users in North Atlantic Treaty Organization (NATO) countries. The work of this thesis
has substantially improved the AAPG V(7 code by removing serious limitations in
frequently encountered data sets and antenna pairs.

Paralle] developments are proceeding on AAPG VY, the next generation AAPG
code, at the Electromagnetic Compatibility Analysis Center (ECAC) in Annapolis.
Maryland. This thesis makes some meaningful comparisons between the well-established
AAPG VOT and interim releases of AAPG VY and provides a firm base for further

meaningful research.



CHAPTER 2
EMC ANALYSIS METHODOLOGY AND AAPG

2.1 INTRODUCTION

With ongoing technological developments, the number and sophistication ot
avionic systems on modern aircratt continue to increase the challenge of the ENC
analyst’s task. By considering an example such as the Electronic Systems Tramer (EST)
CL-600 Challenger aircraft, which contains about 20 avionics and sensor systems and 35
antennas in a relatively small airframe, one can get an appreciation of the magnitude of
the number of possible interference interactions between emitters and receptors that
confront the EMC analyst |17].

This chapter examines the EMC analysis methodology and 1ts challenges  the
reduction of the possible number of interference interactions to a manageable size with
the assistance of EMC analysis computer codes, and the maodelling considerations of
typical EMC analysis computer codes such as AAPG, which was introduced m Chapies

1.

]
1o

MATHEMATICAL REPRESENTATION OF THI EMC PROBIL.EM

A visualization of the EMC interaction problem was put torth by Spma | 1]
Mathematically, the sample space {S} of all possible interactions 'I' between entters
and receptors j is represented by a massive matrix shown i Figure 2.1 The objecnive
of an EMC analysis computer code is to cull or eliminate those matnix elements T, which
are unlikely to be troublesome <o that the original sample space s reduced to a cntical
minimum {S’}. The code must then quantify each interaction TL o the entical sample

space for further analysis and evaluation
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Figure 2.1, EMC analysis methodology of interference interaction sample space
reduction [1].

The intrasystem EMC problem is symbolized by unwanted energy coupling from
an emitter to a receptor as shown in Figure 2.2, A more accurate EMI interaction
representation in Figure 2.3 iHustrates that many coupling modes exist between emitter
(interference source) antennas, boxes, and wires and the receptor (interference victim)
counterparts.  Since it is often difficult or impossible to obtain detailed quantified
installanon information. for example cable runs and box locations. in a timely fashion (if
at all), a code such as AAPG restricts itself to the analysis of antenna-to-antenna coupling

muodes.
213 QUANTIFYING EMIINTERACTIONS AND MODELLING CONSIDERATIONS

2.3 1 EMI Margin.  To quantify the interaction of the antenna-to-antenna
coupling mode. a factor called the "EMI margin” is introduced. The EMI margin
associated with a particular interaction is defined simply as the excess power above the

receiver threshold sensitivity detected at the receiver front end and is denoted by the
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Figure 2.3. EMI coupling modes [20]
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svinbolic abbreviation "EM™ The EMI maigin can be represented mathematically, as 1t

is 1 the AAPG documentation [6]. by the equation

EM = P - Sp, (2.1)

w here EM = EMI margin in deaibels (dB).
P = Power detected at receiver tront end in decibels relative to |
mitlhwatt (dBm).
S, = Receiver threshold sensitivaty in dBm.

The parameter Pan equation (2.1) s the difference of the power output from trunsmitter
and the losses along the propagation path between the ttansmitter and the receiver front
end. which yvaelds the tollowing more detatled expression tor the EMIE margin

EM =P, + G, - (TFS + SF + CL, + CLp) - 5 + Gg. (2.2)

Fhe tenms FNVand S, equation (2.2) are unchanged from equation (2.1) and Py 15 the
tansmitter octput power i dBm. The sum of the terms in patentheses in equation (2.2)
represents the total propagation path loss between the transmutter and receiver antennas

and s broken down as

TES = Fuis free-space wave-spreading foss indB [21].
S = Shading factor associated with the creeping wave and edge

dittraction losses in dB.

¢l

11

Insertion losses in dB due to transmitter cabhing and filters. and

I

Cl, Insertion losses in dB due to receiver cabling and filters.
The Gy and G terms m equation (2.2) detine the ttansmitter and receiver antenna gams,
respectinely . dB oselative 1o an isotropic antenna in the direction o he EMI coupling
path

The vansnutter and receaner parameters in equation (2.2) are tvpically derived

trom the engineening data assocrated with the ancraft's aviomes. An EMC analysis code

then uses these mput parameters along with an appropriate model of the airfrume in
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computing the EMI marginsy for the crtical EMI wteractions, The basie: maodelled
parameters are explained in the sections that tollow

Good engineermg practice allows a satety margin ot 3dB (10 dB tor explosives
[21) in equations (2 1) and (2.2) to account for equipment degradation and analvsis etrors
That is to say. appropriate EMT design techmques are used to ensure that the power
levels of any unintentional emisstons ate at least 3 dB below the sensitivaity charactensin
of any receiver. AAPG allows the user to preset this 3 dB (o any other levely thieshold
so that any EMI murgins computed to be above this thieshold are tlagged as critical TN

interactions that should be analyzed turthes

2.3.2 Transnmutter Spectrum Model  The aansmutter fundinnental and hanmoni

spectium characteristics can be modelled by means of trapezosdal vanations with respect
to trequency as illustrated m Figure 240 The tansmutter specttum model has aconstant
power level across the operating band and a fall-ott of power for out of-band, so called

“skirt”, frequencies.
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Figure 2.4, Transmutter spectium model [6]
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2.3.3 Receiver Spectrum Medel.  The receiver spectrum characteristics can be

modelled by means of a receiver constant threshold sensitivity level across the operating
bund and a fall-oft of sensitivity for out-of-band skirt frequencies as illustrated in Figure
2.5 Furthermore, known spurious responses can also each be incorporated as part of the
receiver model. A user of AAPGL however, must model! each spurious response as a

separate receiver.

TRUE RESPONSE

UPPER SKIRT

LOWER SKIRT OF MODEL

OF MODEL

RECEIVER SENSITIVITY

SENSITIVITY LEVEL (dBm)

fy

FREQUENCY

Figure 2.5. Receiver spectrum model [6].

2.3.4 Antenna Gain Pattern Model. To obtain a representative three dimensional

ducctional antenna gain pattein. a cross-sectional cut of the pattern can be taken in two
orthogonal planes. A typical algorithm o represent the method of choosing the
orthovonal planes from the user input data is explained at length in the AAPG V07 and
AAL G VO documentatton [6.22]. To reduce the complexity of antenna gain pattern
modelling, the polarizations of the antennas are often assumed to be oriented in 4 manner

such that the electromagnetic coupling energy is maximized [22].



>

The simplest means by which an ENMC analy sty code models the antenna gam
pattern in one of the orthogonal plances is a so-called "kev-hole” pattern The mambeam
g level, Gy, is usually taken as the actual antenna gain at the borestght and s kept
constant between a beamwidth defined by the actual 3 dB diop oft pomts, the so called
0

3 dB beamwidth”. Outside the mainbeam, a mean sidelobe fevel Gy oas speathied The

modelling process is iltustiated n Figure 2 660 and s implemented m AAPG VO7 6]

(a) Key-Hole {b) Gaussian Function
Approximation Approximation

Figure 2.0, Antenna gain pattern model |22

A more sophisticated method of representing the gam pattern of o directional
antenna 1s to assume @ Gaussian tall-otf of gam from the antenna boresight - As depreted
in Figure 2.6(b). the advantage of this approach i thut the modelled antenna patternoas
more representative of the mambeam  The trade-oft s the increased computational
complexity of the « 7 “ term in the Gausstan expression for the antenna pain where
v is the angle off the antenna boresight and o s the angle spanned by the 3 dB

beamwidth. This approach is mmplemented m AAPG VOY [22
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235 Autrame Models. Modelling the airframe geometry 15 a classic exercise

m engieering compromise. The model should accurately represent the real airframe so
that the algorithms which compute the EMI coupling paths and EMI margins yield
meammngful results By the same token. the model should be simple enough so as to
nmimize algorthm complexaty and, ultimately. computer run-times.  Furthermore. a
ieasonably simple model would munimize the total time taken by an analyst 1n
deternimmg wrframe model parameters from engmeering drawings and in inputting those
paramicters mto an appropriate data file. The practical example studied in Chapter 7
addresses these issues turther.

One approach to model a full-scale aitframe is 1o approximate the characteristic
features of the atframe geometry by means ot simple surtaces as illustrated in Figure 2.7.
The tuselage of a fived wing aircratt is typically modelled by means ot a circular cylinder
with a cone at the forward end  To accommodate o variety of realistic airframes. the
cylmder/cone fuselage can be tuncated along the horizontal plane.  The wings and
stabthizers are modelled by means of tour-wded infinitesimally thin flat plates This
approach s implemented i AAPG VO7 6]

The aireraft s deseribed i terms of the manufacturer-specitied butt-line (BL),
water-hne (WL), and fuselage-station (FS) coordinate system. A typical location for the
ongin of the (BLWLES) coordinate system is illustrated in Figure 2.7,

An increased level of sophistication in modelling the fuselage of the airframe has
been muoduced by AAPG VOU [22]. The fuselage is modelled by means of a cylindes
of arbittary convey cross-section with a cone at each end of the cylinder.  The user
spectiies a number of pomts along the cross-section of the airframe.  The algorithms in
AAPG VOY then compute the coefficients of prece-wise cubic splines which in turn define
any point along the cross-section of the airframe.  Also. the cones at either end have the

same cross-section as the evhnder and can be tilted individually.



"

WL
[N 5

] I— T o)~
S | BE o +Wl.
(b) Side View (c) Front View

Figure 2.7. Thice views of a typical antrame model [6]

As stated eatlier. the trade-oft of the mncreased level of modelhng sophistication
in AAPG VOY s the inceased butden on the user i speaitymg the antrame maodel
parameters as well as an increased complexity required in cosiputing EMI couphing: paths

and EMI margins.

2.3.6 Typical EMI Coupling Paths. Given that an EMI mteraction exists i the

frequency domain between a transnutting system and arecerving system ona particulan
model of an airframe (which is assumed to be perfectly conductive). the conrect maodellng
of the EMI coupling path has a duect beanng on the computation ot the EMI margm
Regardiess of the airframe model. two types of EMI coupling paths should be considered
by an intrasystem EMI computer coder  direct couphing paths and paths which e

obstructed by the airframe
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Fagure 2.8 illustrates, in increasing order of complexity. the types of EMI
couphng paths typically computed by an intrasystem EMC analysis code. Figure 2.8(a)
tustrates the direct path between two antennas which are obviously in line-of-sight of
cach other. The EMI margin is computed in accordance with Friis free-space wave-
spreadimg loss formula [21] assuming that the receive antenna s in the far-field of the

transmit antennd,

{a) Direct Coupling Path

(d) Composite Surface Diffraction  (e) Composxte Surface Diff- action/ {f) Composite Surface Diffraction/
Coupling Path Straight Line Couplins Path Edge Diffraction Coupling Path

Figure 2.8, Typical EMI coupling paths computed by intrasystem EMC analysis codes.

Figure 2.8(h) shows an elementary edge diffraction coupling path in which the
antennas are sttuated on opposite sides of an aircraft wing.  The EMI coupling path
proceeds trom the tansinut antenna to the receive antenna by way of a diffraction point
on the torward edge of the aircraft wing.  The EMI margin is then computed in
accordance with the knife-edge diftraction loss tormula [23] assuming that the thickness

of the wing edge iy electrically small.



|7
Figure 2.8(¢) shows two examples of an elementary surtace dittraction coupling
path in which the antennas are situated on the suitace ot tuselage and are not m line-of -
sight due to the curvature ot the tuselage. The EMI coupling path proceeds from the
transmit antenna to the receive antenna along a cvlindrical spiral on the mam bady ot the
fuselage or along a conical spiral on the nose section of the tuselage (24, The FMI
margin is then computed in accordance with the surtace dittraction loss formula [25]
assuming that the radius of curvatmre of the fusclage surtace s electncally lage
To be of value to the EMC analyst, an antasystem FMOC code should
accommodate composite paths and be able to compute the cumulianve etteds ot edpe
diffraction, surface diffraction, and tree-space wanve-spreading Tosses on the EMEmargm
Figuies 2.8(d) through (f) illustiate vatious tepresentative composite paths that e

typically modelled by AAPG.
2.4 OVERVIEW OF AAPG AS AN EMC ANALYSIS COMPUTER CODI

A practical computer program used for aircratt antenna-to-antenna EMC analysis
w hich incorporates many of the modelling features discussed m section 203 18 the Arrcralt
Inter-Antenna Propagation with Graphics, Version 07 (AAPG VOT), code. The basic
AAPG VO7 structure is shown in the functional diagram of Figure 2.9.

The user starts an EMC analysis in AAPG by specilying vanous ancalt,
transmitter, receiver and antenna parameters that were discussed m section 2 3 and then
by inputting those parameters to the Input Data Fle (1DF).

The Electromagnetic Compauhility Computition System (EMCCS ol the AAPG
software uses the frequency and harmonic  data from the DI to determime the
transmitter/receiver pairs which are frequency coincident and which could produce 1M
The EMCCS then applies sophisticated analytical and geometrical algorithims, which ase

based on principles from the Uniform Geometnical Theory of Diffracuon (U113 to
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CONTROL PATH
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T ANTENNA
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Figure 2.9. Busic AAPG structure |6].

calculate the geodesic couphing paths between the antennas associated with the frequency
comcident tansmitter/receiver paits and the coupling losses along the path.

The EMCCS component of AAPG implements the EMC analysis methodology
that was descrbed inosection 2.2 and  was illustrated in Figare 2.1, The EMCCS
computes the interderence interaction sample space. {S). from the user-defined IDF using
the crtenion of frequency comcidence. This sample space {S)is quickly reduced to a
citical mmmum sample space, {S'] by flagging those interactions whose EMI marging
are greater than some user-specitied threshold.  Once the EMCCS has completed it
compuatations, conttol 1y passed to the GDMS.

The Graphical Data Management System (GDM3) of the AAPG softwate serves
as anomtmtive mteractive intertace between the AAPG program and the user.  As
ustrated m Frgare 2,100 the GDMS 18 menu-driv en and allows the user to pursue a more

detaledimvestiganion of each EMIinteraction computed by the EMCCS. The top-level
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Display Manager menu provades access to four packages whose titles and menu options
shed hight on their functionality.

Among many of the GDMS’s capabilities, the Propagation Path Display Package
(PPDP) allows the user to display. in a highly formatted way. numerical results from the
EMCCS analysis stored i the Mass-Storage Data Files (MSDF), e.g. the path losses. To
complement the numerical display. the PPDP allows the user to examine graphical one-to-
one representations of the numerical results, e.g. the modelled EMI coupling path which
corresponds to the computed EMI margin. A typical example of such a PPDP display is
tHustrated i Figure 211 and is known as the EMIEMargin and Propagation Path Display.

All of the GDMS displays e presented in great detail in the AAPG documentation

16,25]

Figure 2.11. Typical EMI Margin and Propagation Path Display [25].



2.5 ASSUMPTIONS. LIMITATIONS, AND PROBL EM AREAS OF AAPG

The AAPG program can be emploved to model the geomeuy ot a wide vanen
of aircraft [22]. Although the AAPG documentation provides some guidelines o assist
m modelling an aircraft [22]0 no estabhished methodology exists m AAPGL In aider (o
obtain meaningful analysts results, the user must employ his mgenuity, his mnntion, and
his technical understanding ot the AAPG algorithms, The user’s grasp of the
assumptions, the limitations, and the problem arcas within the AAPG code s essential
Once the pecualiarities of an EMC systems analvais code such as AAPG are understood,
the approaches recently suggested by Boston and Bowmuan [26] can be used 1o work

within the hinutations of that code.

2.5.1 Assumptions and Limitations  Betore an analyst makes use of an NIC

modelling code such as AAPGL he must be aware of the bult-m "a prion™ assumptions
and imutations of that code. The modelling considerations which have been discussed
at length in the previous sections are a primary concern of the AAPG user The AAPG
user’s and technical manuals [6.25] document many other a prione assumptions and
limiutations, the details of which are beyond the scope ot this thesis

Concerns of a lesser nature are the general imitations on maxamum allow able
nuniber of modelled electronics systems, transmutters, recetvers, and antennas per mput
data tile [6]. Historically, these limitations were built into the AAPG software m the Late
1970°s primarily because of the nature of the worst-case airaralt. and to o lesser extem
because of the relatively low level of computing power and the high expense of
computing resources at that time |1} In practice, these AAPG hnntations have not

hindered the EMC anulyst in his modelling task.

2.5.2 Probleni Areas. A good appreciation of the busic capabihties of an EMO

analysis code such as AAPG can be acquired ducectly through hands on cxpenence
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Seasoned users and developers of EMC analysis codes soon acquire an in-depth
knowledge of the code’s subtleties and ot deficiencies that are not immediately obvious
to the neophyte

In keepmg with good software engineering practice. the AAPG code developer
v obliged to keep the user community informed of known code deficiencies thiough the
isue of deficiency reports Deficiencies are fixed and software configuration control is
mamtamed through the issue of change notices which document and release code updates.

Toallustrate this process, extensive use of the AAPG code and analysis of 1ty
alponithms m the EMCCS and GDMS have tevealed  certain particularly serous
deficiencies mothe computation and display of geodesics. These deficiencies have been
documented [15] for the cases in which the antennas associated with the hequency
comcaident transmitter/receiver pairs are located on or near the frustrum cone model of the
anrcratt’s nose. The recent improvements to 1emedy the deficiencies in the EMCCS and
GDMS modules of the AAPG code und their impact on realistic atreraft EMC problems

have also been documented | 15] and are exanuned turther in Chapters 4 and 5.

20 FINAL REMARKS

For the moment. the detmled presentations of the deficient areas in the AAPG
cone geoadesic compuatation and display algorithms are set aside until Chapters 4 and 5.
The next chapter focuses on the theory associated with the curved-surface dittraction loss
factor alluded toin the expression tor the EMI margin of equation (2.2). The presentation
of Chapter 3 Tays the framework for the general principles required in the assessment of

the cone geodesie algorithm deficiencies i subsequent chapters.



CHAPIFR 3
CURVED-SURFACE DIFFRACTION LOSS THFORY

3.1 INTRODU CTION

The relatively simplistic tuselage modelling capabiliny of AAPGL as discussed
Chapter 20 does not detract from the challenge ot implementimg accunate, ver concseiy
expressed. algorithms to caleulate the curnved-surtace dittracuon loss along the fuselaee
of an airaaft. In this chapter. the theoretical basis of the curved-surface dittraction Toss
factor. which was mtroduced as the creepmg wave contnibution to the SE patameter
equation (2.2)0 1y examined and developed. The presentation gives an appreciation of the
numencal values under many circumstances of EMC analysis

In addition to the accuracy of the implemented algorthims, software engmecniny
issues such as code maturntty and reliabihity are also motivations tor this study - On the
one hand. although the theoretical principles behind AAPG VOY are sound. the summian
at the end of Chapter 7 reveals some "teething” problems with thisy new code On the
other hand. although some relauvely crude approximations, as compared to AAPG NVOY
were made in the AAPG VO7 implementation ot the curved-surface diffraction foss facton
AAPG VO7 remains, mall other respects, a 1elable tool which has matured throush
extensine use throughout the militury EMC analysis commumty over the past dozen o
so years. Theretore. another objective of this chapter is to develop an expession tor the
curved-surtace diffraction loss factor surtable tor mcorporation mto AAPG VO7 without
upsetting the code’s reliability.

Since the development of the curved-surtace diffraction foss tactor s imvolved this
chapter presents only an overview ot that development A bret sumneny of the

development 1s now appropriate ‘The presentation starts wath the mtrodaction of the U TH
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coupling solution tor the tield on the surface of a smooth perfectly conducting arbitrary
conves surface due toan appiopriate source configuration The resulting tield expressions
pive tse g general carved-surtace diffraction loss tactor that has been implemented in
the AAPG VOY Code by using sophisticated numencal integration techniques.

Fhe apphication of the general cunved-surtace dittiaction loss factor is reviewed
by Hasserpran and Ishimaru | 27] tor the case ot the canonical eyhnder and by Lee [28.29).
Golden et al [30] and Chan et al [ 31] for the case ot the canoneal cone. These reviews
provude the basis for the cosed form espressions for the curved-surface dittraction factos
assoctated with couphng paths along ovlindncal and comcal sutfaces. The resultant
closed form expressions are as aceurate as those i AAPG VOY, aie simple and easy to
pnplement mito o code such as AAPG VO7, but wie muted in then apphicability. In spite
ol thew himted apphcabihity, the cdosed torm expressions serve to enhance the capabilitics
of the abready rehable and matute AAPG V07 code. Implementation details of the

cunved sartace diftraction Toss factor algonthms aie deferred until Chapter 6.

)

bt

SUREACE TIFLLD DUE TO A SOURCE ON A SMOOTH PERFECTLY
CONDUCTING ARBITRARY CONVEX SURFACE
Fhe UTD coupling solution for a smooth perfectly conducting arbitrary conves
suttace s developed by Pathah and Wang [ 32] by generahzing the asymptotic solutions
tor the canomical problems of the sphere and cylinder. The asymptotic nature of the
solutions presupposes that the distances considered in the development are much larger
than the wavelength ot the seurce field. The esphicit expressions they derive are for the
asvimptotie surtace fields due o an mbmitesimal electric or magnetic current moment on
€@ pertectly conducting sphere and evlhinder.

In this sectnong starting wath the general field expressions for the arbittary convey
suthace. the development of the approvimate asvmptotie field expressions s presented in

order to taalitate the implementation ot the curved-surtace dittraction loss factor in an
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EMC anslisis code such as AAPG. 1t should be noted that although the magnetie tield
due to a magnete current moment 1s constdered here, the tields due to an electie curent
moment. as well as the boundary conditions and ass mptone appronmuations for the
electiic field. lead to the same cunved-suttace dittraction loss tactor |32

Convder @ magnetic curtent moment Mo tangential to 0 smooth pertecthy

conductmg arbiary convex suttace X at source pomnt Q7 as shown m brgwe 31 The

(FIELD
POINT)

.

Figure 3.1, Geomeuy of surface tay stup [ 32]

(SOURCE  dv,
POINT)

symbol HIQ[Q™) denotes the asymprotie high frequency magnetic surtace held
observation point Q. abvo on surtace 2o due to the sowrce current moment at Q7 and man

be expressed by the equation

;Z__/q' ’;':‘(QIQ/) r)("f)(‘b‘(;/ , (.‘.I)
4m
where :f‘((‘)l()') and D are detimed betow s the wave numbers s s the Jength of the

geodesic path I between Q7 and Q. and Gothsy s the free space Cireen s funchion piven

by




-7ks
G, (ks) = £, (3.2)
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with an imphed ¢ dependence of HQJQ™ on time t. The geodesic path is defined to
he the shortest are between two points on a general surtace [24].
The surface ray divergence factor D (3.1) describes the variation of the surface

fricld resultng from the change i the width of the surface ray strip or tube. which is

deo (“;,
D = e Jd.3a)
J dn (Q)

Wl te dn (0) = pgdy. (3.3b)

shown m Figure 3 10 and 18 given by

The surtace dyadic function T(Q|Q7) in (3.1) describes the launching of the
sutface tay field at Q7 the vaiation of the surface ray field between Q' and Q due to
suttace diftraction, and the attachmient of the surface 1ay field at Q and is given by the

cquation from reference [32] as

rooloh = 1, f'f +r,En + T, EB
+ T, A'f + T,,808 + T,,Ab
+ 1, Bf + 1,88 + T, BB (3:4)

In (3 above, the surtace ray-fised coordinate systems at Q™ and Q are expressed
i terms of orthogonal thads of unit tangent. normal. and binormal vectors. (17.n b7) tor

. A A . . . . - . had .
Q" and (b ron Q as shown in Figuie 3.2. The surface dyadic function T(Q[Q™) 18 a

t denotes a weighting factor of T,

AL . . .
contubuted by the U-component of the magnetic current moment vector. M. which is

. . A
tensor quantity ino which a term such as Tt

. A ' . T I
located at pomt Q7 to the t-component of the magnetic field vector H. which is observed
at pomnt Q. Itcan be shown that some of the terms of T(Q|Q™) in (3.4 vanish due to the

boundary condittons on the petfectly conducting surface [32].

A - T(2]0) =0 (3.5a)



and oo cA=0. (L5

The domunant behaviow of an element T, an the surtace dvadie tuncion i (32
may be represented asymiptotically as an intimite series, which in i can be expressed
[32] in terms of the Fock integrals 1) and Vi,

in

L ’
UE) = BV et ¢ [_ r Wo(t) e (3.0)
VT [ e Wo(t)
IZ T e
and V(E) = g1/e e‘ 4 !f dt j"/_(_rl e 18t ‘ (3.7
2w !L weo Jint Wo(T) |

GEODESIC SURFACE
RAY PATH T

Q Y {
(FELD '

POINT)

Figure 3.2, Surface ray-fixed coordmate systems |32,

The lower and upper Imits of the integral, with respect to the comples 1€ vanable t
in (3.6) and (3.7) represent an integration contour 1 the comnples plane which poes from
oo to O along the Iine whose argument is -27t/3 radians and which contnuaes from 016 o
along the real {R} axis [33]. The function WHT m 3.0) and (37) s the denvative of
W.(T) with respect to T, where WoT) is the Fock-type Any fanction [ 33] defined by the

complex integral




W, (1) = = [f“db“ dz ez-2'/3 |, (3.8)

The gencralized T-ock parameter £ 1n (3.0) and (3.7) 15 a key element in the computation
of the curved-surface dittracton oss tactor. For an arbitrary convex surfuce. the Fock
parameter s expressed as a path integral from source point Q to field point QQ along the

geadesie path T wiath

0 /
£ = f, ds’ -lnﬁ,i, (3.9a)
0 pg (s
along T’
whete [ kpgtsh T (3.9h)
(s’ = %

and p, (s s the radius of cuvature at point »” on the geodesic path T, Substituting

(3.9h) into (3.9). the Fock pwameter € along the path T on surface X is given by

- (Kky1rogpe ds’
c-l L b, (sh ] (3.10)

along I'
Using the simplifying expressions in (3.5), the following explicit expression for

the surtace magnetic field lqi((‘)[(‘)‘) 1 (3 1) 15 obtained.

where Y as the free space admittance. An expression simulas to (3.1 15 also derived by

Lee [28] The generalized Fock mitegrals U(2) and V(2) in (3.1 1) are given by
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ks P
U( ) = U( )’ ‘
¢ 2m(Q) m(Q) E| : (3.12a)
7 ks |
V(g) = COV(E)Y,
2m(0") m(Q) £ | (3.121)

where m(Q7) and m(Q) correspond to the parameter in (3.90) evaluated at the source pomt
Q" and at the field point Q. respectively. and U(E)y and Vi) are detimed m(3.0) ana’i3 7)
The A and A_ terms in (3.11) are introduced heuristically to ensure a smooth tansition
between the canonical cylinder and sphere solutions to terms m ((1/k0)Y), The gencralized
torsion factor T in (3.11) accounts tor the attenuation of the field due to the surtace 1ay
torsion, i.e. the measure of the rate at which the couphng ray curve twists out of the plane
defined by the tangent and the normal to the curve.

Consider the lowest-order term in the expression tor the sutface magnenc field

FE(Q]Q‘) in (3.11) as

Aolo) = _%"-{2},0(5/5[0(&) ' O(J—)l ’ O( l ))} ? (;O(k”().x.ll.n

where O(1/ks) denotes & polynomial in powers of (1/ks) in which the (1/ks) e s
dominant. Ignoring the O(1/ks) and higher order terms and substitating (3 12b) and 324
into (3.13). the approximate expression for the surtace magneuce hield I'l(()[()‘) to b
considered for use in AAPGs calculation of the curved-surface diffraction loss tacton s

obtained from reference [35] as

Jkv,

H|o) =(M -B')V(E) D - G, (ks) | B

gy ks [T

i | 2m(Q) m(0)E |

VIE) D G(s) . (3.14

where G(s) is defined by
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33 CURVED-SURFACE DIFFRACTION LOSS FACTOR FOR COUPLING PATHS
ON A CYLINDER OR CONE OF ARBITRARY CONVEX CROSS-SECTION

To obtain the maximum coupled field from the expression in (3.14). it 1s necessary
to mahe two assumptions about the polarization of the source current moment I\71 at Q°
and ot an antenna which detects the field at Q: T\-/i is oriented parallel to binormal vectol
bt )" and the antenna detecting the field is polarized parallel to binormal vector b at
() (see Figuie 3.2). Polarizivon issues have been studied in much greater detail by
Bhattacharyya and Kubina {36].

Further examination ot (3.14) determines that the field due to a magnetic current
moment on a smooth petfectly conducting arbitrary convex sutface can be expressed as
the product of the field due to the same source at the same distance on a flat ground
plane and an attenuation tactor to account for the curvature of the coupling path.

The tactor Gis) e (3.14) and (3.15) represents the asymptotic behaviour of the
ficld due to the magnetic current moment as if it were located on a peifectly conducting

ground plane. The attenuation tactor, in decibels, which accounts for the curved-surface

diftraction loss, is then detined from the remaining terms in (3.14) as

1
_ . ks 3
L..~ 20log | D |V(E)
‘ g[ vt ’[Zm(Q’)m(Q)E} )

1
_ . ' ks 2
20log (| V(EY]) + 20 109[2 ) (3.16)

m(QYm(Q)E

Note that since the surtaces modelled by AAPG are developable (see section 5.4). the

suttace ray dinvergence tactor D equals one (see (3.3)) and is therefore omutted from
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(3.16). The Fock mtegral V(&) m (3 7) is a comples guantity that can be wepresented by

the nfinite series expressions [ 27,3337

-ymié I OEL/2 Iy o1 28, Y
e Ime vk / E (7)) e , tor & l.llgk‘. (L17a)

n-.

f en/a E\/z ]'1

VT ) B, T3 el
T Forl =3 )

for & smull. (3.17)

where the coctficients T, wie the zetos of WiT) (see (380 the coetticients Boare
described by Logan [37].and T, is the mathematical gamma tunction {34 Tostead of
using the cumbersome equations for V(&) in (3 17) the 20 log [V ] termom (3100 s
approximated by a much simpler expression in the AAPG implementation of the cunved

surface diffraction loss L. The expression s given as

1
Leg = ~——2 & 20109( ks ) (3.18)
na «+ g 2m(Q"y m(Q)E
whete A= 3 EVS (3.19a)
0.0054/8 for A < 26
n = ,
0.003340 tor A =0 26 (3.19h)
0.-08%3 for A < 26
and g = ( . ‘
0.562. for A =26 (3.19¢)

As plotted in Figure 3.3, there is excellent agreement tto within 1dB) between the
solid curve of 20 log [V(&)] and the dashed curve of -A/00 A + 57y for values of £ below
16.  For values of € above 16 | the -A/MM A + £7) approximation predicts a simaller
curved-surface shading loss (or larger couphing gy than 20 log |ViZy) This fact is
little cause for concern because the approximation errs on the conservative side e that

interference may be predicted when the actual Tosses may provide enouph isolation
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Figure 3.3, Plot ot 20 log|V(E)| (sohd curve) and -A/m A + &) (dashed curve)
. r , U\ )
versus £ (denoted by "X17) [38].

between antennas to ensure compatibility. The reader is referred to the listings found in
Appendices A and B tor more information about the series computation of V(&) from
(3 17) used in the generation of Figure 3.3,
34 CURVED SURFACE DIFFRACTION LOSS FACTOR FOR COUPLING PATHS
ON A RIGHT CIRCULAR CYLINDER
To obtain an efficient AAPG V07 algorithm to compute the curved-surface
dittraction loss tactor Lo from (3.18) for coupling paths on a right circular cvlinder
tequires that closed torm expressions be derived for the Fock parameter & and the term

in parentheses on the right-hand side of (3.18), which is denoted as
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Ry
= ( As )2 . (3.20)
2m(Q"Y m(Q) §

3 4.1 Fock Parameter & for Cyvlindiical Paths. Consider Figure 3.4 m which souree

point Q" and field point Q on the surface of a nght cocular evlimder ot radius poare

joined by geodesic path T

o
| /T'
o r~ /r
7*? i_// ~ |

Figure 3.4. Geodesic path 7 on a right cucular cylinder 24,3 28]

The Fock parameter £ along the path T on the surface of the cylinder s given by
(3.10). The geodesic radius of curvature at point 8'. p(s7), on 4 nght cnculin cyhindes

can be derived from Euler’s Theorem in differential geometry [40] 1o give

py(s)) = P (3.21)

sin‘a
The geometry for this problem is more easily visualized by umollg (or developng) the
cylinder into a rectangular plane as shown in Figure 3.5 Simce pts7) n 3 21 s a

constant and



¢-0 b=2n

i)
Qq
Figure 35, Geodesic path T on a right citcular cylinder developed into a rectangula
plane |39
the mtegral from Q7 (s7=0) to Q (v'=s) along T in (3.10) simplifies easily into an
eapression which depends only on the angular offset ¢, , between Q" and Q. the path
length s, and the cylinder radius p. giving

X ) ¢4 1/3 ,
| KPP %00| (3.23)
28

In the notation of the above derivation, the parameter A in (3.19a) is calculated in the

AAPG documentation | 35] directly from the result in (3.23) to be

A=pd?, (i;)l/z. (3.24)

342 1 Parameter for Cyhindrical Paths. The T parameter in (3.20) can be shown

to be equal to one by the substitution of (3.9b) for m(Q™ and m(Q). (3.23) for £. (3.21)
tor p QY and p Q). and (3.22) tor sin a. and by some algebraic manipulation.

Therefore the curved-surface diftraction loss factor in (3.18) is reduced to an
expression for coupling paths on a right circular cylinder of the form

_ A
Lgg = ~ B (3.2

na+ g’

tn

)

where A was gnven exphicitly in (3.24) and 0 and & are retained from (3.19b) and



bR
(3.19¢).
3.5  CURVED-SURFACE DIFFRACTION LOSS FACTOR FOR COUPLING PATHS
ON A RIGHT CIRCULAR CONE
In o manner similar to the previous section, explicit expressions e detved for
the Fock parameter £ and the term T in (3.20) for coupling paths on a nght cicular cone

[28].  These expressions can then be used m an etticient AAPG V07 aleonthm o

compute the curved-surface diffiaction loss tactor 1, in (3 18),

3.5.1 Fock Parameter & tor Conical Paths  Consider Figure 3.6 1m which source

point Q, and field point Q, on the surface of a right ciculian cone of halt cone angle O

are joined by geodesic path T

Figure 3.6. Geodesic path I"on a nght cocular cone [2X]

The Fock parameter & along the path T7 on the surface of the cone 1 given by
(3.10) in which Q, and Q, replace Q" and Q as the Iimits of mtegration The peadesic

radius of curvature at point s*. p,(v7), on a right ciicular cone s denved i Appendis €



and s tound to be

r tanB
pg(Sl) = —-:-2_0 ’ (3.26)
sin‘a
whete 1o the distunce of pomt ™ on path T from the cone apex. and . the angle between
1and 1. vary with positon 8™ on path T

As was the case tor the eylinder problem. the geometry 15 more easily illustrated

by developig the cone into a planar pre-slice as shown in Frgure 3.7. From the

Znﬂnﬁ

Figure 3.7.  Geodesie path 17 on a night cireular cone developed into a planat pie-slice
28]
dervation in Anpendix C the ditferential path length ds™ in (3.10) is expressed in terms

of the differential angle doc as

r,sin{Q}

ds! = ! da (3.27)

sin?a
where 1,0 82,0 and o are shown in Figure 37, With the change in the variable of
integration, the imats of integration in (3.10) become angles Q, and Q, which are

deternuned from the geometty of Figure 3.7 to be
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Ql

e

sin'l{rz sin[{¢, - ¢,) sinﬂ(,]} (3.28:0)

and G, =G, + (¢, - ¢,) sinG, . (3.28b)

Also trom the geometry of Frgure 3 701t tollows that
r,sinfl, = r,sinfi, = rsina. (3.29)
Substituting (3.26). (3.27), and (3.29) mto 3 1), the mtegral tor the Fodk

parameter, which must be positive for convex surtaces, becomes

|

/ :
= (zrlsinC%)l3(cotGOy”3|ﬂz—£)d

Iy sin@d,
sina

x 1/3ch2 r, sinf, tang,]?/
2) a, sina

L
(3.3

Since the angle difference [82,-€2] = [9.-0,] ~in 8, trom (3280 the Fock parameten

is expressed explicitly by Lee [28] as

E = (—‘;frl sinfi, sin8, 1/3(C0860)2/1 |¢;, _¢1| ' ()

3.5.2 T Purameter _for_Conical Paths. Using (3.9b) and (3 20)0 the parameters

m(Q,) and m(Q,) (or equivalently, m(Q") and m(Q). respectinvely ) are expressed as

3
-

1/3
kr tan8 3.
m(Q,) = __._1__2_.3 (3.320)
2 sin®fi,
kr tand 13
1
and m(Q,) =|——2———2=1| . (3.3210)
2sin?f,

The substitution of (3.32) into (3 20) and some algebraic manpulatton yreld the result
1/2 ] . :
T = (—‘ISEE) (2k?r,r,) " (sinfk, sinQ, cot B,/ (333

in which all of the parameters have been defmed i the previons subsecuon Fguation

(3.33) difters shighty from the result inreference [ 28] which can only be e plamed a.




a typortaphical cror e reterence (28]

30 FINAL REMARKS

With the ansight vamed tromy this chapter’s denvatuon of the cunved-surtace
dittraction Joss tactor nest chapter’s exanmnation and improvement ot the deticient areas
of AAPG V0T cone geodesic computational atgonthims s kept in the proper theoretedl
peispectine

A detaled assessment ot the speatic implementations ot the  cunved-surtace
atifraction Toss tactor s covered loerm Chapter 6 when the muoduction to AAPG VO

N ore appropriate



CHAPTER 4

CONE GEODESIC CALCULATION IN AAPG MY
4.1 INTRODUCTTON

A practical computer modellmg program tor aircratt mter antenna PNTC analy sis
such as AAPG, should be accutate inoats modeliimg and analysis ot the electomarnetu
mterterence (BN oceurring onand near the ancratt B stensive use and testune o AAPG
VO7. however, has revealed some specrtic weaknesses i the algonthms that compute and
analyze the geoadesies between anteanas located on o near the frastum cone maodel ot the
drcratt’s nose. Some tepresentative test cases which reveal the weaknesses m the code
are shown in Frgures 4 1 through 4.5 and have been pres ousdy reported by the author and
others 15161 1t can be seen that the algonthims produce non physical paths

This chapter examunes the proninent toutimnes assoctated with these weahnesses
m the AAPG V07 code and descrtbes solutions that were designed o renmedy those
weahnesses  The mmprovements, test results, and ther impact onrealistic ancratt FANK
problems are outhned  The complexity of the Togic ot geadesie patlealgorthms reqgue,
tandy  detated How-charts throughout thes chapter an order o present the e,
conttibution m this wea The flow-charts from the tormer erronceous abprorthims are not
presented. but the occutience of the erors are pomted outmethe desciption . of the new

algorithims
42 CONE GEODESIC CALCULATION ALGORTHIN

The module <CONTL - pertorms the calculation of the cone veode e ae o trated
by the top-level tlow-chart in Frpure 46 The module ~CONE determime s all of ahe

speaitic path segments forward ot the cyhnder-‘Cone mterface e the nose sections of the
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Figure 4.1, AAPG plot showing mcorrect cone/tlat bottom interface pomnt: frequency
= 225 MHs, path length = 2 3 A0 path loss =32 2 dB |15}

Figure 4.2. AAPG plotshowing path penctiating cone tuselage. trequency = 225 MHaz.
path fength = 33 A path Toss = =479 dB [ 19].



Figure 4.3.

AAPG plot show g non-physical path feaving cone suitace. frequency
225 MHz, path Tenoth = 4.4 A, path loss = =75 3 dB |15

N .

- )
RE:O a2
|
g
[ =

Figur. 4.4.

AAPG plot showing non-physical path, freqguency - 225 MHz path lenpth
= 2.0 7. path loss =315 7 dB | 15]



Figure 4.5 AAPG plot showmg spial instead of suaight-hine path. trequency = 225
MEZ. path length = 87 A path loss = -92.1 dB [15].

anonatt tuselage model

At the begmmng of - CONL~ the toutine <APOSTN > 15 called once for each
antenna to set two flags which indicate whether the antenna s located on the tuselage
sutface and whether the antenna s ocated below a flat-bottomed fuselage model. (The
vaneny ot fuselage model tvpes was described briefly an section 2.3.5 and is explored
further o secnion 430 These tlags aie used Tater by other routines called by <CONE>
to caleulate the geodesic path around the cone section,

When the module <CONE= s fist called by its patent routme. 1t 1s ussumed that
At least one of the two antennas 1y forward of the evhinder/cone interface of the ancraft
huselage model The puipose ot the fust branch in <CONE> 1« then to detemune whether
both iantennas e forward of the eyvlinder/cone intertace, If the test yvields & FALSE.
result, then only one antenna s Tocated forward ot the intertace and the other att, and

< CONE -~ computes the eviinder cone itertace pomnt along the coupling path which



o

CALL <APOSTN>
TO DETERMINE
ANTENNA POSITION
RELATIVE TO
FUSELAGE

BOTH

CYLINDER/CONE
INTERFACE

ANTENNAS PATH IS
FORWARD OF CYLINDRICAL
SPIRAL

& CONICAL SPIRAL

ANTENNAS
IN LINE—OF—SIGHT, PATH IS
<CONINT>=.FALSE. STRAIGHT LINE

IS CALL <CNFBNT>
MODEL TO DETERMINE
FLAT—BOTTOMED PATH SEGMENTS
a AROUND NOSE
SECTION

PATH IS
CONICAL SPIRAL

13

( RETURN }

Figure 4.6. Top-level tlow-chiart of module ~CONE -
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taverses both the cone and cylinder surfaces  This block of code is described in greater
detal i Chapter 5 of Drolet’s thesis [3Y).

I, from the branch above, both antennas are determined to be forward of the
cvlimder/cone interface, the newly designed tunction <CONINT> 1y called to determine
whether the suarght hine path between the antennas intercepts the nose section of the
anaalt fuselage I nonterception oceurs, the coupling path 1y simply a straight line
between the antennas. Homterception occurs, the remainder of the computation assumes
that both antennas are located on the nose section surface and that hence a sutfuce
couphng path must exist on the nose section.

It the user does not set up his mput data tile to comply with this Tast assumption,
the path computed by AAPG is entonceous. In other words. this last assumption restricts
the EMC ana yst to surface coupling cases and 1gnores the scattering phenomenon in the
vicnity of the cone model. Fortunately. as developments are made in the algorithms
which compute coupling paths due to scattering [38]. the presence of the flugs from
< APOSTN - and the modular structure ot the code will greatly facilitate the incorporation
of those new algorthms - The readern s retenred to Chapter 6 of Drolet’s thesis [39] which
proposes an approach to the computation of the scattering path i the vicinity of a round-
bottomed nose cone section ot an ancratt fuselage model.

The nest step of the module <CONE> is to determine whether the aircraft fuselage
maodel has a that or round bottom. i the model is tlat-bottomed. the module <CNFBNT>
s called 1o compute the vanous path segments that make up the geodesic on the surface
of the tlat-bottomed nose cone. It the model is tound-bottomed. the coupling path is
sunply o conieal spnal.

The remaming subsections describe the tunction, deficiencies, modifications. and
new designs of the modules which <CONE> uses in order to compute the EMI coupling

path around the nose section of the aireratt tuselage model. The descniptions of the



primary EMCCS modules that e presented i this chapter we shown m Table 1 and

their relationship is illustrated 1 e tee diugram of Figure 47

Table 4.1, Descriptions of cone geodesic computation modules

Module Descnipnon
Name
<CONE> Top-level module to deternune path segments on or near nose

section of ancratt model.

<APOSTN> | Determines whether antenng sits on fuselaee or i tlat botom
region of arrcraft model.

<CONINT> | Determunes whether straight line path mtersects nose section ol
aircratt model.

<CNFBNT> [ Determines coupling path segments on flat-hottomed nose section
of aircraft model.

<ITER> Determines junction pomnts along hyperbolic edee of nose
section’s flat bottom for path segments i - CNEBNT

e ey e g

‘l AL

I 1 ’

. /.1 P

' .

S G
ll SRR
i Y

Figure 4.7. Cone geodesic computatton modules m F.MCCS
43 MODULE <APOSTN >

The tanction ot routine <APOSTN is to set two Hags which mdicate the position
of an antenna relative to the airaraft fuselage: o tag called AONFUS which s aeturned
TRUE. when the antenna is located on the fuselage sartace, and a flag called ANTEL

which 1s returned TRUL when the antennda s located below g tat bottarmed heclape

model.
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T he determination of the status of the AONFUS and ANTFELT flags is parucularly
challenging because of the variety of nose section shapes supported by the AAPG V07
code. The ancraft's nose 1y modelled by means of a frustum of a right circular cone
whose axis of revolution is parallel to the h rizontal plane: such models are referred to
as round-bottom™ moedels. The frustum can be truncated along a horizontal plane below
or above the axts of rev lution, respectively called "flat-bottom” and "sliver” maodels.
Typical round-bottom. flat-bottom and shver models are illustrated by the orthogonal

views of Frguie 4.8,

|
()

(a) Front, side, and top views of

\

[
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/
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\\}/' "
LN

(b) Front, snde,'and top‘viowé of "flat—bottom” nose model.

4

Figure 48, Typical round-bottom, tlat-bottom. and sliver models in AAPG [ 16].

The ongial version of <APOSTN> disregards the nose section shape and
umediately sets the AONFUS and ANTFLT flags assuming that the antenna is located
attof the eyhnder/cone interface. 1 e, in the vicinity of the cylindrical main body section
of the arreratt fuselage [6]. The disregad for the nose section shape causes the incorrect

resulis illustiated in bgures 49 and 4100 Figure 4.9 shows how <APOSTN> erroncowsly



ANTENNA NOT ON SURFACE
(BUT “AONFUS' SET 10 TRUE

ANTENNA \ CIRCULAR ARC OF CROSS-SECTION OF MAIN BODY SECTION ,

O

\ /
.

\, ’

(a) Front View

” CIRCULAR ARC OF CROSS-SECTION OF NOSE SECTION
AT ANTENNA FUSEIAGE-STATION COORDINATE

Figure 4.9.  Eroneous determination of flag AONEFUS by module < APOSTN - tor an
antenna located torward of the eyhinder/cone intertace

CIRCULAR ARC OF CROSS~SECTION OF NOSE SECTION
\ AT ANTENNA FUSEIAGE~STATION COORDINATE J
CROSS--SKCTION OF NOSE SECTION FIAT BOTTOM

I (AT ANTENNA FUSKLAGE STATION COORDINATE

ANTENNA— / NS
Ve / \ ~
7 / \ \\
d / \ N
4 N

7/ N
" BOUNDARIES OF FLAT BOTIOM REGION ‘™

/

POR NOSE CROSS~-SECTION AT ANTENNA
FUSELAGE-STATION COORDINATE

/BOUNDARES OF FLAT BOTTOM RBGION®
FOR MAIN BODY CROSS-SEUTION

(a) Front View (b) Top View

\

ANTENNA OUTSIDE FLAT BOTIOM HEGION,®
BUT ANTFLT SKT T0 TRUE

Figure 4.10. Enoncous determination of flag ANTELT by module < APOSTN - for an
antenna located torward of the cyhinder/cone intertace [0]
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sets AONEUS equal to TRUE.L when in fact the artenna is situated some distance from
the cone’s surface Figure 4 10 shows how <APOSTN: sets ANTFLT equal to TRUE..
when in fact the antenna 1s situated outside the flat bottom region.

The erroncous <APOSTN> algorithm, which s illustrated by the examples of
Frgures 49 and 4 100 was revised and corrected. The flow-chart of the 1evised version
of “APOSTN - 15 shown i Frgure 4.11 and is described below. When <APOSTN> 18
fust called by 1ts parent routine, the new algorithm initializes ANTFLT and AONFUS to
FALSE. It the antenna is situated forward of the nose section or aft of the cylindrical
matn body section, the antenna is neither on the fuselage surfuce nor i the flat bottom
regron, so < APOSTN> terminates with both of the AONFUS and ANTFLT flags returned
as FFALSE.

It “APOSTN.- does not terminate, it determines whether the aircraft model has
S round or tlat botom. In the case of @ round-bottomed model. the flag ANTFLT
teninns FALSE. and the program flow jumps forward to the section of code within
~APONSTN> that determines the status of the AONFUS flag  In the case of a flat-
bottomed or shver model, the <APOSTN> r1outine proceeds with the computation of the
ANTELT tlag.

In order to determune the status of the ANTFELT for a flat-bottomed or slives
modell < APOSTN> computes the boundaries of the tlat bottom regron i a transverse BL-
WL plane (see section 2.3.5 for detinttion of aireraft coordinate system) located at the
antenna fuselage-station coordinate. These boundaries are shown in Figure 4.10(a).
ANTELT is set to TRUE. when the antenna is found to be within the boundanes of the
tlat bottom region,

Inorder tor the AONFUS flag to be retwned .TRUE.. the antenna must be located
within a distance from the fuselage surtace equal to 10% ot the 1adius of the BL-WL

cross section at the antenna's fuselage-station coordinate. Figure 4,12 shows how



ANTFLT = FALSE
AONFUS = FALSE.

ANTENNA
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Figure 4.11. Flow-chart of revised module ~APOSTN -
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Figure 4,12, Setuing of AONFUS and ANTFLT flags in revised module <APOSTN> for
ditferent tuselage model cross-sections |6},

~APOSTN -~ sets the AONEFUS and ANTELT flags for several distinetly shaped nose

model cross-sections

44 MODULE <CONINT->

The module <CONINT> 18 a newly designed LOGICAL function that determines
whether the suamght line path between two antennas intercepts the cone section of the
anteradt tuselage The tunction is returned (.TRUE when interception occurs. Chapter 6
of Diolet’s thests [39] onginally proposed a similar algorithm. but his version was nevel
tormally incorporated mto AAPG V07 because testing revealed that his approach does not
worh. The equations pertinent to the new approach taken in this section as well as some

typreal test cases are deseribed below,
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Consider Frgure 4 13 m which two antennas are fovated at points Qv oy o) and

Q:(n.v,.z) in the presence of a nght circular cone The paametnie equations descnbmy

the staight line between Q, and Q. are gnen iy

=X *t tr Xy, (4.
=Y, v Yy o (4.1h)
zZ =2+ t 2y, . (4.1¢)
where
Y.
Xair = X, 7 Xy (.20)
Yair = Y2 = Vi (4.2
Cair T2, T2y . 4.2¢)

The surface of the right cocular cone with half cone angle 0 0 whose avs of

rotation 1~ the z-uxis and whose apex s located atthe ongm s aiven by the cqguation

e
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Figure 4.13. Strarght hne m presence of cone sarface
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to

x? + y? = k?z% (4.3)
where
k =tan, . (4.4
The substitution of <3 Tap-td Toy mto (4 3y yields a quadratic equation of the foim
At + Bt + C=0 (4.5)
where
A= X;ir * YLzhr - kzstr (4.6a)
B =2 X1 Xaqir * YiYair ~ kzzl ZQ’.II] (4‘(“))
C=x +yi - kz . (4.6¢)

The oot of (15) are computed by means of the quadnitie tormula and ae
cxamimed o deternnne whether mterception of the fine with the cone has occurred  Only
those roots swhich are purely real and whose values ate between 0 and T are considered
as candidates for mterception Farthermore. tw o distinet 1oots must exist. othernwise the
e s tangent o the cone and, for e purposes of AAPG VO7, 18 ot considered o
mtereept the cone Having satistied the above conditions, the points associated with the
toots must lre on the surface of the aircradt’s nose to be valid intersection pomts. Some
O opraal cases are shown m Frewre 4 14

Asahinal chiedk - CONINT > afso determimes whether interception occurs with the
nose tHat hotom The function detwls of <« CONINT > e outhned 1 the tlow -chart of

Peeare 1S
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Hr,m “CAPOTTN, FOR START ANTEM{II]

ﬂ CALL <APGATN> FOR END ANTERNA

|S\‘\
//START ™~
L~ ANTENNA ON
S. FUSELAGF

S YES

MOVE START ANTENNA SLGHILY
OFF FUSELAGE SURFACE

< END

/ ANTENNA ON

\ FUSELAGE
N\ SURFACE

OFF FUSFLAGE SURFACE

MOVE END ANTENNA SLIGHRY J

[ INMIALIZE FLAG CONINT = TALSL

[ COMPUTE VECTOR PQINTING FROM

START ANTENNA TO END ANTENNA

%TH
pd OF VECTOR

< 10 INCH
?

NO

COMFUTE GLOMETRIC PARAMETERS
OF NOSE CONE MODEL

YES__,C RETURN )

B

QUADRATIC AsTee2 + BeT7 + C = 0O WHICH
REPRESINTS INTERSECTION OF STRAIGHT
LINE PATH wiTH NOSE CONICAL SURFACE

’ COMPUTE COEFFICIENTS A, B, AND C OF
1

l

[ COMPUTE DISCRIMINANT, DISCR e Hee? - 4sAe(

e \NO
DISCR > 0 -

T2 = —1.0

ln-—xo

PN,

WiTH INTLRSECTION OF STRAIGHT LINE PATH
WhH NOSE FLAY BOTTOM

l CUM-PUYE 15, THE PARAMETER ASSOCIATED

Figure 4150 Fow chart ot new module <CONINT = (Page 1 ot 2)
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15 MODULES ~ONFBNT. AND ~ITER -

As described o the AAPG documentation |6, subroutines, <CNFBNT> and
<TTER - are the ey modules used together to determine the nature of the path around the
nose sectton ofa flat bottomed ancratt toselage model  Figure 416 illustrates the

ditterent types of tayectones along the surface ot the "flat-bottom™ nose model computed

by maodule ~CNEBNT -

CASE 1: CASE 2: CASE 3:
STRAIGHT LINE CONICAL SPIRAL CONICAL SPIRAL -
STRAIGHT LINE

CASE 4: CASE &: CASE 6:

STRAIGHT LINE - CONICAL SPIRAL - STRAIGHT LINE -

CONICAL SPIRAL STRAIGHT LINE - CONICAL SPIRAL —
CONICAL SPIRAL STRAIGHT LINE

Figure 416, Froni view of path segments on tla-bottom wircraft nose models as
computed by <CONFBNT - [0].

Fhe dithwealty methe computatton ot the coupling paths on the surtuce ot a "that-
bottom™ and “shyver™; nose model s the determinauon of the junction point at which each
comcal spiab segment meeis cach strag ht line segment along the hvperbolic cuned edge
of the that 7 ttom o cases 3 through 6 of Figure 4160 In the deficient version of the

codes the module < TTER - v called by <ONFBNT> 1o compute each junction poimnt i the



path around the cone by means ot a numenical search wechmque mothe vicmin ot a4 tnd
junction point. Dunng testing. it was found that the numenical search echnigque emploved
by <ITER> gives muccurate tesults and. i some mstances, does not converge at all duoe
to the incortect nose cone madelling of < APOSTN ~ and the invabid il juncnen pomt
wed o <ITER>  In other mstances, the placement of antennas at o near the
cone/flat-bottom intersections causes <1 TFR w0 diverge

The eroncous <ONEFBNT = and < ITFR - algonthms were esttuctured and
corrected o address the weaknesses described above, For cases 3 thioaeh 6 shown
Figure 4160 the new version of <ONEFBNT - uses o technque of approsimating non
developable surtaces. namely the geometiy of the tlat bottomed nose section, by ey
component developable surtaces  (The concept of developable surfaces 1 esploted
depth an section 5.4 The approach s silar to one used e bindog junction: pomnts at
the cyhnder/tlat-bottom antersections Ioas imiportant to note here that the cone/tlat
bottom junction peint obtaned by this method s not optimal, but s a0 veny poad
approximation and yields better results than the old verston ot the cade

Consider the spectfic mstance of case 3 of Frgwe 4160 The procedue of hindimy
the junction pomt is tHustrated in Figare 4017 Module < CONFBNT O fust computes the
are length of a circular path from the uppenmost antenna to the cone/tlat hottom
intersection on the port side of the ancradt This antenna s then “unwaapped along thy,
citcular path to a new extended butt-hne poston mto the same honzontal plane as the
fiat bottom.

The new version ol subtoutine < I'TER - s then called to cafculate the mtersection
of the staght Iine segment jomimg the antenna on the flat bottom and the new
‘unwrapped” pomt with the hyperbola where the cone meets the Hat bottom one junc tion
puint s returned  The approach used m case Vs analopous to that of cawe 4 escept

the uppermost antenna s unwiapped tosard the starboard instead of the port ade of the
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(a) Front and side views of transverse circular arc
from antenna on cone to edge of flat bottom.
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(b) Front and top views of transverse circular arc
"unvwrapped’ into same plane as flat bottom.

(c) Front and top views of intersection of straight line
between "unwrapped” antenna and antenna on flat

bottom, and hyperbolic-shaped edge of flat bottom.

Figure 4.17. Comcal spual suaight hine juncnion pomnt algonithim [16]



ancraft

For case S0 the new version of CONEFBN TS "unwiraps” both antennas and the new
version of <ITER> calculates the mtersection of the hine connecting the two “unwiapped”
pomts n the plane of the tat-bottom with the same hypetbola as betore, two junchion
pomts are returned

For case 6, the version of <ONEBNT - Tuntolds” the antennas cach alone
canstant tuselage-station e away trom the anaatts centtord and toward the neaer
cone/tlat-bottom intersection to new estended butt Tine positions - the same honzontal
plane as the tlat-bottom The new version ot < FFEPR - s called o calculate the
intersection of the line connecting the new “untolded™ pomts mthe plane ol the thu
bottom with the sume hyperbola as betore to deternmine the two requined junction poimts

The chuanges to <ONFBNT - and < T'TTR - are noteworthy aside from addiressime
some deticrent testeases. The toremost advantage of the new modale < CNEBN T s that
itinttoduces new tlags to indicate whether an antenna tor path pomt,as the case may bey
15 cose to a cone/tlat-bottom unction pomt. These flags are particatarly usetal for futwe
expansion of the code tor cases i which scattermyg ot the nose secton of the ancrattas
to be considered

Comparison of the hstings of the old and new versions of FITR and
<CNFBNT> subrounnes are summuartzed moselerence [150 0 The new code s more
structured and modular natwre allows casier sottware mamtenance and upprade For
exainple, the new version of module < 11T R - reverts toa geometnical analy ical approach
to get a reasonable cone/tlat-bottom junction pomnts but can be anpraved by optunrzmg
that point to get the shortest couphng path fength The How charts of the vesred modules
<CNFBNT. and <ITER- are shown i Frgures VIX and 119

The new algorithims use geometircal analssis to generate shorter coupling path,

which usually give higher EMEmargim predictions These greater EME g allow o
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H CALL <APOSIN. FOR START ANTENNA ”

o

H CALL <APOSTN. FOR END ANTENNA [|

e T

COMPUTE GEOMETRIC PARAMFTERS
OF NOSE CONE MODEL

o

COMPUTE GLOMETRIC PARAMETERS OF NOSE CONE CROSS-SECTION
AT START ANTENNA FUSELAGE-STATION COORDINATE

1

[ COMPUTE GLOMETRIC PARAMCTERS OF NOSE CONE CROSS-SECTION

AT END ANTENNA FUSELAGE -STATION COORDINATE

I A

[ SET POSITION FLAGS FOR START ANTENNA |

1

[ SET POSMON FLAGS FOR END ANTENNA I

CASE 1.
STRAIGHT LINE

ANTENNAS ON
FLAT BOTTOM AND

START ANTENNA IS TO
PORT SIDE OF END
ANTENNA

»

CASE 2

BOTH
ANTENNAS
" ON CONE T0P AND
< CLOCKWISE PATH
STAYS ON CONE

CASE 3

START
ANTENNA ON
CONE TOP AND
END ANTENNA ON
FLAT BOTTOM

~

>]JNINTP =3

CONICAL SPIRAL —~ STRAIGHT LINE

" UNWRAF™ START ANTENNA INTO
SAME PLANE AS FLAT BOTTOM

EDGE OF FLAT BOTTOM

PATH WUNCTION POINT ALONG

” CALL <ITER> TO COMPUTE
l PORT SIDE OF HYPERBOLC

( RETURN )

r
|
!
1
|
|
!
|
!
| J
i
i
!
i
i
{
I
|
i
b

Figure LIS, Flow-chart of revised module <ONFBNT>S (Page 1 of 2,
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START

START ANTENNA TO END ANTENNA

COMPUTE VECTOR POINTING FROM I

LENGTH
OF VECTOR
< 1.0 INCH
?

COMPUTE GEOMETRIC PARAMETERS
OF NOSE CONE MODEL

y

COMPUTE COEFFICIENTS A, B, AND C OF
QUADRATIC AsTss2 + BT + C = O WHICH
REPRESENTS INTERSECTION OF STRAIGHT
LINE PATH WITH HYPERBOUC CURVED
EDGE OF FLAT BQTTOM

!

[— COMPUTE DISCRIMINANT, DISCR = Bes2 — 44AeC

NO - -
DISCR > 0 T = -1.0
» T2 = -1.0
YES

COMPU™E ROOTS T1 AND T2 OF QUADRATIC
AsTes2 + BsT + C = Q

S YES
T > T2 SWAP T1 AND T2

COMPUTE DISTANCE BETWEEN POINTS
ASSOCIATED WITH PARAMETERS T1 AND 12

NO
TWOTEE = .FALSE.

YES
[ worEE -~ TRUE. |

3

Figure 4.19. Flow chart ot revised module <ITER » (Page 1 of 2)




FALSE. —
NPOINT = 0 }———)( RETURN

| TvaL = rause. | | TIvAL = TRUE. |

e y

—

| T2va = Fase. | | T2vaL = TRUE. ]

v e J

COMPUTE JUNCTION P1
USING PARAMETER T1

A
[NeONT = 1] - e

COMPUTE JUNCTION PT.
USING PARAMETER T2

NPOINT = 1 IS

COMPUTE TWO JUNCTION PT.S
USING PARAMETERS Tt & T2

[ NPOINT = 2 }-— S

( RFTURN )

Figure 4.19. Flow-chart of revised module < TTER  (Page 2 0t 2y
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moie conservative prediction of the magnitude of the aisount of energy being coupled

from an enntter to g l('L(‘PI(Jl

A6 TEST RESULTS AND FINAL REMARKS

Compatative runs of the imp oved code on representative test cases have yielded
satisfactory results.as shown i Fagure 3120 through 4.24, which correspond to the same
test cases previoosly dlustrated m Figures 401 through 4.5 respectively. In all cases, the
improverents riemove a vulnerabihty m AAPG by eliminating non-physical paths and by
computing paths that ae mtuitively more plaustble. The AAPG graphies features make
the resalts all the more stihing and serve well i mcreasing the user’™s confidence in the
code  The revised code produces shorter couphing path lengths and correspondingly
lower path foss computations and hence more conservative predictions ot EMI murgins,
In Drigures 4200 and 421, the path lengths wie reduced by abour 10 and the path losses
are reduced by atew deabels. In Figures 4.22 and 4.240 the path lengths are halved and
the path fosses ate reduced by appronimately S0 dB. In Figure 4.23. the 280 dB deciease
m path loss s the most dramatic improvement.

Important appheations of these improvements include EMI margin predictions
between the Large number of antennas of electromc systems located on the nose of a
patticular aircatt and close tormation flyimg scenanios dunmg retuelling in which an
undesirable fevel of electiomagnetic interterence from one airctaft to another could have
disastrous consequences

Phe algonthim changes and mprovements described in this chapter make the code
more stuctured and facibitate future code upgrades  The improvements. however. only
tell halt ot the story - Although the computation of the geodesic on the nose section of
the antrame 1y now cotrect. an analogous assessment o the graphic, disphay algontinmns

s required so that one-to-one cotrespondence between the computed and displayed paths



Figure 4200 AAPG plot showing corrected cone/tlat bottom miterface pont,

= 225 MHyz, path length = 2 3 A, path foss = 309 dB [ 19]
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Figure 4.21.  AAPG plot showing path no loneer penctatimg cone fuselan
= 225 MHy path lTength =29 20 puth loss = 12 1 dB 5]
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Figure 4.23. AAPG plot showmg correct physical path trequency 205 MHz o pathy
length = 24 2. path loss = 325 dB [15]
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Figure 4.24. AAPG piotshowmge correct sttght-hne path. frequency = 225 Mz path
leneth = 11 A path Joss = =34 2 dB [ 15].

v iamtaeed  Such an assessment s presented i the nest chapter




CHAPIFR 5

CONE GEODESIC DISPLAY IN AAPG V0T
S INTRODU CTTON

The changes desciibed e Chapter < nuprove and correct the 1MCCS atgonthine
that compute the FMIcouphing path on the nose section of the model Correspondiny
mprovements i the Graphical Data Management: Svstem™s (GDMS) alvonthims that
dinplay the calculated geodesios on the aneraft’s nose section aie necessany e onder 1o
maintain the tundamental AAPG pranaple of one 1o one conespondence between the
caleubated tragectony and ats graphical iepresentation This essential punaple vives the
EMC analyst a nataral appreciation of the electromagnenc phenomena e thoy diect
couphing or creepmg wave along the perfecthy conducting surtace of the nose Ccone model
as they occur between the mterfernmyg systems Fuithermore o concise presentation of
EMI margin output. in combimed numencal-graphical format, s of preat assistance to the
EMC analyst who would otherwise be overwhelmed by numerniaal tabulations

This chapter studies the AAPG VOT7 joutines that display the cone peodesie and
describes revisions 1o those toutines that are found to be deticent Fhe miprovements,
test results, and their impact on realisne ancaft EMC problems are outhned Some
representative test cases which reveal potenual problen weas m the GDMS alponthine,
are shown in Figures 5.1 through 54 and have been reported mreferences [15,16] 0 Ay
noted in Chapter 4, the complexity of the algorithms that display the peodesic patls
requires fairly detailed tlow-charts throughout this Chapter i order to dleawly present thas
aspect of the thesis” contnibution The flow -charts from the fonmer erroncous alygonmthnn,
are not presented. but the occurrence of the errors are pointed out i the descrpions, of

the new algorithms.



Gy

N N
N\ N
N
\ N e e
I &
S N \\/l
l ———e : E 7
T g e T —— v'
| LT &3
Fagure .1, AAPG plot showing  meonect display of  cone geodesie:

frequency = 9 315 GHzo path Tength = TIS A path Joss = =104 2 dB:
WAL= ¢-0000 0L00 ), OCAZ LY = -9000 000 ) [15]

Figure 5.2, AAPG plotshowing incorrect display of secondary couphng path on cone:
frequency =9 315 GHz, path length = 208 A, path loss = -231.6 dB:
BAZELD) = (9000 -19977) DIAZ.EL) = (90.000 -19.97").



Figure 5.3, AAPG  plot - showing  mcortect disply of - cone peadesic
frequency = 8.000 GHzo o path length - 177 A0 path oss 11 de
BAZEL) = (13359 S1048 ). OAZPT )y (952 089 )

Figure 54.  AAPG plot show g incorrect display of secondary couphing path on cone
frequency = 8.000 GHz. path Tength = 187 20 path lose. L0 6 db
BMAZEL)=(-13099 3054 ), OAZLL) = (1125 /105,



T
5 [N MARGIN AND PROPAGATION PATH DISPLAY ALGORITHMS IN

MODULE - FNITDSP -

Chapter 2 outhines the role of the Graphical Data Management System (GDNNS).
The GDMS contams the modules of code which handle the vartous types of graphical
displays of the computations associated with the wraoatt and mterterig electronic
subsystenis Toe routines which manage the EMI Margim and Propaganon Path Display
are of particutar mterest because they contamn the alporithms that disple v the al cran
model and the FME coupling puth, such as the cone geodesies The module <ENIDISE -
oversees the keyv couphmg path display tasks - Its Togic s illustrated by the top-level flow-
chartm Freare S5 and s descrbed below.

At the begimning of <EMIDSP > the graphics display sareen is cleared and the
secunity dlassthication, af specrtied e the Input Data Fileo s written at the top-lett and
bottom nght comers of the sereen The EMI Mangin display header, the ancraft nume,
acd the mtertennyg ansmuter and recenver subsystem and antenna names are written to
the appropriate atcas on the graphies display screen

The module < DRAWPT ~ 15 then called to display the aireratt model and the EMI
couphmg path - Control s returned to <EMIDSP> which calls the module <PANGLE>
(not discussed mnthis thesist i order to compute and display the propagation path angles
at cach antenna - As shown i Figue 2011, other supporting data are also displayed as
part of the PN Margm and Propagation Path Display such as the ancraft’s designation
(e "CE-T4AMthe names of the nterfening transmitter and receiver, and the perspective
from which the path s bemng viewed  The details of these are not essential to this
discussion

It temains to desenbe the tunction and detrerencres ot and the moditications to
the fundamental modules which <EMIDSP> uses i order to display the EMI coupling

path around the nose cone section of the ancratt fuselage model. The descriptions of the



prmary GDAMS modules that are presented mothis chapter are shown 1 bable S 1 oand

thert relatonship s illustated methe tee dugiany of biewe So

Figure 5.5.

\ 1N
)
\ A oot
.
Wi Sl Y oA ATN T e Ay
»
Wor M NMAGL N S Ay A

AT AT NANME TRANS A 1 A,
| S N AR AR TENE RNARE 1,

CheAnie, U A
l
W TRAN LM T TR R AN, e
AN AR RARL T ALy
N
A AR T T A A WA 1
N AN T st bA !
[ . h
)
N
[ . I
CAL < DANG o T OO e AN T A

FPROCATATI N DAY ANT BT AT EA o0 AT S

Top-tevel tlow chart of module  FAHDSP

Table 5.1, Deseriptions of cone geodesic display modules

Module
Name

Descnpuon

<EMIDSP>

<DRAWPT>
<D3TODC>

<DCTOD3>
<VECDIR>

Top level module to draw graphics porvon of 1M Marpin and
Propagation Path Display.

Draws ancratt model and EMI coupling path

Maps point on three-dimensional €3 Dy nose cone surtace 1o point
on two-dimenstonal (2-D) developed cone

Maps point on 2-D developed cone to 3 D nose cone sutface

Determines couphing path directron at o speaitic pomt alongy the

path

o PR, RRp—




Figure 5.6. Cone geodesie display modules m GDMS,

53 CONE GEODESIC DESPLAY ALGORITHM IN MODULE <DRAWPT>

The function of subroutine <DRAWPT> 15 10 draw the aircratt model and the
propagation path which can be displayed for any azimuth and elevation viewing angles
requested mteractively by the user. The tlow -chart of Frgure 5.7 illusuates the impor tant
dspects of the revised plotting algonthm in <DRAWPT> and 15 provided to complement
the discussion here The module <DRAWPT fitst calls <MODEL> to draw the aircratt
model Phe remamder of “DRAWPT deals with the display of the EMI couphing path.
and s the man tocus of the discussion m this section.

The toutme < DRAWPT > jetneves the start and end antenna position information
associated with the intertenng systems and displays the location and gain pattern relative
o the ancratt madel I wetative tashion the routine <DRAWPT> diaws each sepment
ol the complete propagatnon path between the start and end antennas.

FFor cach path segment, the start and end points. Q,(p,.0,.2,) and Q.(p,.0,.25). and
the path segment type flag indicating erther a straght Tine, cylindrical or conical spial
segment, are rettieved from the appropriate Mass Storage Data Files (MSDF).
SDRAWP T then branches to the block of code pointed to by the path segment type flav.

Here the discusston ot this process concentrates on the display of conicel spiral path



START

|| cAlL <MoDEL> To DRAW ARCRAFT MODEL. ||

3

| ORAW START ANTENNA AND TS GAIN PATTERN. ]

N

| DRAW END ANTENNA AND ITS GAN PATTERN, |

RETRIEVE START AND END POINT COQRDINATES,
Q(r9y.4,) AND Qu(r,.0,,4,), AND PATH SEGMENT TYPE.

1S
PATH SEGMENT YES DRAW STRAIGHT [INE 5
A STRAIGHT LINE PATH SEGMENT,
?
NO
IS o
PATH SEGMENT YES DRAW CYLINDRICAL SPIRAL
A CYLINDRICAL PATH SEGMENT.
SPIRAL ?

CALL <D3ITOLC> TO MAP START POINT FROM
3—-D CONE TO 2-D DEVELOPED CONE:
Qy(rydg.%,) > Qf(Xgy.Ya)

|

CALL <D3TODC> TO MAP END POINT FROM
3-D CONE TO 2-D DEVELOPED CONE:
Qy(r0.%;) —> QX Yq)

L

COMPUTE DIRECTION VECTOR POINTING FROM START POINT
TO END POINT IN PLANE OF DEVELOPED CONE:
Xor = Xg = Xot

Yor * Y@z -~ Yo

>

Figure 5.7. Flow-chart of revised module “DRAWPT . (Page | of 2,
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INMALIZE COUNTLR, COUNT, TO NUMBER OF INTERMEDIATE
POINTS WITH WHICH THE PATH SEGMENT IS TO BE DRAWN.

J

INITIALIZE STEP SIZE TO THE SMALL DISTANCE
BETWEEN EACH INTERMEDIATE PATH POINT:

STSIZE = ( SEGMENT LENGTH ) / COUNT

DETERMINE COORDINATES OF INTERMEDIATE PATH POINT
D’(Xp.Yp) ALONG STRAIGHT LUNE PATH BETWEEN START
AND END POINTS IN PLANE OF DEVELOPED CONE:

Xp = Xgg + teXpp
Yo = Yo t t*Ypm WHERE t = COUNT * STSIZE

y

CALL <DCTOD3> TO MAP INTERMEDIATE PATH POINT OF PREVIOUS STEP
FROM PLANE OF DEVELOPED CONE TO SURFACE OF 3—D CONE:

D'(Xp,Yp) —> D{rp. %, %p)

{

r DRAW INTERMEDIATE PATH POINT ON GRAPHICS DISPLAY SCREEN, ]

|
l

}

P

DECREMENT COUNTER TO NEXT INTERMEDIATE POINT ALONG THE PATH. ]

ARE
THERE ANY
MORE PATH SEGMENTS
TO DISPLAY
?

Figure 5.7. Flow-chart of revised module <DRAWPT> (Page 2 of 2).



segiments
In the enroneous algotithms of <DRAWPT - the displaved pathos approvamated

by the partametiic equations from reterence |25) as

p=p, + tlp, - p,), (5.5
¢ =¢, + (e, - ¢, (3.1
= ErtE 7). 15.10)

For example. Figutes 5.1 and 5.2 display a senncncular geodesie path on the cone surtbace
for two antennas located at the same tuselage staton, 72, = 2. and on oppostie sides ot
the cone. [0, - 0. = m radians  The approvimation of the comcal spral shown m
Freures 5.1 and 5.2 15 inadequate because the displayed geodesic path should ule torw ard
shightly to represent the true geodesie path

The erroneous <DRAWPT> algonthm was revised and conected  The new
algorithms in <DRAWPT> apply the concept ot a "developable surtace™ [ 21107 a0 which
a three-dimensiondl (3-13) surface 15 mapped onto a two dunensional (2 1)) or plana
surtace. Based on this prmaiple. the tragectory and length o o comaal spiral peodesie
between two pomts on a 3-D cone saurface cottespond o the ttagectory and leagth of o
stratght line segment between the mapped pomts on the equivalent planar "developed™
surtace which resembles a pre slice. The appropnate mathematical nanstormitions o
mappings must be used between pomts on the 3-D and developed cones as dlastrated hy
Figure 5.8,

The (x.y.z) coordinate system shown in Figure S 8Go s shown o be feft handed
in order to trach with the coordinate system used by the AAPG GDMS toutmes “The
pomnts Q,(p,.0,.7,) and Q,(p,.0..7,) are represented i sphencal coordinates e Fiprare

S5.8@) as Q,(r,.8,.6,) and Q.1,.0,.9.). respectively, where

I, = —i_

= ! (5.2a
! cos 6, )
p; = z; tanB, . (5.2h)
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The st and end pornts ot a comeal spoal seement on the 3 1Y cone e Feare

S NG are mapped to the developed cone sutface w Frgure S8 by micans of the new
destgned routine <DITODC > as tollows Qs oapped 0 QN Y L cand Qs mapped
0 QyNGLY, 0 The parametiie equations tor the straght Tine serment between O, and

Q_ are sumply

X = Xyt L(X,, X,) (5. %)
Vo= Yo+ t(Y,, - Y, (3.3

where taaries between O and 1T As illusiated i the program toop on the second page
of the flow-chart of <DRAWPT>, the algonithm proceeds along the stageht hine path
hetween Q) and Q) by decrementing the parameter tn cquations (5 3 trom 1o 0
small steps. With cach step. the mrermediate pomt DYON Y0 on the sturgeht hine
segmient s computed trom the patameter tusing equations 5 3 and s then mapped from
the developed cone to the point D,,.8,.0,) on the 3D cone surtace by micans of the
newly designed routine <DCTOD3-0 "The pomnt D s then plotied at the approprte
tocation on the graphics display screen dependimg oncthe viewmye angle requested by the
uset.
Once the current path segment is completely ploted. the imodule < DRAWI

loops back to repeat the process tor cach of the remaming path sepments unul the
complete propagation path 15 drawn. Control as then retumed o the calhing 1outme

namely, the module <EMIDSP.
54 MAPPING ROUTINES «D3TODC.- AND ~DCTOD3

The key to the improvement in the display of comeal spiral peodesic path . which
is implemented in the newly created AAPG 1outines < D3TODC - and - DCTOD A - the
principle of "developable surtaces™. Lee [24) defmes o developable surface o one windh

“tay  may be generated by a continuous motion of o straight hine
(the strarght Iines on the surface are called generators) and
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(b has the same wngent plane at all pomts on any given
generator

Ioa cone 1s cut alone g generator, re any ray onginatng from the cone apes
wlnch tuns alony the cone sutface 1t may be opened up or "unwrapped ™ to become a pie-
Shoe o a p! e without stretchinge or shrimkimg. A conical spiral becomes i straight hine
o the developed cone As deprctea i Figure S 90 a ample and effective method ot
vistabizne thes pomorpe s todraw g hoe segment ona tlat - heet of thin cardboard. 1ol
the sheetinto a cone and compare the tagectory on the cardboard model with that shown
o the AAPG graphies . The resaltant developed cone s illustrated in Figure 510

Subroutine < DITODC - v new module designed 10 compute the (ALY
cootdinates of the endpomts or the segment Q00 1 e the mapped geodesie path T on
the desveloped cone suttace The module <D3TODC . maps the start point Qy(p,.,.2))

to the pomt QX LY 0 where
X, =0, (5.4a)

Y

o1 = I1. (5.4h)

NOTES

1 ®» - START ANTENNA ON CONE SURFACE

¢ o = END ANTENNA ON CONE SURFACE

3 RAY OY JOINS CONE APEX AND START ANTENNA

4 PLANE X-Y IS TANGENTIAL TO CONE SURFACE ALONG RAY OY.

Figure 39, Unwiappimng tunction of modules <D3TODC> and <DC1OD3> {39
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ARC LENGTH - T %'W
. DEVELOPED EDGE
\ OF 3-D CONE
\\\ ///
\\ ‘//y

I'a \‘\
|

e } 2nsindy

0 T R - ¥

Figure 5,10, Equivident pomnts Qi(X,, Y0 and QUNLLY, 0 and geodesic path 17 o
two dimenstonal (2-D) pre-shee as mapped by the subroutane < DYTODC

and 1,15 computed from equation (5.2a)

Froure S0 allustates the oftset angke 6
between points Q, and Q.. which can be computed trom the position angles O, and o,
| <2 : i

Since distances on the suttace of the cone are not stetched or shrunken e the process of

generatimg a developed surface. the are length p,og,, o from Brpare S T equals the are

length 1,00, from Figure 5,10, e

/
r, borpser Py Soppaer -

(5.5)
The module <D3ITODC - uses an expression for the angele 0, m bpure S E e,

of the angle 04 0 Figure STO which s denved from cquations 05 20y, (5 2y and
(5.5) 1t be

/ _ .
Oorrser = Qoprser 81N G,

(5.0)
The module «D3TODC- maps the end pomt Q (p & 7 tathe poant Q (XY,

using the equations
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Sorerr CIRCULAR CROSS-SECTION
OF CONE AT ENDPOINT Q,

Figure 8.11. View of the cone in Freare 5.8(a) fram cone arex,
& H

. / - )

Xp, = I, 81N &orrseT 1 (5.7a)
'

Y, = I,cos orrser (5.7b)

where 1oy computed trom equation (5.2a). The flow-chart of Figure 5,12 summarizes
the algonthm employed by the routine <D3TODC>.

The toutme <DCTOD3> 15 also @ newly designed module. Tt uses the algorithm
desciibed ter <DITODCS 1 reverse to determine the coordinates of a point on the
comual spral geodesic trom the developed cone surface. The flow-chat of Figure 5.13
sumimarizes the logic ot routine <DCTOD3>  The flow-chart illustrates how the module
<DCTODS > uses the (XJY) coordinates of the point on the surface of the developed cone
and the parameters of the nose cone model to compute the (p.d.z) coordinates on the

surface ot the 3-D cone




Y

GET z—COORDINATE OF CURRENT POINI ON NOSi CONE
SURFACE AND ANGULAR OFFSET, @i yqq» BIIWEIN
CURRENT POINT AND START OF PATH SEGMINT

COMPUTE HALF—CONE ANGLE, ¥,, AND OTHit R
GEOMETRIC PARAMETERS OF NOSE CONE MODHL.

L _:L_- — _
COMPUTE DISTANCE BETWEEN CURRENT POINI

AND CONE APEX:
r=1z / cos ¥,

VA

COMPUTE ANGLE OFFSET, & gpery » | ROM

Y~AXIS TO CURRENT POINT WHICH IS 10
BE MAPPED ONTO THE DEVELOPED CONEL:
+ sin Y,

Porrser = Porrser

COMPUTE (X,Y) COORDINATES OF CURRL NI
POINT MAPPED ONTO THE DEVLLORED CONI
X =71 % sin Phrrer

Y =71 * COS‘DOH—SH

(_REwRN )

Figure 5.12. Flow-chart of new module - DTODC -



Com

[ GET (X,Y) COORDINATES OF CURRENT
| POINT ON DEVELOPED CONE SURFACE.

COMPUTE HALF —CONE ANGLE, ¥, AND OTHER
GEOMETRIC PARAMETERS OF NOSE CONE MODEL.

COMPUTE DISTANCE BETWEEN CURRENT POINT
AND CONE APEX:

r =’\JX2+Y2

COMPUTE ANGLE OFFSET, ®p rcr

FROM Y—AXIS TO CURRENT POINT:
Porrser = arcton (X /Y)

COMPUTE RADIAL DISTANCE FROM CONE AXIS
TO CURRENT POINT MAPPED ONTO 3-D NOSE
CONE SURFACE-

p =71 % sin B,

COMPUTE ANGULAR OFFSET, ¢ gprger » BETWEEN
CURRENT POINT ON 3—D NOSE CONE SURFACE
AND START OF PATH SEGMENT:

¢ = sin 9,

OFFSET FFSE™ /

COMPUTE z—COORDINATE OF CURRENT POINT
ON 3—D NOSE CONE SURFACE:
z =p / tan ¥4

=N

( RETURN )

Figure 5.13. Flow -chart ot new module <DCTOD3>.



5.5 MODULE <VECDIR~

The improvements implemented in <VECDIR™> tor a vector tangent o a comeal
spiral geodesic are important because the vector s used by other routines o compute the
azimuth and eley ation ditection angles tihen by the geodesic at a pomte Q) sav. whachm
tuin determine the antenna gam at Q, used i the path loss computatnon Pheretore, moie
aceurate path loss comprtations are a direct benetit ot the improvement m the tangent
direction vector. This sectro 1 provides the mathematic al basis tor the updated expressions
umplemented in the subroutine <VECDIR>  The expressions detved e this section
supersede those found in the AAPG documentation | 25].

Given a geadesic coupling path I betaween endpomts Q, and Q. m AAPG the
function ot the subroutine <VECDIR> is to compute the uimnt v ector. .Fi,, tngent (o the
eeodesic path at Q, as lustated i Figuie S 14 The duection of ;All m Fyne S L

computed as it the geodesic path proceeding trom Q, to Qp were to continue bevond pot

-

. N
Figure 5.14. Unit vector a, tangent to comcal spiral geadesic as cotmputed by AAPG
subroutine <VECDIR -,
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(), The designations of the pomnts as Q, o1 Q. follow from the calling sequence of
- VECDIR - so that the vectors at each end ot the geodesic path are computed from
sepatate subroutne calls.

Although Frgure 5.14 illustrates the case ot a vector tangent to a comal spiral
peodesie path the subroatine < VECDIR > also comiputes the vector tanszent to straight-line
aned cvlindrical spral geodesie paths, Discussion of the Tatter two cases s found in the
AAPG echmcal descripion [25]0 This section focuses on the developments for cases in
which both endpomts of the geodesic are situated on the conical surtace of the anncraft
moddel

. I .

From bgure 514, the ditection vector a, van be expressed 1 teims of the

A N
otthonormal vedors o, and a, and the angle €2 as
i 1

4, = (cosf};) 4, + (sinfi,) 4, . (5.8)
R A ~
Fhe umt vector o as tangent to the cone sarface and parallel to a seement diawn trom

|
. e . AL .
the cone apes to the path endpoint Q,. The unit vector a, is tangent to the cone surface
|
at a araular cross-section made at the path endpoint Q. The angle €2, iy measured
Ia) . N
betaween the vedtor a, and the duection vector a,.
|
Freure 509 18 o cress-sectional cut of the cone in Figure 5.14 show ing the plane
- AL
which contans the z-anis and the segment OQ,. The vector g, 15 simply
!

3 = 1 =1 ¢

4, = (cos8,) 4, + (sinb,) 4, . (5.9)
Frgure 5.16 18 a cross-sectional cut ot the cone in Figure 5,14 showing the plane

. . . A
which s patallel to the ay-plane and which contains the point Q. The vectors a, and
I

A
€, are then
1

i

dy = (cosd.) 4, + (-sin,) 4, (5.10)

1

4

by (sin¢,) 4, + (cos¢,) 4,. (5.1
. . , - . . A
Combinming equations (5.8) through (5.11). the dirtection vector i, can be expressed

n ey of the rectangular coordimates as
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Figure 515, Cross-sectional cut of the cone e Fagure S 14 showang the plane wiach
contwns the z-axiy and the sepment OQ,.

Figure 5.16. Cross-sectional cut of the cone n Frgure S.14 show iy the plane which s
parallel to the xy-plane and which contains the pornst Q,
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4, [(cos f,) (sind,) (sin€,) + (sinQ,) (cos¢,)] &

X

+ [(cosQ,) (cos ¢,) (sinB;) + (sinfd;) (-sin¢,)] &

Y (5.12)

+ (cosfl,) (cos 6, 4,.

Al of the quantities in equation (5.12) are known. except the angle Q,. To
facithitate the derrvation of the expression for the angle Q| the endpoints Q(r,.6,,.¢ ) and
Q.01.0,.0 ) of the comcal sprral geodesic T and the geodesic itself are mapped from the
surface of the -1 conecas shown in Figure 5.14. to equivalent points, Q(X,,.Y ) and
QUX,. Y0 and the stimght-hine segment T, respectively, on a 2-D pie-slice using the
subtostine <DITODC.- as shown in Figure 5.17. The vector /;, i Figure 5.17 is given
by the equation

a al

4, = (cos @,) 47 + (sin®Q,) 4. . (5.13)

Figure §.17. Fquivalent points Q7 (X,.Y,) and Q" (X, Yy:) and geodesic path T on
a 2-D pre-shee as mapped by the subroutine <D3TODC> within the

subroutme < VECDIR >,
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From Figure 5.17. the other vatous vectons and angles on developed cone are abo

dernved.  The vector Q] . which describes a vector tangent to mapped peodesie 17 at
the point Q). 1s g1ven by

OI0] = (Xgy-X,) &y + (Yo~ Yy, &, . (5.14)

. AL, ~—
The unit vector ay is related to the vector QLQ7 by

Y
al _ QZQI
dy = ———
020l (5.15)
(Xp1-X,,) y + (Yyy=V,) &,
(Gt + Py 1y

The vector OQ,. a ray which oniginates at the developed-cone apey and ternmmnates
at pomt Q1. is given by
P

001 = X, dy + Y dy - (5.16)

. AL xree
The unit vector a; is related to the vector OQ ) by
1

7
00!
gy 4
001 |
o X 8x t Y 4,

2
VXo:r * You

. . /\‘ ,‘
The cosine of angle €, 1s detived trom umt vectors a4 and a1 equations (5 15)
|

/
ar, =
(5.17)

and (5.17), respectively. to be

cos @, al -51’,1
X g
(Xpy=Xp2) Xgp + (Yp,-Yp,) Yy, . (5.1%8)

VXor + Yo J(Xp,-Xp) % = (Y=Y, 2

The sine of angle €2, 15 always postuve so it can be computed trom the posiive

square root of the equation

sin Q, = /[1 - cos*Q,]. (5.19)
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Note that the absolute value of the arpument under the square root sign 1s taken in order
prevent tun-ume errors when rounding errors in equation (5.18) cause the cosine of Q,
to he shghty greater than |
Therefore equations (5.12) (5. 18)  and (5.19) tully specify the direction vector 3,
i terms of known quantities. The tlow-chart in Figure 5.18 summarizes the steps in the
revised module < VECDIR > which have just been descnibed. Note that the mapping
petfonmed by the routine <D3TODC> within the revised module <VECDIR> tacks
exactly with the updated approach used by «DRAWPT> in diwplaying a contcal spiral
geadesic, The mappmg method seplaces the closed torm expressions for the tangent
vector that were previously used by the old version of <VECDIR>. Those closed torm
expresstons for the tangent vector wete appropriate sinee they corresponded exactly to
cquations (5 1) which were previously used by <DRAWPT> in displaying a conical spiral
peodesic  Infact, the closed torm expressions for the tangent vector in the old version
of « VIFCDIR > were derived by taking the tirst order derivative with respect to t ot each

parametric equation an (5 1) §25].




RETRIEVE START AND END POINT COORDINATES,
Q, AND Q,, AND PATH SEGMENT TYPE.

COMPUTE DIRECTION VECTOR, . AT Q,
FOR STRAIGHT~-LINE PATH SEGMENT,

PATH SEGMENT A
w LINE

PATH SEGMENT
A CYLINDRICAL

COMPUTE DIRECTION VECTOR, 8,, AT Q,
FOR CYLINDRICAL SPIRAL PATH SEGMENT.

SPIRAL

COMPUTE HALF—CONE ANGLE, ¥,, AND OTHER
GEOMETRIC PARAMETERS OF NOSE CONE MODEL.

v

CALL <D3ITODC> TO MAP POINT ON 3-D CONE
TO POINT ON 2—D DEVELOPED CONE:
Qy(py, & .2) —> Q4(X m-Ym)

L

CALL <D3ITODC> TO MAP POINT ON 3-D CONE
TO POINT ON 2—D DEVELOPED CONE:
Qy(p.%3.25) — > QX .Y g)

1

| cOMPUTE COSINE OF ANGLE 0, USING EQUATION (5.18). |

v

l

COMPUTE SINE OF ANGLE 0, USING EQUATION (5.19). |

i

COMPUTE DIRECTION VECTOR, 8,, AT Q, FOR CONICAL

SPIRAL PATH SEGMENT USING EQUATION (5.12).

-

90

C

Figure 5.18. Flow-chart of revised mmodule ~VECDIK -
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360 TEST RESULTS AND FINAL REMARKS

Compatative 1uns of the improved code on representative test cases have yielded
satisfactory results, as shown i Frgures 5.19 through 5.22. which correspond to the sume
test cases previously Hustrated in Figures 5.1 through 540 respectively. The dramatic
unprovements m the display of cone geodesic path segments restore the fundamental
prnciple of one-to-one correspondence between computed path and displayed path and
marease uset confidence e the code.

In Faguies S.19 and 5.200 the displayed paths are tilted forward slightly to
represent the nue geodesie path. In both cases, the revised code produces coupling path
lengths that are about 104 shorter, but corresponding path loss computations that are
shehtly greater than previously computed. The slightly higher path loss values can be
cxplamed intenms of the eftect of the shorter path length on the parameter A fiom
cquation (3 24y and on 1., (. the curved surtace dittracton loss factor from equation (3.25).
A shorter path length, s i equation (3.24)0 increases the parameter A, The net etfect of
anomcreiase i A s an increase (inabsolute value) of Lo in equation (3.25). A higher
cunved surtace ditfraction Toss cortesponds to a higher path loss value in Figures 5.19 and
520

The change in tangent vectors is best itlustrated by comparing the results between
Figutes 5.0 and S 19 In Figure S 1, the trajectory proceeds from the antenna on top ot
the cone at an azmuth angle ot -90.00 and an elevation of 0.007. In simple terms. the
path tajectory at the top antenna is perfectly horizontal and points to the port side of the
ancratt. In Frgute 519, the trajectory computed by the revised code proceeds from the
antenna on top of the cone at an azimuth angle of -58.70¢ and an elevation of -11.64°.
In simple terms, the tagectory computed by the revised code at the top antenna is no
longer hotizontal, but is slightly dechined and points slightly torward and to the port side

of the araratt Thus, in both Figures 5.1 and 5.19. the computed (AZ.EL) angles. which
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Figure 5.19. AAPG  plot  showing  comrect displiy - of - cone preodesic,
fiequency = 9315 GHzo o path fength = THO AL path Toss 1659 4R,
WAZEL) = (-58.70°-11.64 ), DIAZEL) = ( SKT0 01611 [15]

Figure 5.20. AAPG plot showing correct display of secondary couphmy path on cone
frequency = 9.315 GHe, path length = 173 20 path doss 24868 dB
WAZEL) = (-2520 28237 ), ODIAZLLy = (25207, 2 2%




Figure S210 AAPG plot showing  correct display of  cone geodesic:
frequency = 8000 GHZzo path length = 177 A0 path toss = -101.1 dB.

WA FL) = (12666 15747 ) OAZ.EL) = (9.52 .0.897) [ 15].

o
N
Figure 8220 AAPG plot showing correct display of secondary coupling path on cone.

frequeney = 8000 GHe, o path length = 1874, path foss = -140.6 dB:
WM AZEL) = (0841 3788 ) DAZEL) = (-11.25 -1.05 v ]15].
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are directly related to the tangent vector computed by < VECDIR™, mawch the displaved
path tragectory,

The mmprovement in the display of cone geodesic path segment s paricularhy
opportune tn light of the eylinder'cone cross-over pontimprovement discussed m Chapier
S ot Drolet’s thesis 139] For cases in which the coupling path consists ot aovhndial
sprral and a conieal spiral. Drolets algorithm computes the pomt along the edps of the
cvlinder/cone intertace which mimmizes the coupling path length as showam Frares 53
and 5.4, Untortunately in such cases. the nea eylinder/cone cross-over pomt mtroduces
a "hink" or discontinuity in the slope ot the path at the cviider/cone mterfaces, The new
cone geadesic display algonithms discussed i tos chapter ehinnnates the "hink™ e the
composite path as shown i Figures .21 and 522 Although the Tatter cases exhibat no
change in path length and path Tossca truer physical path s presented and serves to buihd
up the user’s experience of assoctating the trajectony with s conrespondimg pathy Tosses
and path length.

With the satisfactony implementation and testesults of the AAPG VOT7 alponthm
improvements described here and i the presious chapter. the nest chapten moves o the
presentation and assessment of curient developmients in speaific software mmplementations,
ot the curved surface dittiacnon lToss factor.  The presentation follows from the

mathematic al expressions denved m Chapter 3



CHAPTER 6
AAPG CURVED-SURFACE DIFFRACTION LOSS FACTOR
IMPLEMENTATIONS AND TEST CASE RESULTS

(1 INTRODUCTION

Havig inttoduced the improvements in cone geodeste path computation and
display algonthms m Chapters 4 and 5. the presentation of this chapter outlines the
software implementatons of the curs ed-surtace ditfraction loss tactor in AAPG V09 and
AAPG VOT based on the mathematical expressions derived in Chupter 3. Chapter 6 then
cnanunes  comparatuve  plots of  the  curved-surtace  ditftaction loss  factor  from
measurement results in the fiterature [28-3041421 and from computations of AAPG V(Y
and AAPG VO7 on the following geomettical bodies:  composite elliptical cylinder.
clhiptical cyhnder, night aocular eyhnder, and right circular cone. Elliptical and composite
cilipical cones were not studied due to the Tack of measurement facilities and published
measirement results
62 AAPG VOY  CURVED-SURFACE  DIFFRACTION  LOSS  FACTOR

IMPLEMENTATION

The EMC analyst models the wbitarily convex cylindrical cross-section of the
ancraft fuselage 1 AAPG VOY by specifying the radial distances from the aircraft’s
watethine centroid, re. its anis of revolution, at specified angles around this axis. AAPG
VOU then uses sphine interpolation to determine the fuselage cross-section at all points
around the watethine centtoid. The cone’s cross-section has the sume shape as that of the
cylindnical part of the tuselage and tapers with the siope of the cone which is simply the

tangent of the half-cone angle
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This tlenibility in tuselage cross-section modelling tequites the most general
implementation ot the Fock parameter of (3.10) as the following numencal mtegration

formula mdicates:

n

JER VRS As (6.1
EE '

where As=o/ 1000 s =nAs and s s the distance between source pomt Q° and held pomt Q
along the geodesic path I'. One hundied steps inequation (6 1) seem to have been chosen
by the orntgmal destgners ot AAPG VOY as a compromise between enough sample ponits
to teasonably approxmmate the smoothly varymg path mtegral and too many poimis to
mithe the expression computationally unmanageable

The Fock parameter computed by the numencal mtegration technigue m equation
(6.1) is used in the expression for the curved-surface difhiaction loss given by cequation
(3.18). Since AAPG VUY can model the arbittanly conves cross-sectton ot the aircralt
tuselage and implements the Fock parameter S intne most generad way., ats Gdeulation
of the curved-surtace ditfraction loss factor agrees very well with measurement results for
all fowr ot the cases mentioned in the intoduction of this section The diawback s that
the calculations of the summation and the radios of carvatore e (6 1y are more
computationally mtensive than simple closed form expressions
6.3 AAPG  VO7T  CURVED-SURFACE  DIFFRACTION  LOSS  FTACTOR

IMPLEMENTATION

In contrast to AAPG VOY. AAPG VOT 1estricts the user to o arcular cyhinder
model of the fuselage cross-section. The shape of the cone’s cross section must also be

circular and tapers with slope of the cone as speaified by the balt cone anple A
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mentoned e Chapter 20 AAPG VO7 allows the fuselage to be truncated along a
hotrzontal plane. but this capabihity 15 rgnored here.

Simce AAPG VOT7 s restctive moats modelling ot the aircraft fuselage cross-
section, only the night cucular eylinder and right cireular cone of the four cases menuoned
m the mttoduction of this section are considered  Although AAPG VO7 does not have
the same Hexibility as AAPG VOY in modelling the cross-section of the aireraft fuselage.
the closed form expressions of the Fock parameter in (3.23) for the right circular cylinder
and m (330 tor the night circulan cone are suitable for implementation into AAPG V()7
and are simpler computationally

It cuttent contrguration, AAPG VU7 computes the Fock parameter, m all cases,
by means of equation (3.23)0 which mmplies  that computations of  curved-surtace
dittracnon losses on the nght cinculr cone are only approximate. Further maccuracies
are mtroduced i the computation of the curved-surface dittraction Joss because the
20 Toge) term i equation (3 18) iy not implemented i the current configuation of
AAPG V07 This 20 og term accounts tar losses due nonumitorm radii of curvatuie
on the surtace of the cone,

The impact ot the complete implementation of equations (3.18) and (3.31) 1 a
rev ised verston of AAPG V07 s deferred to section 6.7, The discussion moves to the
comparson of measurenent results with computed tesults starting with the most general

case ot i compostte elhiptical evhnder.
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6.4 CURVED-SURFACE  DIFFRACTION  LOSS  TEST CASES ON FHITE

COMPOSITE ELLIPTICAL CYLINDER

Consider the pettectly conducting compostte elliptical evhnder with cross sectional
dimensions and holes tor mounting monopole witennas numbered and located  as
ilustrated in Figuie 6.1 and hsted 1 Table 6.1 Not shown in Frgure 6 1 aie a second
set ot heles, also numbered 0 through 7. Tocated at the same relative posttions around the
cylinder cross-section but at an oflset of 96" along the length of (he evhinder (7

dimension).

Table 6.1.  Hole  locatons  on the
compostte elhiptcal cvhnder

H 1o o8 P 0 e )
0 s O G
1 0oan '
[TEY] at i
' PRRIY P
i fhn) 0O
t i 00 1 6 9
t 149 | BRI
I 14 O L w

Figure 6.1. Cross-sccuonal dimensions of
and hole locauons on the composite elliptical
cylinder |42].

Figures 6.2 and 6.3 dlustrate the AAPG VOY calculated couphing path and the plots
of measured (1rom reference [421) and AAPG VOO caleulated 1otal coupling gam versus
frequency for holes O and 3 with 07 7-oftset The measured and calculated curves

Figure 6.3 agree very well, especially in the 2 to 8 GHz fiequency range
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Frpures 6 4 and 6.5 llustrate the AAPG VOY calealated couphng path and the plots

of measured (hrom reference [42]) and AAPG V09 caleulated total coupling gain versus
frequency for holes 2 and 5 with 967 7-oftset. The measured and calculated curves in
Frigure 6.5 agree quite well in the 2 to 6 GiHz frequency range. A gap in the measured
cnve between O and 8 Gilz in Figuie 6.5 exists because data was lost during the
meastrement process |42 Dutham remarks in reference [42] that the measurements
above 8 Glizon Ingare 6.5 are suspect due to the sensitivity of measurements required
near the nose floor as well as to the reflection and diftraction effects from objects in the

vicity of the cyhnder. He therefore Tabelled the portion of the curve above 8 GHz in

Figuie 65 as "NOISE FLOOR" [42].
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Front View Side View
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Top View

Figure 6.2.  Front-, side-. and top-views of couphng path calculated by AAPG VOY ton
composite elliptical eylinder holes 0 and 3 with 07 7 oftset
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Figure 6.3. Mecusured and calculated coupling gain versus frequency tor cotmposite
elliptical cylinder holes 0 and 3 with 07 7-offset [42]
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Front View Side View
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Figure 6.4, Front-, side-Cand top-views of coupling path caleulated by AAPG VOY tor
compositte elhiptical cylinder holes 2 and 5 with 96" z-offset.
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Figure 6.5, Measured and caleulated coupling g versus frequency for composite
clhipucal eyhinder holes 2 and 5 with Yo" z-oftset [42).
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6.5 CURVED-SURFACE DIFFRACTION 1OSS TESU CASES  ON THE
ELLIPTICAL CYLINDER

Constder  the  perfectly  conducting  elliptucal ovhinder with cross sectional

dimensions and holes for mounting monopole antennas numbered and  located  as

lustrated n Frgure 6.6 and histed in Table 6.2, Not shown i Frgure 6.6 aie a second

set of holes. also numbered 0 through 7. Tocated at the same telative posttions around the

cylinder cross-section but at a 7-oftset of 96",

Table 6.2. Hole  locations  on the
clhiptical cyhnder

4 3 D | Hele P (SIS TR
( RALEY) O (o
1 KOTSRS ITEARY!
. v oo TS
: 14 s [
4 Ion 111
1 FRRIE! ¢ )
[ a e
1o il |

Figure 6.6. Cross-scctional dimensions ol
and hole locations on the ellipucal cylinder
[42].

Figures 6.7 and 6.8 illustrate the AAPG VO calculated coupling path and the plots
of measured (from reterence [42]) and AAPG VOY caleulated total coupling gam versus
frequency for holes 5 and 7 with 07 z-offset. The measured and calculated cutves m
Figure 6.8 agree very well in the 2 to 12 GHy frequency range The measuements above
12 GHy/ in Figure 6.8 are suspect for the same reasons mentioned in sechon 64 and are

theretfore tabelled as "NOISE FLOOR™.
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Frgures 6.9 and 6,10 illustrate the AAPG V09 calculated coupling path and the

plots of measured (from reference [421) and AAPG VOY calculated total coupling gain
versus frequency for holes O and 4 with 96" z-offset. The measured and calculated curves

m Frgare 6,10 agree very well across the entire measurement band.
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Front View Side View

b overiaps 7

Top View

Figure 6.7.  Front-. side-. and top-views of coupling path calontated by AAPG VOt
elliptical cylinder holes 5 and 7 with 07 z-otfset
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Figure 6.8. Meusured and calculated couplmg gamn versus frequency for cellipncal
cylinder holes 5 and 7 with 07 z-otfset {42]
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Front View Sds View

Top View

Figure 6.9, Front-, side-. and top-views of coupling path calculated by AAPG VY tor
cllipucal cyhinder holes 0 and 4 with 96" z-offset.
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Figure 6.10. Measured and calculated coupling gain versus frequency for elliptical
¢y hinder holes 0 and 4 with 96" z-offset [42].
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6.6 CURVED-SURFACE DIFFRACTION 1L.OSS TEST CASES ON THE RIGHT
CIRCULAR CYLINDER

Consider the perfectly conducting nght cucular evlinder with cross sectional

dimensions and holes for mounung monopole antennas numbered and located  as

illustrated in Figare 6.11 and histed m Table 6.3, Not shown m Figuwe 6 11 ae a second

set of holes. also numbered O through 7. Tocated at the same relative postttons arowd the

cvlinder cross-section but at a z-otfset of 96",

Table 6.3. Hole locatons on the nighi
cucutar - vhnder

] '
! L '
A 1 1
H o
) + ( )
! G, '
i ] “ !
) !

Figure 6.11. Cross-secuonal dimensions of
and hole locations on the rnight circulas
cylinder {42].

Figures 6.12 and 6.13 tllusttate the AAPG VO7 and VOU calculated couphng path
and the plots of measured (from reference {42 and AAPG VO7 and VOO calculated 1otal
coupling gain versus frequency for the holes 0 and 2 with 07 7 oftset The measured and
calculated curves in Frgure 6,13 are in excellent agreement across the entire measuremient

band.
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Frputes 6 14 and 6 15 allustrate the AAPG VOT7 and VOY calculated couphing path

and the plots of measured (rom reference [42]) and caleulated total coupling gam versus
frequency for the holes 0 and 4 with 967 z-offset The measured and calculated curves
m Frgrare 615 agree quite well in the 2 o 8 GHz trequency range. The measurements
above 8 GHz an Figure 615 are suspect tor the same reasons mentioned 1n sections 0.4

ared 65 and are theretore labelled as "NOISE FLOOR”,
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Front View Side View

Top View

Figure 6.12, Front-, side-. and top-views of couplmyg path calculated v AAPG VOT7 and
VY tor right cucular eyvhinder holes Oand 2 with 07 7 oftset
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Figure 6.13. Meusured and caleulated coupling gar versas frequency tor ipht cicala
cylinder holes O and 2 with 07 z-oftset (42
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Front View Side View

Top View

Figure 6.14. Froat-,side-. and wop-views of couphing path calculated by AAPG VOT7 and
VOY tor tight arcular cylinder holes O and 4 with 96" z-offset
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Figure 6.15.
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Measured and calculated coupling gain versus frequency for night circular

¢y e holes O and 4 with 96" z-offset |42,
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6.7  CURVED-SURFACE DIFFRACTION LOSS TEST CASPS ON THE RIGHT

CIRCULAR CONE

In this secuon, the AAPG V07 and VOU cuved-sutice  dithaction Toss
formulations for the perfectly conducting right circular cone are tust compaed and then
the best formulation is compared with measurement data frome the hteratue

Figure 6.16 illustrates a test case on a pertectly conducting tight cneubin cone
which AAPG VO7 and VOY calculate the coupling path between antenna SOURCE,
located at a z-oftset of 52.5" from the cone apex. and antenna FIEL D, located at a7
oftsetof 122.5" and an . ngular offset of 116 6 degrees trom antenna SOURCE, The cone
in Figure 6.16 has a half-cone angle of 27.2 depiees

Figure 0.17 illustrates the plot of the total couplmg gamns versus frequency for the
coupling path in Figure 6.16  Table 6.4 summarizes the ditferences hetween the
formulations associated with the curves entitled, "AAPG VOO "AAPCG VOT (Presenty”,
and "AAPG VO7 (Revised)™ in Figure 6.17. The AAPG VOU and AAPG VOT (Revised)
curves in Figure 6.17 are identical across the tested trequency band. The lower coupling
gain calculation shown in the AAPG V07 (Presenty cutve of Figuie 0,17 ivaconcen to
the EMC analyst because compatibility may be predicted when the actual losses 1nay not
provide enough isolation between antennas to ensuie compatibility. Theretore the
implementation of the formulations assoctated with the AAPG VOT (Revised) curve s
highly recommended.

The AAPG V(Y and the AAPG VO7 (Revised) cutved-surface diffaction foss
formulations are now compared with measurement data from reference |30 Frgpure 618
illustrates a test case on a perfectly conducting night cicular cone taken from reterence
[30} in which AAPG VO7 and V(Y calculate the couphng path between antenna
SOURCE, located at a distance of 17.9" along the cone suface from the cone apex, and

antenna FIELD. also located at a distance of 179" from the cone apex and an angula
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Figure 6.16.  Front-. side-cand top-view s of coupling path caleulated by AAPG VU7 and
VU9 tor the night ciiealar cone,
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Figure 6.17.  Caleulated couphing gin versus frequency for right chicular cone case
tusttated i Frigure 606 usimg tormulations of Table 6.4




Table 6.4.

AAPG L and & formulations used m couphing gan calaulattons of Figune
6.17.

Curve

Equation
tor L

Computiation of
<

——y

Renuarhs

AAPG VOV

(3.18)

(6.1

- Complen, computationatly
MICTISIVE CAPICSSIONS

- Yaelds smtac e ditirac nion
losses which are comparable o
measutement resalts

- Expressions apphoable to am
wbittandy conves sutface

AAPG VOT
(Piesent)

(3.29)

(323

Sunple. dlosed form
CAPLESSIONS

- Yields surtace dithrac tion
fosses which wore lower than
measurement results and resulis
from AAPG VOU and AAPG
VO7 (Revised)

- Expressions applicable only to
nght coculiar ¢ yhndes

- For the case of acone po
(3.23) as appioximated hy the
squate toot ol potimes .

AAPG VO7
(Revised)

(3.1%)

(3131

- Simiple, cdosed form
cxprcv.mns

- Yields surface diftracnion
losses which are comparable to
medasarement results

- Expressions apphaable o nght
cicutar eyhnder and cone
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Figure 6.8, Front- side-cand top-views of coupling path calculated by AAPG V07 and
VOY for the right cuicular cone test case from reference {30].

oftset of 608 degrees from antenna SOURCE. The cone in Figure 6,18 has a half-cone
anple ot 122 degrees

Frpure 60019 dllastrates the plotof the total measured coupling gain fiom reterence
F0] and the total coupling gain computed by AAPG VOY and AAPG V07 (Revised)
vensus frequency tor the coupling path in Figure 6.18. The AAPG V09 and AAPG VU7
(Revised) curves in Frgure 6,19 are again dentical across the tested frequency band but
mdicate alower coupling gan calculation, albeit only a | dB discrepancy, compuared to
the measurement data taken by Galden et al. {30}, The discrepancy is exaggerated in
Figure 6,19 due to the scale chosen for the vertical axis. The slight oscillatory nature of
the curve in Golden's paper [30] indicates that the total coupled field is made up of
compenent tields adding i and out of phase. One possible contribution, in addition to
the direct coupled tield, suggested by Golden et al. |30} is the field diftiacted from the

up ot the cone
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Figure 6.19. AAPG VOY and AAPG VO7 (Revised)y caleulated coupling pan versns
frequency for nght crrcular cone test case of Figare 6 18 ] 30]

68 FINAL REMARKS

Some final remarks are i order regarding a sinnlar study done 1 Chapter % of
Drolet’s thesis [39]. The EME margin results published in Diolet’s thesis |39 e
incorrect because his implementation of the curved-surtace ditfraction loss factos 1, o of
(3.1¥) uses the Fock parameter formulation of (3.31) calculated tor a night arcalar cone
only in the calculation of the T (or rather 20 log 1) term of (3 20). This approach only
contributes a few decibels to the total Toss in the L, expression of (318)  The
formulation of (3.31) was not included, however in the catculation of A trom (3 194y 1
the -A/(M A + &) loss term. which represents the predommant portion of the loss i the
L., expression of (3.1%).  Furthermore, Diolet used the expression for T straipht out of

Lee’s paper [2¢] which was shown to be ¢rroneous in subsection 352
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Fially. Drolet erroncously uses a plot {from Lee’s paper (280 which itself
ongiated in Golden's paper [30], m an attempt to velidate his AAPG implementation of
the curved surface diffractnon loss tormulation for a right circular cone. While the plot
from Lee's paper [28] clearly vahdates the mutual coupling formulation in Golden's paper
130]. Golden explains that the Luge peaks and valleys in that plot e the result of
mterterence between the diect coupled and tip diffracted tields. Since, in this context,
AAPG considers only the contribution of the direct coupled tield. Drolet’s use of the plot
from Lee's paper 28] s inappropriate tOr comparison purposes.

Having evaluated speaitic implementations of the curved-surface diffraction Toss
e e this Chapter, a usa-dinedted echmeal assessment of AAPG Versions 07 and 0Y
m Chapter 7 will give a more genetal appreciation of the relative merits of these two

state-of-the art EMC analysis codes.




CHAPTER 7
USER-DIRECTED COMPARATIVE EVALUATION OF
AAPG VERSIONS 07 AND 09

7.1 INTRODUCTION

In Chapter 2, the discussion alluded 10 some ot the more comples modethmy
representations mplemented in AAPG VY us compared to AAPG VOT7, includng the use
of nose and aft tail cones. In Chapter 6, the surtace dittraction loss algonthims were
viahidated for AAPG VO7 and AAPG VOU. For the sake of completeness, this chapter
briefly examines the difference in EME margins for the tw o codes and the relamve mients
of each code m the context of a "real-world™ test case, namely the BNT CL ot
Chailenger aircratt. which is illustrated in bigure 7 10 "Thas Tatter airaraft Tends iselt o
a two-cone model tepresentation and has suthcrent complexaty for a meaninpful analy sis
to be made.  The configuation used is that proposed by Lockheed Canada [17] for the
Electronic Systems Trainer role m Canada.

7.2 SIDE-BY-SIDE COMPARISON OF SURFACE DIFFRACTION COUPEING
PATHS FOR AAPG V(7 ANID V(Y

7.2.1 Airframe Model Generation.,  The  initial task in this evaluaton 15w

generate a reasonsble approximation to the Challenger autrame  The approach e this
section is first to revisit the AAPG VO7 model used by Tockheed Canadi 17} and then
to duplicate that model as closely as possible within the comtramts of AAPG VOY - In
section 7.3 a more elaborate model 15 examined.

The fuselage of the Challenger lends itself well to bemg modeled 1 AAPG VT
The fuselage cross-section is cueular so that the model Can be made w be essentially an

exact representation of the main body of the arrframe. The Chadlenper nose section s
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tilted considerably below the centtoid and some engimeenng compromise s equited in
determining the forward cone model  Figure 7 2 shows the outhne ot the AAPG VOT
model superimposed over the outhine ot the actual Challenger antiame

The AAPG VY model of the Challenger follows ma strarght torward manner
from the AAPG V07 model. The AAPG V07 and AAPG VOY models are vinally
idenucal except that AAPG V9 also requires that a td cone section be speaitied An
EMC analyst's first inclination is to specify a very short tul cone section i the AAPG
VOY model so that the AAPG VOY model matches as closely as possible the AAPG VO7
model. Such a model allows a "hasehne” comparison o be made wath couphng paths
being essentiaily identical. but with difterent shading loss computations bemng used

However, unlihe AAPG VO7. AAPG VOU mposes the additiondl constramt that
the tuselage station of all of the antennas be positioned between the forward and att
bulkheads ot the aircratt mode! [22]0 In the case of the Challenger, this constraimt s an
issue due to the I-bund recerve antenna, which s sitaated on the att edee of the vertcal
stabilizer, and the Omega navigation system antenna, which s situated on the nigrht np ol
the aft stabilizer.  Both of these antennas are ocated aft of the att bulkhead ol the
fuselage.

Figure 7.3 illustrates the compromise approach m addressing the AAPG VOu
constraint for the Challenger aireraft. In order to allow all of the transniutters, receners
and antennas to be modelled within one mput data file i AAPG VOY. one solution s to
srtiticially extend the length of the tail cone. The nade-otf s that the AAPG VOY 1
must then exercise caution n this analysis when dealmg with any data pertanng 1o
coupling paths that traverse the artihaal tinl cone For the sake of the comparatis ¢

evaluation of AAPG VO7 and AAPG VOU i this secton, those paths are rpnored
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7 22 Surtace Diftraction Couphing Paths. The analyses performed by AAPG VU7

and by AAPG V09 on then respeaiive FST CL-600 Challenger input data files. which
model over A0 ransmitter and recenver responses and over 30 antenna systems. yvield over
AOO- Couphme paths  This section examines i representative composite cone/eyviinder
sutface diffraction coupling path and compares the results genercted by AAPG VOT,
which are dlustrated in Figures 7.4 and 7.5 with the 1esults generated by AAPG V09,
which are llustrated e Frgure 7.6,

The tuns of AAPG VO7 and of AAPG VOY on the models discussed in the
previous sections vield similar resulte m o many respects. From the casual mspection ot
the vraptucal display. the EMIE energy taverses a path which is similar in both instances.
The enerey s transmiutted from  the I-band transmut antenna (represented by the "l
svinboly lovated on the forward cone along a concal spial. transitions to a cyhindnical
sprral s it moves attcand arrives at the ESM antenna (represented by the "0 svmbol)
focated on the Jett side at the att extteme of the aireraft. An exanunation of the data
assoctted with the smooth tagectory. with the focus concentrated on the data for
harmonie number 1 at o trequency of 8.000 GHz, substantiates the sumilarity between the
two couplmg paths - The path fengths are virtually identical at 463 or 464 wavelengths.
Fhe "transnission loss” component, which is path length dependent. ot the EMI margin
s computed to be <753 dB i both cases  Fuithermore. the AAPG VOY computations of
the AZ and 'L angles taken by the coupling puath at the receive antenna are within 2
degrees of those computed by AAPG Y07, In the worse case. those angles at the transmit
antenna difter by only 10 degrees trom one version’s computation to the next. The
simtlanty mopath angles Tead to computed antenna gams that are also compurable. but the
discussion ot then relevance s deferred until section 7.4

The tandamental difterence between the results computed by AAPG V07 and
those computed by AAPG VO9 iy the surtuce shading loss factor. This loss term s

computed to be 6 dB lower in AAPG VO7 for this test case. This discrepancy can be
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Figure 7.4.  EMPP Display of sutface ditliaction couphing path computed by AAPG
V(7.
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Figure 7.5.  Orthogonal views of surface dittraction coupling path computed by AAPG
VO7.
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attnbuted to the omission of the second term m equation (3 I8, which descnbes the
surface shading loss tactorm the FMI margim calculation The second term accounts to
the higher losses on the cone surface due the cone™s vanation m radus of cunvatuee and
was not implemented m the version of the AAPG VO7 that was executed A sl cone
study, whose resalts were discussed in Chapter 0 and plotted i Bigwme 617, tuither
supports this reasoning by showng about the same 6 dB disacpancy a8 Gz between
the "AAPG VO7 Present L Formulatton” cuve and the "AAPG VOO T Formulation”

curve
7.3 EFFECTS OF AAPG VOU TAIL CONEF ON SURFACE DIFERACTION T OSSES

7.3 1 Model Retinement. The generatton of 4 maodel ot the ES T Challenger

aircratt with a realistic tail section 18 the relatively sople process of ety the model
created m section 7.201.

Once again, the top-view and side-view cross sectons of the TS Challenyer
anframe of Figure 7.1 we consdeied. The top-view  shows o il secton that s
symmetiical about the centie Iine of the airaate. For simphicity of model generation, a
cone of best-fit is supenimposed onto the top-view of the twl secuon Fhen, the same il
cone section is viewed trom the side to determine the extent of the disaepancy betw een
the model and the actual airframe Although a disarepancy s evident between the maodel
and actual airframe. the non-tilted cone model s saustactory for the purposes of thas
preliminary mvestigation. The result of this process s thustated o Fipare 77

The choice of a tnl cone section that follows the envelope of the top view cross
section instead of the envelope of the side-view cross-section gives a simaller til cone
model which has several implications  Ope smphcation s that the stabilizers e the
vicinity of the tail cone have to be adjusted. The botton edge of the vertical stabnhize
must be extended downwards to meet the surface of the tal cone The mner cdpe of the

small fins that represent the engine pylons and engime pods must be extended i ard-, 1o
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meet the surface ot the cone.

The choice of twl cone model has an mpact on the postnoning ot the antennas
The antennas that were located on the sartace of the att end of the cvimder i the
previous model are adjusted so that they e located at the same relative position on the
surface of the new tarl cone model. The T-band antenna discussed mosection 7 2 1 s not
considered in this model because 1t volates the AAPG VOU il cone posttioning
constiaint (also discussed mosection 7.2 D and because this study s concerned primarily
with surface diffraction couphing cases. The entire Ome ga navigation tansnticr/recein et
system can be ignoted because the AAPG VO7 and AAPG VOU analyses of sechon 7 22
determmed that no trequency comadence occuted with any other onboard aviones
systems. For tuture consideration, a potential work-around solution in cither case would
be to 1e-locate each antenna to a position just shightly forward ot the aft bulkhead and 1o
account for that position change in the path length and EMImargm computations

The choice ot a smaller tail cone model has an mmpact on the computatuon of the
EMI margin vilues. This chotee is more conservative as the coupling paths aie expedted
to be shorter over a smaller tail cone maodel. TCis important to recall from cather chaptens
that shorter coupling paths generally yield higher EMT murgins.

Clearly, the tail cone section could be retined further by having the cone tlted
upwiards.  However, to simplity the comparative analysis of sl couplime paths the
tail cone 1s not tlted. Tilted cone sections, both aft and forward, would be o first level
of model refinement

From the scale engmeenmg drawings, 1t 1s observed that the tapenmy of the tal
cone is not as severe in the side-view cross-section as it s m the top view cross section
One would then suspect that the cross-section the tail section s elliptical instead of
circular.  To get an assessment of the elfect of an elliptical cross section on the EMI
margins, @ completely new model of the fusclage would have to be created becanse

AAPG VOY requires that cross-sections of nose and tal cones have the sarne shape as tha



127
of the tuselage secuon  An even further retinement would be to have a tail section which
is both ulted and elliptical i cross-section.

AL of these more complex refmenients are mteresting eaxploratons that should be

considered for future study

7 32 Suttuce Dittraction Coupling Paths. The  repercussions of  the  model

refinement discussed inthe previous section are examined in the context of the various
aspects of the EMI margin computation. The representative composite cone/cylinder
sutface diffraction coupling path of section 7.2.2 15 revisited and the former results are
compared with those generated by AAPG VOY on the complex two cone model. which
s aHusgaied i Bipore 7 8

The tuns of AAPG VOY on the simple model of Figure 7.5 and of AAPG VOU on
the comples model of Figure 7.7 yaeld significantly ditferent results, as one might expect.
From the casual inspection of the graphical display shown in Figure 7.8, the EMI energy
traverses @ path which is considerably more complicated than in the preceding instances.
The energy is transmutted from the I-band transmit antenna located on the forward cone
along g conical spiral, ttansitions to o ¢ lindncal spiral as it moves aft along the top ot
the cvlimdircal section, transitions back to a conical spiral on the tail cone. and airives at
the ESM antenna located on the left side at the att extieme of the ancraft wil cone It
iy nmportant o note that the coupling path 1s shown to penetrate the vertical stabilizer
along the top of the tail cone. One would expect the true path to diffract oft the forward
cdge of the verncal stabilizer and hence have a lower EMI margin due to an additional
edge shading (ditfractiony foss. Unfortunately. AAPG VOY is not cunently capable of
constdenng diffraction trom wings or stabilizers that extend along the fuselage into
regrons where the tuselage s modelled by the cones [22].

Sutprismgh o an spite of the differences in the path trajectory. the path length of

404 wavelengths computed at a fiequency of 8 GHz for the complex model case is
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identical to the path length computed for the simple model. It follows that the path length
dependent transmiussion loss component of the EMI margin is computed to be -75.3 dB.
unchanged from the previous two cases. Further similarities are evident: the AAPG VOY
computations of the AZ and FL angles taken by the coupling path at the transmit antenna
on the complex maodel are within 2 degrees of those computed by AAPG VOY on the
simple model. Inothe worse case. those angles at the transmit antenna differ by only 13
degrees trom the AAPG VOY computation on the sumple model to computation on the
complex model  As eapected, the sinnlanity m path angles lead to computed antenna
gains that are also comparable.

The tundamental difterence between the previously computed results and the
results computed by AAPG VOY on the complex model is the surface shading loss tucton.
This Toss term s computed to be 8.7 dB lower on the sample path tor the AAPG VOY
comples model This discrepancy can be attributed to the shape of the model, not to any
iherent ditterences i the sutface shading foss algorithm.  The shape. size, and
posttioning ot the nose ang tail cones relative to the antenna locations on the complex
model are such that the rate of change of angular position of the coupling path is more
vradual on the comples model. and hence the surface shading loss is not as severe.

74 SIDE-BY-SIDE COMPARISON OF ANTENNA PATTERNS FOR AAPG V()7

AND VO

In section 2.3.4, the antenna gain pattern models were discussed in terms of the
hev hole approximation implemented in AAPG V07 and the Gaussian lobe approximation
implemented in AAPG VOY. The gain is computed based on the path angles taken by the
coupling path at cach attenna. In the case of the key-hole approximation of AAPG V07,
the gamn drops off sharply between the mambeam and the sidelobe/backlobe, which is
reasonable tor narrower beam antennas, By contrast in the case of the Gaussian lobe

approvimation of AAPG VOO, the gain diops off gradually and continuously between the
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mainbean and the sidelobe/backlobe. which is appropriate tor wider beam antennas

Regarding the antennas associated with the sinnple coupling paths studied m the
earlier sections. the AAPG VO7 gam patterns are dlustrated m Frgures 7 9 and 7,10 and
the respective AAPG VOY gain patterns are illustated i Frgures 7 11 and 7120 Since
the EMI energy is transmitted from the backlobe ot the -bhand antenna and s recened
mto the backlobe of the ESM antenna. the antenna gains computed i the thiee cases are
within 0.7 dB of each other. Therefore, for this particulin choice of coupling path. there
is little benefit in the added complexity of the AAPG VOU Gaussian lobe approsimation

In some cases, the AAPG VOY gain pattern model mas overestimite the actual
antenna gains which lead to computations of higher EME margins Inosuch istances,
interference may be predicted when compatibility actually exists The drawbiack of such
a situatton would be the time and cost iconvenience to the system tegetator of
implementing and testing additional, but unnecessary, design measures (o ensure system
EMC. On the other hund, the AAPG VO7 gain pattern model may underestimate the
actual antenna gams which lead to computations o ower FME margims Inosuch
instances. compatibility may be predicted when mteerence actually occars - The
consequences of a false prediction of EMC range from user annovance and the doss o
system performance to the loss of the aircraft and the Toss of e 2] Cleathy - AAPG
VY errs on the side of conservatism, but its computation of antenni pains mmay be more
appropriate in many cases.

A remark on the pecuharities of the AAPG VO7 and AAPG VOY antenna pattern
diagrams shown in Figures 7.9 through 7.12 is relevant at this pomt The wlormanon i
AAPG V07 antenna pattern plots of Figures 7.9 and 7.10 18 somewhat Tacking e clanty
For example, the dotted circle representng the O dB reference fevel differs only shiphtly
from the other scale circles. Also, the key hole pattern transition from the widelobe level
to the mainbeam level is not drawn. On the other hand, the mformation i AAPG VOY

antenna pattern plots of Figures 7.11 and 7.12 18 displayed clearly and conasely The
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reference level value is dearly mdicated as the centre of the AAPG V09 antenna pattern
plot and the gam pattern s drawn in its entirety.  In addition. a useful reminder of the

gam along the geodesic s provided at the bottom of the AAPG V09 antenna gam plot.
75  FINAL REMARKS

The work of this chapter allowed the addiessing of several mmportant 1ssues in
FMI analysis code development and application:  geometric considerations in model
development. repercussions in shading loss values based on consequent geodesic path
ditterences, and the tade-otts i model complexity.  These issues are summanized n
Table 7.1 This thesis could not explote these issues completely. but exposed these
aspects for further systenatic exploration,

A general rematk on the quality ot the AAPG output 1s in order.  Cunent
configuratons ot AAPG V07 produce PostScript file output that are professional in
appearance and easy to manipulate tor documentation purposes as evidenced by Figures
T-hand 75 The varous configurations of AAPG VOY however produce only hard-copy
owpuat. The manipulation of output for documentation purposes is more awkward with
the involved process of photocopying/photoreduction. and cutting and pasting. Moreover,
the AAPG VOU output varies considerably in quality. The dot matrix screen bitmap dump
shown an Frgure 7.6 18 poor in tesolution and is distorted due to the assymmetrical aspect
tatio ot the sareen. The Tekttonix hard-copy unit output shown in Figure 7.8 is more
professional i appearance, but caution had to be exercised in photocopying the plot to
cnsue that none of the numerical values were obscured.

I crucial to point out that, thiough the course of this study., several difficulties
were encountered with thiee particulin variants of AAPG VOY available at the EMC
Laboratory at Concordia University, whereas all of the variants ot AAPG V07 run
touble fice Al AAPG VY wvariants were provided by the  Electromagnetic

Compatbihty Analysis Center (ECAC)Y in Annapolis. Maryvland and were run on a
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FOAs6 based nncrocomputer The most recent versions AAPG VOYC2 was run on the
mpit data files for the models shown m Figares 7.3 and 7 7. and m both instances caused
the computer o “hang”™ Fhe next most recent version, AAPG VOYB, was run on the
saine mpur data tifes and generated reasonable numencal output. AAPG VOYB however
produces poar quality hard copy outpit so AAPG VOUA which has Tekuonin hard copy
output capabihty s was used  AAPG VOUA was rom e those mput data files. but only
viclded correct tesults tor the complex model.
It became obvious that many mherent problems of algorithm stabihty exist
AAPG VO9 and that more ventscation of this complex cade 15 necessary before general
refease to the AAPG VO7 user community The data sets and results produced for this

comnparativ e study provde o good starting pornt tor such a verihicanon.



CHAPIER S

CONCLUSLIONS
b SUMNMARY OF THESIS AND CONTRIBUTIONS

This thesis exammed the need tor a systematic methodoloey tor the analy sis ol
anrcratt EMC problems Tesarveyed rthe evolution and the cunent avalabiling of compute,
ards used i anaraft EMC analysis and estabhished the theorencal basis tor the comples
algorithms which denufy and quanuty electtomaenetuc mteractions Thas thesis then
presented a series of important new atgorithms and graphics ioutines tor the AAPG N0/
FMC analy sis code and provaded a comprehensiv e assessment ot assocnated code featares
and then pracucal relevance  This thewis explored  the enhanced feates and
undocumented hinntations of AAPG VOU_ wnest generation FNC analyses codes by means
of an example of an existing Canadian ity anaradt me o comparative analyses with
AAPG VO7. This matenial was presented ma tramework which was mtended to descnbe
the requiremient tor this work and to indicate the state of the aitof this iy pe of spearalized
technical analy<s.

Chapter 2 exumined the EMC analysis methodology and ity Challenpes The
concept of EME margin was muoduced as o gquanuiymg tactor e determnmy the
criicahiy of an EMBinteraction The EMC analyvses methodology Cthe TMEmagan and
modelhng considerations were then studied i the coniext ol ancraft antennag to antenn
coupling problems  The Ancratt Inter-Amenna Propayation wah Graphics (A AP
computer code was mtroduced as a sottware tool for analy 2me aircraft antenna W antenna
coupling problems

The theory assoctaied with the curved surtace dtracnon Toss factor waed 1 the

computation of the EME marsin was the focus of Chapter 8 The degivanon of a few
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clegam coressions assoctated with the caved-surface diffraction loss tactor was
exatnmed  One such hey expression for the Fock parameter. which plays a crucial role
i the computation of the curved-surface diffraction lToss factor. was studied i the context
of two verstons of the AAPG code,

Chapter 1 addressed the dehiaent weas of the cone geodesic computational
aleonthims i AAPG VOT7 - The new enhancements to the code. the test resultscand then
mnpact on reahistic aircratt FMC problems were outlined. The observed improvements
ensuare that the computation of the EMEmargin tor coupling paths on the cone surtace are
more accutate

Chapter S assessed the cotresponding graphics display algorithms tor the cone
secticc The essental prnaple of one-to-one correspondence between the computed
pathiy and e path which iy graphically displayed was emphasized and 1estored. The
cortesponding improvements were vahidated by the test results on realistic anrcratt ENIC
problems  The maprovements ensare that the displayed coupling path is o truer
representation ot the phvsical path

Chaprer 6 compared catrent developments e specitic software implementations
ol the cunved surtace diffraction loss tactor with measurement data fiom the technical
lnerature The study substantiated  the expanded  capabilities ot the curved-surtace
dittraction foss tactor for arbitranly conves cross-sections implemented in AAPG VOu,
Fhe expressions denved i Chapter 3 tor the cunved-surface dittraction Toss factor and
Fock patameter were maplemented e an mtenm upgraded version of AAPG VU7, so-
called "AAPG VOT (Revised)™ The e of AAPG VO7 (Revised) on test cases on a
nght covular cone compared tavourably with measurement data ar AAPG V0. The
chapter concluded by pomtig out that previously  proposed implementations ot the

cunved surtace dittraction Toss factor and Fock parameter were incorredt




13N

Chapter 7 rounded out the theosenal and algonithinee aspects of the presious
chapters with o uset-diected compatative esaluation ot AAPG VO™ and VOU The
ditterences m EMI margins and the selative ments ot cach code were exploied m the
context of the EST Challenger ancratt curtenthy anuse by the Canaduin Forces The
investigation revealed that although the modellmg capabihines of AAPG VO™ are pethaps
not as sophisticated as those of AAPG VOU, the binntations and deticenaes of AAPG
VO7 are well-known and well-documented  Many inhetent problems ot alyorithin stabil iy

were tound to exast i AAPG VOO which have not been previonshy documented
5.2 RECOMMENDATIONS FOR FUTURE WORK

The thesis has contiibuted signitrcantly to the mcrease e the rehabaloy and the
capabilities of AAPG VO7. 0 widely used EMC analysis tool “This contiibution shoutd
fead to the user community s increased contidence i that mstument - The thess has also
documented some ot the presiously unrepotted capabihties, inutattons, and deficencres
of AAPG VOU A g consequence of this thesise several avenues for tutare research and
code enhancement are now avarlable

The deticient areas of the cone geodesic compatational alporthins i AAPG VO 7
were addiessed in Chapter 4 The improvements o the code mcuded alporthm dunyes,
av well as code sttuctunmg o facilnate software mamtenance and upyrade A potential
AAPG VU7 upgrade m which sach features of the code could be advantaycous o the
optimization of the cone/tlat-bottom juncuon point cemputed by the modute 1THR

Chapter 6 reconarled the proposed AAPG VOT enhanced nnplementaton of the
curved-surface dittraction loss tactor and Fodk parameter with measurenient data Thee
expressions were unplemented only mean mtenm upgraded veraon of AAPG VOT - Thre
implementation must now bhe tormalized by means of npowon. formal te iy vt

numerous data sets an the EAC Laboratory at Concordia Uanves ary The oftware
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capmeetmyg of comples codes such s this requires that the AAPG VO7 user community
bo mformed of the code™s probleme areas and mprovements and that proper sotftwate
confipuration control be mamtwned via deficiency reports and change niotices.

The prehnunary user-directed comparative evaluation of AAPG V07 and V0Y in
Chapter 7 revealed many inherent problems of algorithm stability in AAPG V09, A more
methodical venficaton ot this comples code, documentation of 1ts deficient areas, and
codemprovements orstrategies for cucumy enting those deficiencies are necessaty betore
peneral telease to the AAPCG VO7 commumty. The data sets and results produced for this
thesis provide a rood startiny pomt for such a verficatton, which would complement very
well the ongomg ettorts at the Electromagnetic Compatibility - Analysis Center (ECAC)
tn Annapohis, Mary tand

Development work continues at the EMC Laboratory at Concordia University on
the Computer Arded EMC Test-Plannig System (CAETS). a computer analyvsis code
which models the tundamentale mtenmediate. and  mmage frequency  interactions of
tansnetters and receners The CAFTS analyvses provides tabular and graphical output o
the follosang tpes of hriequencey comeidence [4344] harmomie frequency coincidence.
pnage frequeney comadence. intermediate trequeney coincidence. and local oscillato
frequene v comadence. A pracucal mvestigation is recommended in which the feasibility
of data mreracion between AAPG and CAETS and of how such an imteraction could be
tnplemented would be assessed

Fhe FMC T aboratory at Concaondia U niversity has developed much expertise in
the use ot the Numenical Flecttomagnetes Code [45] and anallary sottwaie tools to
atahvze radton pattems and antenna-te-antenng coupling problens by means ot wire
cod models of srerattand then antennas. Due to the limitations on the number of wire
clements o partiic ular areratt modeld NEC iy restnicted o0 a0 practical frequency ruange

ot 1w 30 MHz On the other hand. AAPG 1S mited to anals ses aboy ¢ approximutely
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150 MHz due o the high trequency appronimation wsed n the conved-suttace ditthiaction
lows factor expression [6] - The enhancement of AAPG by means of a by bud ot method
of moments and UTD technigques as suggested by Davadson and Thiele [-10]. the Tinkage
with other modelling methods as suggested by Hubig [47]0and perhaps the explontation
of GENMACY a8 desaibed by Strkiewiez JTO] would Grrcuny ent AAPG S How Breguenay
linutation
Regudiess, AAPG V07 a5 the ancratt antenna-to antenng FNC analy sis code
currently m ouse and it will continue to be used m Canada by DND and s contractuon,
and 1 NATO counties for the immediate tuture. Contmned ettoris toomamtam amd
upgrade AAPG VO7and ancratt EMC analysis tools e generals wall swiely bewell

recened by that community
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APPENDIX A

LISTING OF FUNCTION <FOCKYV>

|EA DU KT BRSSP LA ) VERSICH 1, REVIZION 0, 22 May 1991
MCCHAEDL Bl
S R AT SL Y A LA STH U LR WUTED, VGL, L, PPOAP-36 TC AP-29,

B Lresall, NEL7ON A, "GENERAL RRESEARCH IN DIFFRACTIOCH
THEORY VLLUME 1", REPCRT LMID 28&#0&7, DECEMBEF
1949,

¢ LER, oW , AL SAFAVI-NAINI, &., "APPROXIMATL
ACYMPTOUTI “CLUTION OF SURFATE FIELD DUE TC A
MAGHNETIT DIPOLE," IEEE TKANS., TN ANT & PROP
Vol AP 26, NO. 4, JUuLY 1978;

. ABRAMZWITZ, M., AND STEGUN, I A , ED , HANDBCOK OF
MATHEMATICAL FUNCTIONS, DOVER PUBLICATIOND, INC.,
NEW YOkR, 197.

IMPLEMENTATTON NOTES
RESTDUE SERIES REPRECENTATION

|

y

THE EXPRESSION FOR V(XI) IN REF A PP. AP-35 TL AP-36 WAS
IMPLEMENTED

THF VALUES FOR THE MAGNITUDE COF TAU_N PRIMED WEKE

TAKEN FROM THF BEI'PA(S) COLUMN OF TABLE 4 OF KREF. B

AN ATTEMPT T° IMPLEMENT THE EXPRESSION IN REF ©® P #-12
WA UNSUCCESSEFUL BECAUSE THE (1/BETA(S)) TERM IS5 MISSINS
THE -P1/3 PHALNE SHIFT.

THE REPFESENTATION USES 20 TERMS IN ITS SERIES EXPRESSICZN.
THE REPRESENTATION 15 EMPLOYED WHEN XI > OR = 0 6.

CSMALL ARGUMI'NT (SERIES REPRESENTATION.

N,
oA

\TF

A

THE FXPRLS. ION FOR V(XI) IN REF B P. 9-2 WAS IMPLEMENTED
EXTEPT THF EXPONENTIAL TERMS USED HERE HAVE THEIR SIGNS
INVFRTED THE RESULT 1S THAT THE IMPLEMENTED GENERAL
EXPRESSTON CORRESPONDS TO THE SIMPLIFIED TERMS SHOWN IN
RI't" ' A AND C

THe CURIFY USRS ONLY 10 TERMS, ALTHCUGH 20 COEFFICIENTS
AR AVATLARLY

THE REPRIVIENTATICN I¥ EMPLIYED WHEN XI « O 4.

RIFICATION

THE  IMPUFMENTED FXPRESSICNS WERE VERIFIED 70 BE CCFREIT
PN MASNITUDLY AND PHASE BY CHECKING AdAl

Wi’ A bPoAp 37
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FUNCTION FOCKV( XI )

FUNCTION TO CALCULATE THE GENERALD LT BAY D FOCE PN

INPUT PARAMFTER
Xi. FCCK PARAMFTIL

oUrpUT PARAMETFER
FCOCKV: HARD FOCK FUNCTION

CCMMON BLOCKS AND VARIABLLIL DPLHCTIPICATION

DCUBLE COMPLEX FOCKV, SUM, TPH, J, TAUPK
DLUBLE PRECISION X1, TMS(20), B{(rs0), PL, KTPI1, CAMMA

CCEFFICIENTD OF RECIDUE SEKILS REPPLUENTATION oF V(0
(BETA (&) COLUMN COF TABLE 4 OF REF. B)

DATA TMG / 1.01879297164747, 3
& 4.82009921117874, 6
& 7.37217725504777, 8.
& 9.53544905243355, 10
& 11 4750566334890 , 12

& 13 2622189616652 , 14
& 14 9359371967205, 15
& 16 20503825433 , 17
& 18 0223446225044 , 1+
& 19 4832016555672, o

CCEFFICIENTS OF GEMALI, ARGUMEN!

L3BATHRYTTI R

I3

24819708.0179849,
163:407354563594,
4884867340149 ),
He leb031969h /4

'

‘

1115019704610
T3IK201237736G600
SHAGIL05001 604
TEATT 9wy L1660
pe e L0 G

'

Ok IR FEPREROCRINCAT D T O]

(B(N) CCLUMN OF TABLE 7 CF FFF B)

DATA B / -1.0 . ,
-0.2187% U szl ,
-0 714355465 1 GT712RN 0
-7 5572:u71 , 33 22008w0
-172.34247 0 1022 =OL4010

‘

- 6847 .74 , L1034

-3 650733077,

[

T PR RRRR R

oy ,

-4.1901:0070,, 5 750008,
82307400,
-4 291192L+07%, L 1394:40,.10,
-6 5417:4%0,- 11, ¢+ A182BLL. T/

PI1 AND EQRT( PI ) 17 2% 7IONIRICLLT Lootlt e o

DATA PI / 3.14159x~0%:5%2%)3 /, W1
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NOVANDY
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o POl XL o« O F, JCE CMALL APCUMENT SERIEESZ REPRESENTATION OF V(XI)
COCPHERWIOY., UCE THE REDIDTVVE FERIED REPREZENTATION OF V(XI)
UM (00, 0 0
. (0.0, 1 0
‘ e OMALL ARGUMENT CEFITLL FEPRECENTATION **+
TR 71 LT 0 o« ) THENL
D100 N6, 9
SUM SUM
be ( CDEXP( J * P1 / 4.0 ) * DSQRT( XI**3 ) )
b ** M * B(N+1) / GAMMA( 3*N + 1, 2 )
106 CONTINUE
FOCEY SUM * RTPI
(-
o s RESIDUE SERIES REPRESENTATICON **»

ThH DOMPLY( 1.0, -LSCRT(2.0) ) /7 2.0
s 00 N-L, 20
TAUPE = TPH * TMC{IN)
S UM = SuUM o+ CDEXP( -J * TAUPR * XI ) / TAUCR
L0 coproe
SO A SUM * RTPI * DOORT{ X1 )} * CDEXP( -J * PI / 4.0 )
FHDTE

KEFTURN
FND



APPENDIN B

LISTING OF FUNCTION <G AMMA>
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APPENDIN

GEOMETIRY OF A RIGH! CIRCUL AR CONDP

1] RADIUS OF CURVATURE DERIVATION

Consider the surtace of anightencular cone of halt cone angle 8 shownoin i

A6 and reproduced betow e brgure €

0
A - X
U
\ Vd ”/,x . Y
. :‘1 ;
a4 L Q
| ‘
! JE— 7
ST =
/ g
&
7 <

/

Figure C. L Geodesic path Tona night aicular cone 24

The surface of the cone w Frgure C 1o the Tocuas of pomts taced ot by the npoof

vector 1 odefined by

r={(zvanb, cosd &, + ‘z anb sind, &« a4

N

’

or more compacth

"ﬂ
"
N

'z "an®. mos¢, zrarB. card, o, (C.1



IR}

/70 N .
where () are unitvectors mthe direcion of increasing Cartesian coordinates (x.y.7),
(p.G.zp are the cyhindncal coordimates, and (r,6.0) are the spherical coordinates.

The cone’s surtace 1 (C 1yas g representation m teims of curvilinear coordimnates

Cus o which (ua gy weadenutied with (0.7, of the torm

rlu, vy = (x(u,v),ylu,v),zu,v)) . (C.2)

The representatnon e (C 2y greatly taaltates the denvation of the cone’s radius of
curvature whnch can be expressed in terms of the tust and second order partial dervatives
of Cwthetespect to dand 70 These dernvatives are
- (ax oy 6_2)
¢ 1o’ A’ o
(-zran®,sinég, zranb,cos¢, 0), (C.3)
. (ax Ay 83)
' dz ' 8z’ dz
= (ranf,cos¢, tan®,sin¢, 1), (C.h

S (8")(' ov a«_z)
ap: AT A’

(-zranf, cos¢, -ztanb,sing, 0), (C.5)

1

ds 0 or
= (G, 0, 0), (C.6)
- :[ ox d'v d'z )
e dpd=' opdz’ opoz
= (~tanf sind, ranb,cosd, 0, (C.7)

Jand



t+

L o x ad v d'z
d:0¢ ' dzdd * dzdd
(-tanf.sind, tand,cosd, 0

Ty

C.8)

The parameters mothe fust tundamental torm in dittereatal veometiy ate tound

o be | 24.40]

and

D

The purameters i the

detimed as [24.40]

and

I¢ .10

N

‘ran 0, sin“d ¢+ z¢ tan'f, cos g

N
[
fu
3
<@
je)

-ztan“0,sind cosd + stan O cond sand

0,

b,

tan’d, cos'd + tan’O sit ¢ - 1

sec’'B0,.

L,, (T4 71,

P4

Jio T

(€.

(C. 1)

(C.1h

second tundarmental torm mo ditterential ecometiy e

(.12

(€1

(€ .14



The terms yiG - F2oand (I, » I,)are common to (CA25. 0C 13, and (C.1dh and. in

the Case of a cone we found to

he

JEG T F - v’?’_t,an"ﬁo sec- 0,

= ztranf, secf,

(C.15)
andd
| a, a, a,
(fy # 1) -ztanB,sird  ztanb,coséd 0
tarB, cos¢ tan®, sir 1
= (ztanBycosd, zranB;sind, -z:tan<f;) . (C.16)

The numerators of eo o and ¢

the numeratonr of the appropriate

num(e) - f'“,

_—

nemit) - Ly

dand

nun(g) = r,.

Substituting (C 1) and (O 17)-((

tundamental torm wm ditterental

.
cran

(CU12)-0C 1) are denved below. where numes)y denotes

parameter, das

’(f¢ X 1)

tan’f, cos?d - z ran‘B.s11.7¢
‘0, (C.17)

'(.r'¢ x fz)

“ran‘@; sindcosd - z- tan’B, sind cosd

(C.18)

(AN

19 mto (C2)-(C e the parameters i the second

veometty tor the cone wie tound to be



e = -zsinf,, (.20

f =0, (.21
and

g - 0. ((.21)

Euler’s Theorem i ditferential geometny expresses the canvature tor a surface m

terms of the parameters trom the st and second tundamental torms as

e . i .
K=7,51n‘a +—gco::a, (C.2N

where o s the angle @ tagectory on the switace midhes with o 0 constant hine ol
cunvature, As s shown i Chapter 3 and v Frgure CF tonr the case ol the cone s the
angle the geodesic makes with @ d=constant ine of cunvature, 1e a stioght e that
extends trom the apex along the suthiace of the cone Substituting «C 9y (C 1y (0 200,

and (€ 22) into (C.23), the curvature of a path on the sutface of acone s then
K -~ — L uin’a

= sin‘a (€.24)

The vadias of curvatuie tor a cone geodesic poas simply the reapiocal of the curvatin
in (C.24) and. tor the purposes of the calculations i Chapter 3 s a0 poative guantity

given by

tw
n

p. ~ L - - . (.
o x] '



Since s the distance from the cone apex along the cone surfuce. then

z = rcosB, (C.26)

and the radius of curvature tor a cone geodesic becomes

tan®
p, = 0 (€.27)

sin‘a

€2 DHPLRENTIAL ARC LENGTH DERIVATION

The tust fundamental torm, which was alluded 1o i the previous section,
represents the square of the ditferential e length ds™ along @ curve on a surface and s

evpressed motermis of the curvilinear coordinates (uwv) as
T = (ds’)- = FE(dw’ + 2 Fdudv + G (dv)? . (C.28)

Using (0 0)-0C 110 the square of the ditterential are length along o curve on the cone

surface o terms of the cone curvilinear coordinates (¢.7) 18

(ds’)* = z ran’8, (dd) - - sec@,(dz)" . (.29

Consider the cone of Frguie C Tdeveloped into o plane surface as shown in Figure

V7 and now reproduced m o Frgure C.20 From the geomeuy in Figure C.20 the angle o 18
a=Q + (¢ - ¢,)sin6, . (C.30)

Also trom the geometty e Frguie C.20 the distance 1 and the angle o are related to the

distance 1pand the angle L) be means of

rsina = r; sinQ,. (C.31

The ditterentals do and dz can now be tound in terms of do using (C.26), (C 30). and

3D as
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oRmsin

Figure C.2. Geodesie path Toon acnight encalar cone developed ito a planar pre shee
|28

dp - 38 (C.32)
sin@,

and

dz - dr cosf,

( -r;sinfQ. cosa da

—— tcos8, . :
sin‘a J ¢ (C.33)

Substituting (C31)-0C 33) into (C 29, the ditterential e length ds™ s taund as o tunction

of difterental ungle do 1o be

’ r s17Q rona day
(ds)” = (r‘cos?0,) tar’0, de |, [ .
“\ 51n0, Gl

r.sinQ \
_ = (1 + cot’a) {da)” ,
sina
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o da ((.34)

It should be noted that the absolute value signs wre omitted in (C.34) because the value

of L2, 18 always between 0 and 7 radians so that the sine of angle €, 15 always positive





