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ABSTRACT

Evaluation of a Class of Creeping
Wave Formulations with Applications
to Practical Modeling of Aircraft

Antenna EMI Coupling Problems

Debobroto Chatterjee

Computation of coupling gain between antennas near a evhnder via the UT'D seat-
tering and couphng formulations have been performed for both on and off surface cases
The NECBSC2 code has been employed to replicate some of the previously published
data of Harris by keeping the sources at h= 0.0375 m for a cylinder of radius 24" Addi-
tional comparisons between NECBSC2, AAPG codes, UTD coupling formulation, and
available measured data, have shown that the previous conclusions of Harris - regarding
the inadequacies of the AAPG code are incorrect. For on-surface locations, the present
AAPG code predicts higher coupling levels when the Fock parameter £ > 15.0. The
present AAPG code has also been shown to predict more coupling whenever antennas
are off the surface - compared to the NECBSC2 code. The NECBSC?2 code, or the
UTD scattering formulation, is inaccurate near the cylinder vicinity, and, hence cannot
model on-surface coupling. The overlap height between the two UTD formulations has
been determined in an empirical fashion for ka= 10 and 102 Similar empirical relations
for other values of ka has also been found as a function of kh for Zosrset = 0". These
relations can be used as a ‘rule-of-thumb’ criterion in deternuning which formulation to

use at a given height for practical modeling applications.
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Chapter 1

Introduction

Computation of coupling gain between sonrces on a cylinder serve as a good model in
obtaining numerical estimates for fuselage-mounted antennas used in sophisticated
avionic systems. This knowledge provides one with an understanding of the M
(ElectroMagnetic Interference) level between such antennas and their associated 1.0
systems. The situation can be seen in Fig. 1.1. In that figure, the antennas S and
R are located on the wing and are shadowed by the fuselage. In the same fignre,
the two positions §* and R’, refer to those locations when the same antennas are
mounted on the fuselage. In still another situation, (not shown in Fig. 1.1). one
antenna is located on the fuselage, while, the other is mounted on the wing. In all
the three categories, coupling between the antennas is determined by the location of
the antennas with respect to the fuselage. The fuselage shape and structure plays
a major role in determining coupling, as, the antennas are completely blocked by

the fuselage. Moreover, the aircraft fuselage is made out of such material, that, it



is impenetrable to electromagnetic waves.

The above physical situation suggests that a possible mode of ccupling between
antennas at S,S and R,R’ is due to electromagnetic field that can ‘go around® or
‘creep around’ the fuselage. This possible mode of coupling is known as ‘creeping
wave’ coupling and the magnitude depends strongly on the fusclage shape. The
possible coupling paths are shown in Figs. 1.1 and 1.2. Fig. 1.2 is a cross-sectional
view of the general problem shown in Fig. 1.1.

It is important for the designer of complex systems to have a quantitative idea
of the EMI level before the actual design is implemented. Thus. it is necessary to
have stored as much information about the several coupling paths that can occur
between a pair of antenna locations in presence of a complex hody like an aircraft.
In the state-of-art EMI prediction techniques, computer aided analysis is extensively
performed to obtain quantitative estimates in such situations. The comiputer codes,
or, equivalently ENMC analysis programs, are thus helpful tools for the designer in
careful EMC planuing of sophisticated avionic and other systems.

To obtain maximum accurate information about each possible coupling paths,
the EMC analysis tools (computer programs) contain advanced theoretical formu-
lations relevant to the calculation of the electromagnetic field in question. From a
theoretical viewpoint, these are known as solution to boundary-value problems. At
very high frequencies, and. for geometrically large structures the sol. vions to such
problems can be cast into approximate forms. The approximate forms, that are

valid under the above physical conditions, are sufficiently accurate in the prediction



of electromagnetic fields. On cargo aircrafts like C-141 or C-5A, the navigation
equipmer..(s) operate around 1 GHz. For EMC analysis of such cases, these ap-
proximate forms are sufficiently accurate. At still higher frequencies the accuracy
is expected to increase. In general, then, the EM(C analysis codes used in predict-
ing EMI for military and other aircrafts. contain approximate formulations for the
creeping wave field. (Some practical EMC analysis programs that analyse ENT on
aircrafts are described in the next section.)

Fig. 1.2 shows the effect of the fuselage more clearly. The two situations in Fig,.
1.2 are: (i) S and R off. and, (i) S" and R on the evlinder. In both these cases the
coupling is in the form of a creeping wave. Since the two situations refer to different
physical locations. one can expect that a formulation which is specifically formulated
to treat off-surface cases, will be invalid for the on-surface case. To be precise, the
numerical comparison of the two creeping wave formulations in modeling off and on
surface cases is the topic of investigation 1eported herein,

In the next section, some of the important work reflecting the state-of-art tech-

nical work on creeping wave theory and its applications is briefly reviewed here.

1.1 A survey of the relevant literature

High frequency formulation for creeping waves was first developed by Levy and
Keller in [9] which is partly heuristic in nature. The authors made some simplifying
assumptions which allowed them to extend the principles of opties at 1elatively low

(radar) frequencies. The major criterion is that the object or scatterer dimensions



Fig. 1.1. Different coupling paths between antennas on an aircraft. The aircraft
is modeled by a circular cylinder (fuselage), circular cone (nose-cone), and, thin
plates (wings and vertical stabilizers). The surfaces are assumed to be perfectly
conducting. The dotted and solid lines refer to on and off surface locations as
shown in the figure.



Fig. 1.2. Description of the canonical model. Here both paths from the source(s) 5
or S’ reaching the receiver(s) at R and R’ are shown. UTD scattering { p.g fovmula-
tions) apply to locations S and R, and. UTD coupling (. V Tormulations) apply to
§ and R’ In the above figure Qg, Q4 are attachment and launch points respectively
for the second path. In both the UTD formulations. two creeping wave paths are
used to compute the total field at R’ or R.

o



are very large compared to the wavelength, and, thus one can assume that scattering
is a local phenomenon. That means ou- ~an treat a curved surface, in Levy and
Keller’s theory, to have properties similar to a circular cylinder at a local point on
the generally curved surface. Therefore a curved surface propagation/ scattering
problem can adequately be understood by considering the similar problem for a
sphere and circular cylinder. This implies that one can analyse the actual problem
by considering a simple canonical model.

Levy and Keller extended the laws of geometrical optics to account for fields
at regions where a direct source ray cannot reach. The situation has alrcady been
shown with reference to Fig. 1.2, It was assumed by Levy and Keller that the
Fermat's principle of least path (time) will be obeyed by such class of rays. and,
consequently these paths of propagation were geodesics on smooth. convex surfaces.
The field along the rays was postulated proportional to a coefficient - which was
known as the curved surface diffraction coefficient. As the ray travelled along the
geodesic, there was attenuation along the path, and. this attenuation caused the field
to decay exponentially. Levy and Keller derived the coefficients for the ray fields
by what is known as asymptotic approximation to the exaci solution of the relevant
boundary value problem. The mathematical details can be found in [9]. This class
of curved surface rays that account for diffraction over the smoaoth convex surface
were known as creeping rays. The theory is generally known as the Geometrical
Theory of Diffraction (GTD). GTD has found wide application to various problems,

and, it has been found that for problems that have no exact solution, or, for which



measured data is not readily available, approximate answers to the problem can be
found by employing the GTD.

The above formulation of Levy and Keller considers sources off of the curved
surface, €.g., S and R in Figs. 1.1,1.2. For antenna locations at §" and R’ in
the figures, the application of the GTD fails, because the fields become iufinite
there.  An alternative formulation was developed by Hasserjian and Ishimaru [4]
who considered sources on a cylinder. The authors of [] statted with the exact
solution of the radiated fields from magnetic curtent elements. The proceedure in
obtaining the radiated fields have been developed in detail by Harrington [20, ch.
5. pp. 245-250]. Hasserjian and Ishimaru obatined asymptotic forms of the exact
solution and found the surface electric current or equivalently the magnetie field.
In [1] the solution was confined to treat large circular evlinders. Later. their work
was extended to variable curvatuie periodic surfaces, by Shapica, Felsen and Hessel
[18]. However. the mathematical forms in [18] were restricted to tieat slowly varving,
curvarures, and. some kind of periodic behavior was assumed in theiis’s o [I8].
solution. Therefore the form was not general enough for applying to large airerafts,

In the early 1980°s Pathak and Wang of the Ohio State University and S.W . Lee
at the University of lHinois. independently developed asymptotic solutions to the
original problem of Hasserjian and Ishimaru. Both the groups extended the theory
developed by Hasserjian and Ishimaru to include generally smooth convex surfaces
which have continuous second derivatives. This means that the geodesies on such

surfaces will obey second order differential equations which will have all continnous
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solutions. The work of Pathak and Wang and Lee have been described in detail in
[3] and [17] respectively. The formulation of Pathak and Wang has a more general
relevance, because, the result is expressed in the GTD format. This formulation
is well-known as Uniform Theory of Diffraction (UTD) formulation of the coupling

problem. Both the results of Pathak and Wang and Lee are in excellent agreement

with one another in the deep shadow regions for circular cylinder. In the paraxial
zones, Pathak and Wang formulation fails, while, Lee’s formulation remains valid
there. Lee has not generalized his formulation to treat surfaces other than cyvlinders
and cones. Pathak and Wang have heuristically modified their solution and were able
to generalize to arbitrary smooth convex surfaces. Another distinetion in the two
solutions is that Lee’s work does not consider radial monopoles on a cylinder. Thus,
from all practical considerations, it appears that Pathak and Wang's formulation has
a more broad applicability. Both the formulations 3] and [17]. when specialized to
the lowest order (dominant) term, yield identical form for a surface maguetic dipole
(current element) on a circular eylinder, as. was obtained earlier by Hasserjian and
Ishimaru [4]). In summary, the UTD coupling result applies to cases when antennas
are at S and R as in Fig. 1.2.

The GTD theory of Levy and Keller [9] fails when the observer moves near the
shadow boundary (SB) - around the cylinder in the azimuth angle ©. These regions
in physical space were known as transition regions, and. it was apparent that Levy
and Keller’s work had to be extended for more broader applications. This work

was accomplished by Pathak [8] - who began by examining the exact scattering



solution for planc waves by a circular cylinder. Pathak, Burnside and Marhefka [7]
later extended the theory to treat scattered fields by actual sources in presence of
smooth, convex bodies with perfect conductivity, The feature of their solation was
to introduce the Fresnél integi=! that uniformizes the Levy-Keller solution across
the transition region. This maintains the continuity of the solution, and, on both
sides of the shadow boundary. The formulation reduces automatically to Levy and
Keller's original solution [9] in the shadow region. This formulation is an extension
of Levy and Keller's work. and. is known as UTD formulation of curved surface
scattering. Computer programs have been developed based on the formulation of
Pathak ef aL[7]. and. has been incorporated into a user-otiented code known as NFC-
Basic Scattering Code. version 2 (NECBSC2) 5], In the NECBSC'2 code. a host of
UTD scattering formulations are found. and have been suceessfully been applied i
predicting radiation patterns of antennas in presence of complex structures.

In the famous two-volume technical report of Logan [ vols. 1 and 2}, one
can find a host of formulas with applicatious to curved sutface scattering.  How-
ever, in most cases one docs not find theoretical details of the derivations of these
approximate (high-frequency) forms of the formmlas, and. hence it is difficult to un-
derstand the limitations of these results. Logan has shown that the two categories
of problems. /.c.. the on and off surface cases shown in Fig. 1.2. are truly different
approximations to the same problem. It must be possible in practice to measure the
field as one moves in height from the curved surface of the eylinder. This suggests

that there should exist a single formula that can predict the field anywhere near
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the cylinder. Logan has classified the off surface (UTD scattering) as the optics
problem, wlile, the on surface (UTD coupling) is defined as the radio problem. The
optics case is an approximation for large heights, and, the radio case is valid for
antennas that are extremely close to the cylinder surface. The two creeping wave
formulations are therefore applicable to different physical situations, and, one is not
a substitute for the other.

The work of Logan is actually an in-depth exposition of the original work of
V.A.Fock and his co-workers. Fock’s work can be found in his book [12]. All the
work on curved surface diffraction theory is in some way connected to the werk
of Fock. Fock expressed scattering of plane waves by a cvlinder {12, ch. 7, pp.
135 - 146] in terms of two universal integrals that are known as Fock integrals. The
method of Fock is to convert the exraet solution to the scattering problem to a contour
integral by Watson transformation. (The Watson transform has heen described by
Fock and is omitted here.) Next, he (Fock) uses asymptotic approximations. The
asymptotic approximations are possible as the quantity.i.e¢, wavenumber xdimension
is extremely large for all practical cases. Fock then obtains suitable reductions to
the universal integrals in different geomtrical regions. The reader is referred to {12]
for details.

The application of Hasserjian-Ishimaru [1]. or, Pathak and Wang [3] formulation
in predicting EMI coupling between fuselage-mounted antennas has been described
in detail by Kubina [11] and Widmer [6]. The formula has been implemented in the

widely used Aircraft inter-Antenna Propagation with Graphics (AAPG) code [6).
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(Version 7 of the AAPG code and the IEMCAP code used in the LS. ALF contain
identical creeping wave loss formulas. This aspect has been verified in an earlier
report [22].) A recent version of the AAPG code, that models coupling on general
cylinders, has been developed by Klocko ¢f al. [19]. Some recent investigations with
the AAPG version 7 and the NECBSCZ code are described below. These recent
investigations form a basis of the work reported here in the later chapters.

Validation of the AAPG code was done by Davidson and Thicle {16] for a C-1.11
military cargo aircraft, where the operating frequency was 1 Gllz. Davidson and
Thiele found that for fi1 ‘te-length radial monopoles. —} to 133 long. the Pathak and
Wang formulation ane the AAPG code were in excellent agreement.

To extend the use of the AAPG code in the SHE/ EHIE band. Genello and
Pesta [13] evaluated the results from the code against measured data on a KC-135
aircraft. They found that AAPG code results did not agree with the measured data
as the frequency was increased. The results also indicated that AAPG predicts [N
compatibility when incompatibility could be present. RADC then commissioned
the Harris Corporation to evaluate the existing creeping wave formulations in the
different codes - in search of a state-of-art technique that can be implemented in
the existing AAPG code.

Following the recommen-ations of Genello and Pesta, T Durham at the Harris
Corporation performed an extensive set of code comparisons on eylinders with vary-

ing cross-sections. Durham had also provided a set of measured data on cylinders for

evaluation of the code [10]. The results of both Genello and Pesta [13] and Dutham
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[10] showed that AAPG code predicted less coupling in the deep shadow regions
with increase in frequency. Thus, this implied that the AAPG code could falsely
predict EMI compatibility, when, there could be incompatibility between the anten-
nas. The results of T.E.Durham will be referred to as ‘Harris results’ throughout
the remainder of this thesis.

In the recent past, Hussar and Albus [21] had examined the UTD scattering
formulation of Pathak ef al. [7). They have found, contrary to our present belief,
that the UTD scattering formulation. does not reduce properly to the Levy-Keller’s
creeping wave expressions in the deep shadow for electrically large cylinders. Similar
conclusions has independently been reached by examining the results in Chapter 6
of this thesis.

Following Genello and Pesta and Harris conclusions, serious investigations were
underway at the ENC Lab in order to assess the accuracy in EMI coupling prediction
at high frequencies from the AAPG code. That work has been described in detail
in the previous technical reports [22] and [23]. In the next scction an overview of

the contents in different chapters is described.

1.2 A sketch of contents in this thesis

A description of the AAPG code is presented in Section 2.1 in Chapter 2. In Sec. 2.2
the description of the NECBSC?2 code is provided. These descriptions are basically
intended to present the reader with an overview of the input/ output modeling

characteristics of the two codes. Section 2.3 reviews the results of Genello and
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Pesta - which was the start of this investigation. In Section 2.4 the work of Harris
ic presented. The survey of the results in Sections 2.3 and 2.1 fori the basis of the
work reported in the later chapters.

Chapter 3 contains numerical results for isotropic coupling gain when antennas
are on the cylinder. Section 3.1 presents, briefly, the Pathak and Wang formulation.
In Sec. 3.2, the formula used to obtain numerical results for isotropic coupling is de-
rived. Finally, in Sec. 3.3 the numerical results from Pathak and Wang formulation,
and, the AAPG code data from Harris report, are shown.

In Chapter 4, Sec. 1.1 presents briefly the UTD scattering formulation for creep-
ing waves. In Sec. 1.2, the method by which Harris NECBSC2 results were obtained,
is discussed along with some selected results from an earlier report [22]. In See. 1.3,
the off-surface data from the NECBSC2 code are compared with the Pathak and
Wang, AAPG code and the experimental data. These results have bheen presented
here selectively from [23]. Section 4.4 presents a critical 1eview of Harris model
comparisons.

Chapter 5 discusses the limitations of the present AAPG code. This deficiencey is
also present in the version 9 of the code. though. as shown in this chapter. the results
were obtained by examining the circular evlinder case only. Section 5.1 outlines the
method by which AAPG code computes coupling gain hetween antennas on a smooth
circular cylinder taking into account the creeping wave attenuation effects. In Sec.
5.2, the validity of the attenuation function L is shown for on surface cases. Sec.

5.3 examines the AAPG computation for off surface cases. It is shown that for the
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off surface cases, AAPG code results are incorrect because it employs an incorrect
mathematical formulation for the relevant physical problem. Finally, in Section 5.4
a review of the results in Secs. 5.2 and 5.3 is provided and their implications on the
results in Chapters 3 and 4 are also discussed.

Chapter 6 investigates the problem of nonuniformity in the two formulations
in the two codes in detail. It is shown that there exists a gritical height. given
the geometry and the frequency, below which the NECBSC2 code is expected to
give inaccurate results. In Section 6.1, the numerical results showing the possibility
of overlap between NECBS(C2 code and UTD coupling results are shown. This is
followed by the validation of NECBSC?2 creeping wave formulations. In Sec. 6.2.
the problem of overlap is studied in details for ka = 10 and 102. Empirically
derived relationships for these two cases are obtained that are useful in applying
the NEC'BSC2 code. Empirical relations in kh vs. ka have also been obtained for
Loffsct = 0". These relations are basically *rulc-of-thumb’ estimates and allow the
designer to have an approximate guantitative estimate regarding the application of
the NECBSC2 code in modeling coupling for arbitrary geometrical locations. Sec-
tion 6.3 discusses the results obtained in Secs. 6.1.6.2 and points out the limitations.
This investigation follows the results obtained in Chapters 3.1 and 5.

Chapter T presents an overall conclusion of the work in this thesis.

Appendices A.1,2 present two alternate forms for the hard Fock integral. The
mathematical development presented here aids one in understanding the exclusive

nature of the UTD scattering and coupling formulas. There are some remarks
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regarding the material presented in Appendices A.1 and A.3. The formn of the hard
Fock integral verifies the result of Pathak and Wang [3, Equ. (49)]. The result in
Appendix A.2 is used to establish that NECBSC2 results are indeed invalid close
to the cylinder. The results in these two appendices are useful in understanding
the mutual exclusivity of the UTD coupling and scattering formulations. (It must
be noted that both have been obtained from the same ez, generalized hard Fock
integral.) It must be mentioned that the final form, w.c., (A3.13) in Appendix A2, s
similar to the one obtained by Pathak in [8]. However Pathak’s approach is entirely
different from the one followed here. Appendix A3 presents some typical outputs

from the AAPG code when antennas ave off the evlinder surface,



Chapter 2

A class of EMI coupling models:

present methods and problems

In this chapter, an overall description of the two computer codes that model antenna-
to-antenna coupling in presence of cvlinders, is presented. The details of the relevant
fornulations in question is left to the other chapters. The main input/ output issnes
of the two codes are described here. The discrepancies in model predictions from the
earlier work of Genello and Pesta, and. Harris is also reviewed here. The aunalysis
of their results. which is begun in this chapter. is continued in the chapters that

follow.
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2.1 Modeling of EMI margin using the AAPG

codes.

As noted by Kubina in [11]. for applications to EMC analysis of advanced weapon
systems design, quantitative knowledge of EMI margin plavs a decisive role in the
evaluation of the safety-factor of such systems. He (INubina) also shows that the
degree of complexity and sophistication of any system, primarily intended for defense
applications, requires accurate numerical modeling of several FMI conpling paths,
and. corresponding to each of these paths. a “transfer function”'l',; is obtained. This
transfer function is a measure of coupling between the /" enmittor and ™ veceptor.
Knowledge of the transfer fuoction represents the intentional. or. un-intentional
inferaction(s) between a pair of radiators. and, is subsequently used as an entry to a
matrix which is known as the Interference Interaction Sample Space. The objective
of EM(" analysis is to identify those elements of the matrix which can result in
an incompatibility, rank them as to severity in preparation for consideration of
corrective measures. The T, is also known as the ‘narrowband EMT maigin®. Stated
in words, the EMI margin is defined as the ratio of undesived signal from an emittor
to a receiver. to the threshold sensitivity of the receiver. This definition follows
Kubina.

In the AAPG code, which is primarily meant to analyse aincraft mounted an-
tennas and their avionic systems, several such coupling paths are considered. For

high-frequency applications. the fields along the paths are replaced by their equiva-

17



lent ‘loss-factors’, 1.e., edge-shading or curved surface diffraction losses. This method
makes the computations simpler.

The AAPG code has interactive grapliics facility to enable the user to visually
identify the coupling paths. (Some sample outputs from the AAPG code can be
found in Appendix A.3in this thesis.) The numerical values of the losses encountered
along the coupling paths are also shown in these displays. The interactive nature of
the AAPG code makes it an attractive candidate for fast acquisition, computation
and display of data. The details have been provided in the technical report of
Widmer.

The quantitative description of EMI margin. {ollowing Kubina or Widnier reads:
M=P+TFS+SF+G+G,-CL,-CL,- SR, (2.1)

In (2.1) the following terms are:

(a) M: EMI margin at receptor ‘¢’ from an emittor *J.

(b) P, j'" emittor power level including applicable harmonic suppression, in
dBm.

(c) TFS: free space propagation loss factor in dB.

(d) SF: shading loss factor due to edge diffraction or creeping wave geodesic path
loss over the fuselage for the emittor/ receptor pair, in dB.

(e) CL,;: Emitter/ Receptor cable losses in dB.

(f) SR,: receptor sensitivity threshold in dBm.

(g) Gyr: transmitter/ receiver antenna gains in dB along the path.

The *modified” Friis coupling formula is contained in (2.1). The modification

18



includes the loss factor SF to account for the structural effects on the propagation

path. The form reads:

Cuirc=TFS+ SF+ G+ G,

A
o
[ €%

~——

In (2.2) Ca4pc stands for the coupling gain as computed by the AAPG code.

Modeling of an aircraft (see Fig. 1.1) via the AAPG code uses canonical geo-
metrical structures. In version 07 of the AAPG code. the fuselage is modeld by
a circular cylinder. the nose-cone by a circular cone, the wings and stabilizers by
flat-plates. All the surfaces are assumed to be perfectly conducting. The antennas
are defined by directive path gains. Thus. the user of the AAPG code (version 07),
defines cylinder geometry, the nose cone. wings and vertical stabilizers in a typi-
cal input datafile. The gains have also to be supplied by the user. The code will
compute the TFS and SF terms in (2.2).

The antennas can be located arbitrarily in the AAPG code. Ray tiacing algo-
rithms. as discussed in detail by Widmer in, are employed to find out the additional
ray paths that may be introduced in the coupling mechanism. Thus. AAPG can
compute coupling between antennas either on, or, off the exlinder’s curved surface.
This specific issue is the central theme of this thesis. and, is reported in detail in

the later chapters.
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2.2 Modeling of EMI coupling via NECBSC2

code

The NECBSC?2 code is a general purpose computer code that can be used to model
scattering characteristics of structures illuminated by a source. In this section.
the description is confined to antenna-to-antenna coupling in presence of cylinders.
(More specific details on the relevant formulations are left for the following chapters.)
A detailed description has been provided by Marhefka and Burnside in the User’s
Manual of the code.

To exccute the code, the user has to define the exvlinder geometry using the CG
card option, and, the source and receiver geometries plus their electrical character-
istics defined by the SG and RG card options in an input datafile to the code. To
compute the Friis coupling. the user needs to supply the values for the total radiated
power for the receiver (P,;) and transmitter (P,,) antennas. Option 3 in the PR
card is then used to specifically request for Iriis coupling results. The form of this
formula is different than the one conventionally used, and reads:

1 _ 1 |IT‘/;JC 2 9
Cpsc = 6 P.P, (2.3)

In (2.3) Cyse is the Friis coupling gain as computed by the NECBSC2 code. 1y is
the receiver antenna terminal current in amperes. 1f the user defines a magnetically
excited receiver, (such as a slot). then this defined input magnetic current is in volts.
NECBSC2 will however convert this current into amperes upon realizing the receiver
type. Vo is the open circuit voltage expressed in volts, and, depends on the type of
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field reaching the receiver. The type of field will depend on the ray configuration
that the code determines via its ray tracing algorithm.

The NECBSC2 code computes the fields according to the laws of ray-optics. The
theoretical summary of the different formulations for the several ray ficlkds can be
found in the Ohio State University short course notes [13]. (For example, the curved
surface GTD formulations can be found in the notes of Marhefha and Wang ) A
more deeper understanding of the theoretical developments of the formulations, can
be found in the works of Kouvoumjian and Pathak.

Antennas capnot be mounted on the curved part of the evlinder in the NECRBSC2
code. This is due to theoretical limitations in the NECUBSC2 code. (A detailed
numerical analysis on this issue has been presented in a later chapter of this thesis.)

Comparing the algebraic forms. i.c.. (2.2 and 2.3) for the Friis conpling gain. one
notices the differences in the structure of the formula used by both the codes. Due
to this 1eason. the user defines the same input configuration differently for both
the codes. The NECBSC2 will consider the vector natme of the scattered field,
and. the radiated ficld of the receiver antenna. The AAPG code will define Faiis
coupling by the antenna gains. and, the scalar loss factors (defimed by 515 {2.2)).
Therefore, the NECBSC2 computation may be sophisticated. but. too intensive {or
use in EMC analysis programs like the AAPG code that are requited to produce
fast and accurate results.

It is also to be noted that though (2.2 and 2.3) are equivalent. results from both

the codes will differ significantly for the same input configuration, if the formmlation



for the scattered field (as used by the NECBSC2 code). and. the loss factors (as
used by the AAPG code) are not the same. (This issue has been discussed in the

following sections.)

2.3 Recent evaluation of AAPG code at RADC

To evaluate the prediction accuracies of a code. it is necessary to assess the numerical
model against measured data. For applications to aircrafts with large cross-sections
and ligh frequencies. it becomes necessary to evaluate the AAPG code predictions
with increase in frequency.

Genello and Pesta began evaluating the AAPG code against actual measure-
ments taken on a NC-135 aircraft. The authors found, that, for antennas completely
shadowed from each other by the fuselage. AAPG code predicted more isolation than
onc obtained from measurements. Their results, digitized from [13]. are shown in
Fig. 2.1.

In Fig. 2.1, one can clearly see that at f= 2 Gllz. the difference between the
measured and computed data is 8§ dB. At 18 GHz. this difference increases to 28
dB. Based on such observations, Genello and Pesta recommended that a thorough
evaluation of the AAPG codes shading loss formulations be done belore extending
the use of the code in the SHIF/ EHT band. As shown in Fig. 2.1, this investigation
turned out be very important because their data show that AAPG could lead to
false EMI predictions between fuselage mounted antennas at high-frequencies. Thus,

the authors made strong recommendations in search of an advanced high-frequency
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shading loss formulation than the one existing in the AAPG code, and, for its

practical implementation in the AAPG code.

2.4 NECBSC2 and AAPG code comparisons by

Harris Corporation.

Following the recommendations of Genello and Pesta, the Harris Corporation was
commissioned by Rome Air Development Corporation (RADC') to carry ont the
task of comparing several formulations in scarch of a better surface shading loss
formula, and, for its implementation in the AAPG code. Extensive code comparisons
had been performed by Harris who also reported experimental results, The repont
contains data for several types of cylinders of varying cross sections. The canonical
model of a circular cylinder has been treated in detail by Harris. To study the effects
of polarization. Harris chose TE and TM polarizations - conesponding to axial and
circumferential slots respectively.

In the process of code comparison. Harris modified the NECBSC2 code to include
an isotropic source pattern - which was used in all the subsequent calculations.
Since the NECBS(?2 code requires source locations to be off the surface. Harris had
located sources a ‘quarter wavclength’ off the cylinder. The numerical results of
Harris corresponded to both C vs. fand (' vs. @ variations. but. the measured
data can only be found for the C vs. { case. It is important to note that Harris

did not present any details regarding the numerical data on whicl they based their
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indicates that AAPG code predicts more isolation than that would exist for antennas

mounted on the fuselage. The data refers to IXC-135 aircraft. The result shown,
result strongly suggested that the AAPG code could lead to false EMI predictions

indicates that AAPG code’s prediction degrades with increase in frequency. This
at high frequencies between a pair of fuselage-mounted antennas.

Fig.



conclusions. It must be noted that Harris comparisons were for off (NECBS('2) and
on (AAPG) surface cases. (These issues are discussed in the later chapters.)

A typical result, (which was reported to be the worst case in Harris report), is
shown in Fig. 2.2, This result shows that, with increase in frequency, AAPG code
predicts less coupling than either TE, TM results from the NECBSC2 code. As this
data had similar implications like the result of Genello and Pesta, Harris concluded
that AAPG codes shading loss formulation is indeed inaccurate at high frequencies.
Harris data and conclusions led to further investigations. that have previously heen
described in {22] and [23]. and. are described selectively in this thesis.

The motivation for further work began following the results shown in Figs. 2.1
and 2.2. Both Harris and Genello and Pesta’s work showed that AAPG code could
lead to false IEMI predictions at high frequencies. As Harris had provided extensive
computed and measured data for the basic circular eylinder model, it was decided to
examine the validity of his results for this simple case. Furthermore, this validation
would also lead to an understanding of any deficiencies in the version 07 of the

AAPG code - that models the fusclage by a circular cylinder.
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Chapter 3

Antenna coupling on the cylinder

surface

In this chapter, the U, V formulation is introduced in Sec. 3.1, In Sec. 3.2, the
isotropic Friis coupling gain from Pathak and Wang theory is found to the lowest
order term. In Section 3.3 numerical results from the U, Viormulation. and, the one
from AAPG code have been compared. The AAPG data has bheen ditectly obtained

from Harris report.

3.1 U,V, or, the Pathak and Wang coupling for-

mulation.

In this chapter. we examine a class of formulations that apply to those coupling

situations where antennas are mounted on the curved part of the cylinder. For our

27



discussions one can refer to Fig. 1.2, where the antenna positions are S’ and R'.
The mathematical details of these formulations are quite involved, and, they can
be found in the references listed here. To this end, we begin by examining the
well-known Pathak and Wang (U, V) formulation, which determines the surface, or,
creeping wave field due to an infinitesimal magnetic or electric current source. The

surface clectric field due to a magnetic current element reads:

jhemikt —

l-i‘:m(R'/SJ) =

Similarly, for a radial electric current source, the field will read:

_].I\‘(—-J“
27t

=l

E(R/S)=- dPe(S).Te. (3.2)

In (3.1,3.2), the surface dyadics Ie,, ave given by:

= (1 - g Jicer+ 72 Jtucer - vieen) + () iver-vice
(33)

and,
_ . o\ 2 .
T. =i (\’a(a) - L13(9 + ({;) Un€) + To [Uum - \@(&)D. (3.4)

In Equs. (3.1 to 4), t is the geodesic path from S’ to R’ in (3.3.1). The superscripts
(primes) on the unit vectors indicate evaluation at the source location S'. The
primeless unit vectors are evaluated at the receiver R'. We can write for the Fock

parameter £ and geodesic length ¢ as:

ao

t= —
sin b,

(3.5),

[\
o



Rt |

and,
1
keasing,\3
= (——abf)n ! ) ¢. (3.6)

Figs. 3.1,3.2 and 3.3 describe the geodesic f, the Fock parameter £ and the augle 8,
used in Eqns. (3.5) and (3.6).

The quantity Ty = cot b, in (3.3,4) is a measure of torsion on the geodesic path,
and. depends on the axial separation Z,ss.¢ between the two antennas, and, the
‘two-dimensional geodesic path t;, = ad. It must be noted that Eqns.(3.1.3,1)
all apply to any smooth. convex surface. (This allows modeling of antenna-to-
antenna coupling for locations on general fuselage cross-sections.) However, for the
discussions contained in this report, (3.5.6) refer only to circular eylinders. (More
general formulas for ¢, &, T have been provided by Pathak and Wang.)

The quantities Vo(€).Ug(§) are the ‘zeroth-order’ hard and soft surface Fock
functions, studied extensively by Logan, and. also by Pathak and Wang. and, Lee.
These functions are used to find the attenuation cffect(s) due to curvature of the
geometry and the wavenumber &, or, frequency of propagation. It has heen shown
by Pathak and Wang that for the limiting case. when the radius of the curvatine
tends to become infinite, these hard and soft Fock functions tend to unity. This
is physically expected because for extremely large radii. the propagation path is
essentially the same as that on a ground planc, and hence no attenuation is expected,

The binormal, normal and tangent unit vectors at any point along the geodesic

path between S’ to R are given by:

b= ~ cos @, sin ¢X + cos b, cos ¢y — sin 0,z (3.7)



Fig. 3.1. Simplified 2-D view of Fig. 1.2. h,, define the actual heights of antennas
off the cylinder. s, = SQ|. sa = Q,R and the geodesic length, t =Q,Q;. The
angular location of the receiver w.r.t the source is: ¢pr = a + @4 + /3. The angles
o, 3 can be computed from the geometry. The total distauce between the antennas
is L= s, + t+ 54 The grazing angle is given by: @,,- = a+ /3. For all locations given
by ¢p > gz, creeping waves exist. The Fock parameter & defined in Eqn. (3.6) is
computed over the curved path Q;Q,.
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+ OO

Fig. 3.2. Description of the geometry of the circular cylinder used to model the
fuselage of an aircraft. ¢ is the azimuthal angle, Zygsq is the axial separation, @
is the cylinder radius. The geometry is common to both {7, V formulation and the

AAPG code (version 7).

31



Fig. 3.3. Geodesic path between the two antennas S,R is shown. 8, is the geodesic
angle which appears in Eqns. (3.5,6) in Chapter 3. Q,, are the attachment and
launch points. Only one path is shown. The special case of 6, = 90° is a torsionless
path. Other paths for which 8, # 90° are known as torsional paths. The unit
normals, binormals, and. tangent vectors ﬁ,b,f are shown here.
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il = cos PX + sin Oy (3.8)

t = —sinf, sin X + sin By cos OF 4 con 2. (3.9)

In (3.7,8,9), the triad (&.§.2) form a right-handed system in the Cartesian coordi-
nates. These arc evaluated in (3.1 to 3.4) at both source S and receiver R locations.
Fig. 3.3 also shows these unit normals at any arbitrary point on the geodesic path.
To discuss the formulations (3.1,2) more effectively, and. for future numerical
comparisons with the results from the AAPG code, we may simiplfy the formulas in
Eqns. (3.1,3.2) to the lowest or O(At) term. One must note that there are two rays
from S' to R" as shown in Fig. 1.2. Therefore. the total ficld at R' is the vector
sum of the quantities in (3.1.3.2) over the two paths. It is also to be understood
that dpm = @, My and dpe = Woplo. 1y = 376.730. For a radial electric element
1, = fi; for circumferential elements. @, = (,3 Z.¢ are unit vectors in the standard
cylindrical coordinate system. {, represents the unit vector along the orientation
of the current element. Retaining only to O(kt) terms in Eqns. (3.2.0) for a radial

electric element, we have,

- , 70 : -1kt
E(R/S) =“—"ff‘—;,‘——m:.(s) (3.10).

Eqn. (3.10) implies:

Field on a cylinder=Field on an infinite ground planexV(£).

Here Vy(£) is the correction factor for the curvature due to the curved part of
the cylinder.

Inthe 6, = 90° (Zoffset = 0") plane, the source-excited fields from axial magnetic
and radial electric elements to be jdentical when the current moments are of the
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same magnitude. However, in the same plane, the circumferential source does not
produce any field to the O(At) term. (In the latter case, only the higher order
terms in (3.1) contribute in the 6, = 90% plane.) Therefore on the torsionless path,
for axial magnetic or radial electric sources, the surface fields are each individually
stronger than the one due to a circumferential source.

The U, Viormulation allows antennas to be located off the cylinder. This implies
that a height factor can be incorporated. Since AAPG code can also compute the
case for antennas off the surface, this aspect of the U7, 1 formulation deserves some
special attention. One can refer to Fig 3.1 for a general overview of the gcometry
involved.

The effect of this modification is to replace Vo(&). Ug(€) by the Fgp(E.ys, yr)
functions. The function Fgy, is such that for vanishingly small heights, the original
formula (3.10) is recovered. Thus. including this height factor. the creeping wave
ficld due to sources raised ‘slightly’ above the cylinder is given by:

- e e =7
E = %—nﬂr(&yuyr)- (3.11)

Lastly, the reduced heights v, are given by:

. K,
Yo = m(S, )

In (3.12), we have the transition quantity 1(Q) given by:

N
m(Q) = (_a_) . (3.13)

& v 2

2sin‘ 6,
In (3.13) Q is any point on the geodesic. hy, are the actual lieights of the source S’
and receiver R above the curved surface of a cylinder - as shown in Fig. 3.1.
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3.2 Coupling gain from U,V formulation.

The free-space, direct source field reads {or a electric current element as:

- Al -kt
E = -oﬁL"TTLg——sana (3.11)

The short electric dipole has a current moment [ (in amperes), and, is along the
Z-axis at the origin of a standard right-handed cartesian coordinate system. The
observation point is in the Z-Y plane and on the Y-axis. iy = 376.73Q is the free-
space impedance. In (3.14) t is the distance between the antennas. @ is the elevation
angle measured in the positive (anticlockwise) sense from the Z-axis. It is important
to note that:

Field on a ground plane= 2xField in free space given by (3.11)

When £ — 0, Vy(€) — 1 in (3.10). In this situation. the field given by (3.10) is
double in magnitude to the free-space field given by (3.14). Thus the Friis formula,
that employs free-space ficlds, will be modified by the factor Viy(£) to account for the
curvature effects of the surface. This suggests writing the ‘modified Friis formula’,

as used in the AAPG code, in the following form:

, PT AN
c=T = (m) GG Vi (3.15)

Here PZ_,, are the total power reccived and input to the transmit and receive anten-
1

nas. For sources slightly above a curved surface, one can replace V(&) — (€. yo. yr)
in (3.15). To obtain the total coupling at the receiver location, one needs to compute

the coupling due to two creeping rays as shown in Fig. 1.2.



3.3 Numerical comparison of U, Vformulation and

the AAPG code for antennas on surface

In this section, numerical results from (3.15) and the AAPG code results of are
compared. The AAPG results were directly digitized from the Harris technical
report. In this comparison, the antennas were located on the curved surface of the
cylinder - implying ys = ¥ = 0 in the Fj function. The comparison shown here for
the few selected cases from [23] refer to both C vs. f and C vs. ¢ cases.

To obtain results from (3.15), a computer program was written based on Eqns.
(3.11) and (3.15). This program contains a shadowing algorithm that is an im-
proved version from the one in Davidson’s thesis. The algorithm basically checks
if the receiving antenna is below the grazing line. or, is shadowed by the cylinder.
Both the creeping ray paths are being determined and the field along the paths are
also computed. The program runs on the VAX 6510 computer at the Concordia
University and to compute for 501 datapoints, it takes about 0.7] secs of C.P.U
time for the (' vs. ¢ case. In this case we ran the code by selecting the input data
corresponding to f= 8 Glz, Zoffser = 360" and @ = 24". The antennas were located
on the cylinder. If the antennas are located off the surface by say h= 0.0375 m and
the starting angle (selected arbitraily) is 102, then the code begins all the coupling
calculations from ¢ = 39.2°. (This is the grazing angle below which the creeping
rays exist.) For 501 datapoints the code takes 0.61 secs of C.P.U time. The input

data for the dimensions to the code are in inches, and, the code runs interactively
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on the VAX computer.

The results from Eqn. (3.15) are compared against the digitized AAPG data
from Harris report, and, are shown in Figs. 3.1 to 3.7. Results form the above
computer program will be referred to as *7, V" formulation results in the remainder
of this thesis.

Fig. 3.4 shows the C vs. f result at ¢ = 60". At this location, we see excellent
agreement between the two results. This. as mentioned carlier, is due to the fact
that at ¢ = 60", the coupling is dominated by the field due to the shorter path; the
attenuation on the larger path is extremely large and henee the contribution to the
total coupling from the second path is negligible.

Fig. 3.5 shows the AAPG data is 6 dB lower than the two ray result from (3.15).
At ¢ = 180°, the two rays are equal and the total coupling will be 6 dB more than
that from a single ray. This explains the 6 dB difference between the one from (3.15)
and that from the AAPG code.

Fig. 3.6 refers to the torsional geodesic path at Z,fre = 360" and ¢ = 150",
One can clearly observe the effect of interference in the form of oscillations in our
two ray result from (3.15). In this situation. as the frequency or wavenumber k
changes. the phase term - given by I in (3.11) changes over hoth the 1ay paths.
Note that since the geometry remains fixed. {. does not change. When there is a
phase addition (reinforcement), peaks occur: for phase cancellation from the two
paths, nulls are seen in Fig. 3.6. The single ray AAPG data lies in-hetween the

peaks and nulls.
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Isotropic Coupling Gain in dB

Fig. 3.4.
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while the AAPG data is for a single, or dominant geodesic path.
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The AAPG data

refers to Harris report {10, p. 57). The U. Vdata is for two ereeping ray paths while

Comparison between U, V" and AAPG code results.
the AAPG data is for the single, or dominant geodesic path.

Fig. 3.7.
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Fig. 3.7 refers to the C vs. ¢ case at 4 GHz and Zyffe = 6". We sec that
upto ¢ =~ 40%, the AAPG results overlap with our two ray data. This indicates that
the total coupling is dominated by a single ray upto 140°. Beyond 140°, the peaks
and nulls occur in our data. The AAPG data, beyond ¢ > 140", lies in-between the
peaks and nulls. At exactly ¢ = 180%in Fig. 3.7, the AAPG data is exactly 6 dB less
than the total coupling here. It is also interesting to note that for 170° < ¢ < 180,
the peaks and nulls in our results are almost of the same magnitude. This indicates
that over the two paths at this location, the attenuation are almost the same and
the field magnitudes are almost equal. This small angular portion reminds one of
the *lossless’ transmission line behavior of the creeping rays.

The results show that for on surface locations, the AAPG code is in excellent
agreement with the data from the U, V formulation. Additional computations have
been performed and lead to identical conclusions. These additional results can be
found in {23].

In the next chapter, comparison between “on” and *off " surface coupling cases is

discussed.



Chapter 4

Antenna coupling off the cylinder

surface

In this chapter. the UTD scattering formulation for creeping waves is deseribed
briefly in Section 4.1. In Section 4.2 the method by which Hanis data was replicated
is summarized from an carlier report [22]. Section 4.3 compares the NECBSC20 17,
V formulation. AAPG code and experimental data. Section 11 presents a critical

review of Harris model comparisons.
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4.1 Scattering by a smooth convex cylinder; UTD

scattering formulations.

r'he creeping wave formulations in NECBSC2 code have been derived by Pathak.

L4 Al . .
I'his expression reads:

~ _RiT p'l — ks
E(Ps) = E'T x _—_5"(5“4-/)'1)6 kT, (4.1)

In Eqn. (4.1) the following terms are defined :

(i)Ei is the incident field at the attachment point @y from a source located at a
distance s, measured from the source location to the attachment point on cylinder
surface. In NECBS(C'2 the sources are described by free-spacc radiation patterns.

(ii)/)‘{ =t + &' is one of the radii of curvature of the diffracted wavefront.

(iii)s? is the distance from the launching point Q, of the surface ray to the
observation point Py which is off the cylinder surface.

(iv)1=“ is the known as the generalized transfer dyadic that transforms the incident
field E to a creeping wave field denoted by E(Ps) at the point P, in the shadow.

(v)The quantity under the square root in (4.1) is known as the divergence factor
and described as the spreading of a tube of rays due to surface curvature [2, p. 308].

Fig. 1.1 shows the diffraction by a general, smooth convex surface.

Eqn. (4.1) indicates that as s — 0. or, observer point comes near to the cylinder
surface, the field predicted by (4.1) becomes infinite. This is a restriction that must

be borne in mind while applying (4.1). or, equivalently NECBSC2 code, as, the true
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SCENTRAL RAY

I's
R
p' 1S THE RAD!US OF CURVATURE
b
CF THE INCIDENT WAVEFRCONT IN

A
THE b, DIRECTION AT Q,

Wietas dn( Q) and Jdm Qv of tne surface ray sinp

Fig. 4.1. Diffraction by a convex surface, from {2, p. 314]. S and R are source

receiver locations. Eqn. (4.1) refers to the field on the cential ray. The distance
from S to Q; is &', and, that from Qu to Ris o7, by g are the unit bmormals, ity 2 are
the unit normals, and. f1'2 are the unit tangents at Q5 which are the altachment
and launch points respectively. The geadesic length ¢ is from Qg given by Fqn.

(3.5).



field cannot be infinite close to the cylinder surface, from physical considerations.

It is not explicit in (4.1), but, from the source expressions used in NECBSC2,
it can be seen that as ' — 0, then the incident illumination is infinite. (This is
hecause the free-spacc radiation patterns for antenna models used in NEC'BSC2 code
have a = variation - which is used as incident field at the attachment point Q; on
the evlinder’s curved surface.)

As a rule of thumb, antennas are usually required to be 1\ away from thie curved
sutface of the exlinder, while using NECBSC2 code [3]. (This is a serious limitation
of the NECBS('2 code as applied to computations involving EMI coupling for anten-
nas mounted on cylinders.) This fact implies that for fusclage-mounted antennas,
modeling of EMI coupling. via NECBS(2 code cannot be done. Thus for such cases.
use of NECBS('2 code warrants caution on the part of the user.

The transfer (lyacli(‘—f contains Peckers functions Ps_;,(f). and, the Fresnel integral
F(XY). In the ‘deep shadow' Pathak has shown that the contribution from the
F(XY) vanishes. Thus. the creeping wave field in the deep shadow. © = 150°,180°.
gicen by (11).is primarily controlled by Pekeris function which in turn depend on
£

In the NECBS(2 code, coupling is computed from lwo creeping wave paths. (It
is to be noted that AAPG uses only one ray in computing coupling.) At exactly
¢ = 180°, the two rays add in phase. For ¢ # 180°, this effect is seen in deep shadow

regious as oscillations - due to inteference between two creeping wave paths.
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4.2 Numerical results for replication of Harris

NECBSC2 data

In this section, some selected results of the replication of Harris data are shown. This
replication provides the basis on which Harris made the conclusions regarding the
computational accuracies of the AAPG code in predicting XN coupling between
fuselage mounted antennas. It is shown that the replication was obtained by an
alternate but equivalent proceedure to what Harris might have actually nsed. The
details of this proceedure can be found in an earlier report [22]. Some of the selected
results from that report are shown here. One cannot find in Harris report any details
regarding the generation of the data. Therefore, it is necessay. to assess the validity
of the Harris conclusions, to obtain the results as accurately as possible. The main
steps involved in this process of replication are described briefly in the followimg
paragraphs.

Execution of NECBSC?2 code demands antennas to be located off the cnved
surface of the evlinder. This is due to the theoretical lnntations contained in the
formulations in the code. Consequently the exact numetival vaine at whidh the
antennas were located off the cvlinder in Harris calculations was necessary for veplhs
cation of the data.

Harris had stated that to obtain isotiopic coupling. an isotiopic source was
implemented into the NECBSC2 code because it does not contain any suc h sonrce

patterns. Therefore it is necessary to know exactly the modification Harris did 1o the
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code to obtain the results shown in the report [10]. Since Harris did not provide any
details regarding the modification, it became apparent that the technique should be
such that NECBSC2 code remains unchanged, and, Harris NECBSC2 results could
be replicated. This is a significant advantage. as modification to the code could lead
to ambiguities in results,

As mentioned earlier, the NECBSC2 code computes Friis coupling. Since an-
tenna gains must be contained within the Friis coupling data. so it became only
necessary to subtract (in dB) the corresponding gain values taking into account the
proper geodesic path trajectories between the source and receiver. Thus isotropic

Friis coupling from the NEC'BS('2 code was obtained via the formula:
C'wo = C'B.S(‘ - Gl - G', - (12)

("gsc is the output of the NECBSC2 code. Gy, are gain values along the path
trajectories for the source/ receiver antenna patterns defined in the input datafile
to the code. The details of this gain computation can be found in [22] and hence
are not repeated here. To simplify the computations. -% dipole sources were chosen.
The gain computations become simple for these types of sources. For TE polarized
coupling. which corresponds to axial slots on a cylinder, we chose axial magnetic
dipoles. For TM polarized coupling. the dual. i.c., electric sources were chosen. It
must be noted that in the actual case, a TM polarized coupling occurs between
circumferentially oriented slots on a cylinder. However, in the NECBSC2 code
sources need to be located off the surface of the cylinder. Moreover since gains
need to be removed, one can use any type of source corresponding to a particular
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polarization, if the appropriate gain is subtracted. This allows us to use electric
dipoles as being equivalent to circumferential slots from the polarization point of
view; in the actual case, an electric source located tangentially on the surface of a
perfectly conducting eylinder cannot radiate, since it is shorted. Use of axial sonrees
also simplifies gain calculations, since the gains of axial clectiic or magnetie dipoles
will then be numerically identical.

The height at which these sources were located were found by trial and ervor.
It was found that h= 0.0375 m which is 4} at 2 GHz. This was the the distance
that Harris had used for all the calculations. It must be noted that at highe
frequencies. this distance is much larger than '45 Al the results were replicated by
this proceedure. Some of the selected data from [22] are shown herein Figs, 1.2 to
1.9.

The results shown in Figs. 4.2 to 1.9 for the ENIC Lab computations were
obtained via execution of the NECBSC2 code and use of Egn. (1.2). In Eqn. (1.2),
the antenna gains G;, were computed in the manner that has heen deseribed m
detail in [22, Appendix A1},

It was necessary to format the output of the NECBSC2 code sudh that it can be
used as input to the RPLOT (Rectangular PLOT) graphics program at the EMC
laboratory. To this end, the BSCNFC (BSC Near Field and Coupling) program was
written that can do this task. The BSCNFC is a user-fiiendly interactive program.
The program requires the user to respond in accordance with the input datafile

(GTDINP) to the NECBSC2 code. The output of the NECBS(2 code will then
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be read by the BSCNFC program. Since there could be a wide variety of styles
in preparing an input datafile, the BSCNFC requires the user to write an input
datafile in a particular format. Thus, while responding interactively to the BSCNFC
program, if the user has not followed the specific style, the code will will abort the
exceution asking the user to prepare the input to NECBSC2 code in the specific
format. At present, the BSONFC programn prepares output datafiles for coupling
and ‘.2()><l,ogm|}§,,,,,,,| vs. frequency. or. any other coordinate (geometry) variable.
Multiple data can also be handled by the BSCONFC program. if each typical data is
separated from the other by the NX card.

Next, to use (4.2). the output of the BSCNF(C' program (which is (' gge) needs
to be modified by subtracting the gains. To accomplish this effectively. the program
CONV was written - that asks the user to specify the gain values. It is important
to note that only a single set of input data for gains can be entered. The CONV
program will then read each line of the output from the BSONFC code. and rewrite
the same file by computing Cyy, according to Eqn. (4.2).

Thus, by using BSCNFC and CONV| the isotropic coupling can readily be dis-
plaved against frequency or any relevant geonmetry variable. If the user wishes to
display the exact output of the NECBS('2 code. then use of CONV is not necessary.
The CONV s not a general purpose program. It was designed only for the purposes
of replicating Harris data.

In Figs. 4.2 to 4.9, the source gains are shen. Harris data shown in here was

digitized directly from the report [10]. This process was very laborious because

o
7.



Harris results are on a 0 to -200 dB scale at an interval of 50 dB. To avoid amy
discrepancies, due to visual errors, each data had to be cheched many times. Al
the digitized results are believed to be correct within 1 dB.

Fig. 1.2 shows isotropic TI coupling at ¢ = 60", One notices excellent agree:
ment,

Fig. 1.3 shows isotropic TN coupling for the same data. There is a differenee of
2 dB. This difference contains a digitization ertor of 1 dB. The veniaining difference
is numerically insigificant for all practical purposes and s not discussed finther.

Fig. 4.4 shows replication at © = 180", There is an excellent agreement. (The
result of this fignre is further discussed i conjunction with Fig 16

Fig. -1.5 shows the result for o = 150" 7,7, = 360", One can obsenve osal
latory behavior in our (EMC Lab) data. 'This oscillatony nature is absent 1 Figs
4.230: Harris data agrees with ours at specific data pomts  The iguie also shows
that our results have a much greater degree of smoothness - which mmplies that
Harris computed at fewer number of datapoints.

It is somewhat surptising that the two resufts shownn Figo 15 will agree very
closely. For the EMC Lab data in Fig. 1.5 the NECBSC2 code was exeouted
using axial. 3\ magnetic dipoles corresponding to TF caser At Zoppaq = 3607 and
@ = 150°, it has been shown in [22] that for axially orented <omces, antenna gains
will be different for the clochwise and anticlockwise paths respectively, Harris had
modified the NECBS(2 code - which means that for any position of the somree and

receiver the directive path gains will be unity (isotiopic source). ‘This difference in



path gains using axial sources was expected to show up in our results. Consequently
one can conclude that our method is remarkably accurate - by judging the close
agreement in the two results,

Comparing Figs. 4.2,3.4 and 4.5 one notices oscillatory behavior at ¢ = 150, i.e.,
Fig. 4.5. NECBSC2 code always considers two creeping rays for observer positions in
the deep-shadow. In Figs. 4.2 and 4.3. for ¢ = 60°. the total coupling is dominated
by field from the dominant path. The field on the other path is extremely simall
due to the exponential decay. This shows up as a monotonic decrease in coupling
with frequency. In Fig. 4.1 at ¢ = 180" the two creeping rays have the equal
magnitudes and they meet in phase. This causes no interference, and. the decay
in coupling is scen to be monotonic with frequency in Fig. 4.4, In Fig. 4.5, we
notice strong oscillatory behavior in coupling gain. At this angle, v.c.. 0 = 150"
and for axial offset of 360", the ravs have nearly cqual field strengths. When the
fiequency or wavenumber changes. the electrical length of the two paths change.
Since these two paths are unequal in length at @ = 150", the phase along the two
paths change causing interference (nulls) and reinforcement (peaks) in the coupling
gain variation. The approximate difference between the peaks and nulls shown in
Fig. 1.5 is around 10 dB.

Fig. 1.6 shows the result at ¢ = 180" In this case Zospug = 360" and TM
polarized sources were used. For TM polarized sources the EMC Lab data was
obtained using axial. -’%, electric sources. It is clear from the data in Fig. 4.6 that

both the results are in excellent agreement. Unlike the data in Fig.4.5. one notices
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absence of oscillations because at this angle the two creeping rays are equal in length
and the fields are equal in magnitude. As has been explained in connection with
Fig. 4.4, these two rays always meet in phase and thus no unlls appear.

Figs. 4.7 to 1.9 show some selected data for the O vs. o casesieported extensively
in [22]. For the data in Figs. 1.7, 1.8 axiul.-’_}. magnetic dipoles were used. For the
result in Fig. 4.9, radial electric dipole soutces were used. The ENC Lab data in
Figs. 4.7 to 1.9 was computed at 311 datapoints. The cases are disenssed helow.,

Since Figs. 1.7 and .8 are geometrically the cames except for a change
the frequency. the two are disenssed together. In both these huures one notices
oscillatory behavior in coupling begining around ¢ >~ 130" This oscillatorny beliavio
is reminiscent of the phase mterference between the two paths as the recener moves
with ¢. At some angles there is cancellation. while at other values of o there s
reinforcement. One also notices that from 10" < o < 130" the change in conpling is
linear with . This is due to the fact that the coupling in these regions is dominated
by the field on the shorter creeping ray path.

One also notices that in both these figures. in the deep shadow, ¢ oo where the
oscillations are seen. Harris data is top-of-the-c neelope of omr data. 1 his indicates
that Harris computed at fewer datapoints. Owr results have conmaderable degree
of smoothness over Harris data. One can conclude fiom the sery good agrecnient
between the two results that our method is almost identical to what Harns gl

have actually used.

Fig. 4.9 shows the TE result at Z,ffo¢ = 360", Again. very good agreement
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is seen between the two results. To replicate Harris data we used radial sources,
because as explained in [22]. this gives equal gaius over both the creeping ray paths
as the observer moves in ¢, We sce that such a choice of sources gives very good
agreement between the two results.

In all the Figs. 4.7 to 4.9, at ¢ = 180% the total coupling is 6 dB more than that
due to a single ray.

The selected results of this replication, as shown in Figs. 4.2 to 1.9. reveal
that our method is remarkably accurate. The numerical value of the height. i.c.
h= 0.0375 m. that Harris used in the NECBSC?2 and AAPG code comparisons, is
an important parameter that will be analysed in more detail in Chapter 6. For
further assessment of the NECBSC2 code’s coupling predictions. several coupling
models are compared against the experimental data fiom Harris report. and. are

shown in the next section.

4.3 Numerical results for comparison of different

coupling models

In this section, comparison between numnerical and experimental results are pre-
sented.  The numerical data refers to NECBSC2, [, V' formulation, and AAPG
code results. The measured data was obtained fiom Harris report. The measured
data in Harris report refers only to C vs. { cases. The results for this section are

shown in Figs. 4.10 to 4.13.
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The measured data refers to a cylinder of radius of 22,927, The angles are
¢ = 60°,150° and Loffset = 0",96". These two angles refer to small and large
coupling paths, and, with and without torsion. Since these cases encompass the
most gencral geometry of coupling paths on circular evlinders. our choice appears
to be adequate for the purposes of compatisons. The measured and AAPG data
were directly digitized from Harris report. The NECBSC2 1esults were obtained via
the replication process described in Section 1.2, Digitization of tncasured data had
to he done with much care because of the vapid degree of oselllations, Furthermone,
NECBSC2 data refers to sontces hept at h= 0.0375 m from the avinder surface.
The AAPG and U, Vdata refer to antenna locations on the evlinder smface th= 0
m).

Fig. 4.10 show the compatison at © = G0". The agreement bhetween A APGUT
I formulation and measured data s very good. One can casily condude that the
measured data at this angle can adequately be approximated by the <ingle rav
coupling from AAPG code. The NECBSC2 code shows inaeased divergence with
frequency when compared with the other thice results.

Fig. 4.11 show similar results for Z,ppv = 96" All other parameters remain
fixed as in Fig. 1.10. The measured data agrees reasonably well with the AAPG
and U, V formulation results. The NECBSC2 vesults, asin kg 110, diverges from
the other three model predictions.

Fig. 4.12 shows the comparison at ¢ = 130" and for torsionless Zoffut paths, It is

seen that AAPG and U, Vecoupling data agree very well: however the measured data



does not agree with these two models. This is most likely. because. the measurements
in this case are most probably inaccurate as explained in [10. pp. 157 - 182]. The
NECBS('2 data diverges from the other two. i.e., (AAPG and U, 1" formulation)
computed data.

Fig. 1.13 depicts the comparisons at ¢ = 1509 and Lofywt = 96", For this
torsional coupling path. the AAPG and U, 1"data are seen to be in good agreement.
The NECBS('2 data diverges with the other three models.

In the next section, the summary of the results from this. and. Chapter 3 is

presented, along with an evaluation of Harris model comparisons.

4.4 Analysis of the model comparisons made by

Harris Corporation

Hanis conclusions, based on romparisons of results from AAPG and NECBS(2
codes can now be dismissed as inaccurate. Unfortunately. the results of Genello and
Pesta could not be verified. Thus, their comments regarding cannot be evaluated.
(anonical model measurements and computations had been made by Harris.
The replication of the results showed that. though the report was vague in nature,
the numerical values of the results are correct. Upon comparing the AAPG and U,
V formulation results. it was observed that there exists no modeling inaccuracies in
the present AAPG code. In Sec. 4.3 the NECBS(C2, AAPG. U, Vformulations and

measured data have been compared. Reasonably good agreement between AAPG,
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[.. V formilations and measurements revealed that AAPG code is indecd accu
rate for all the test cases considered by Hartis. In these cases, it was found that
NECBSC2 data did not agree with the other thice model predictions. This allows
one to conclude that NECBSC?2 cannot model on-surface coupling  herefore Harris
conclusions are inappropriate because data from two mutually ¢ relusiee formulations
was compared. and, thus non-physical conclusions were reached

This mutual exclusivity is studied in detail in Chapters 5 and 6.
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Chapter 5

Evaluation of the existing AAPG
code surface shading loss

formulation

In this chapter. the shading loss formulation, as used in the AAPG codeis 1eviewed
in detoil in Section 5.1. Comparison of the shading loss with the V(&) function
i presented in Sec 520 In Seeo 5.3 the validity of the AAPG caleulations for
off-surface cases is analvsed 1 detail. Section 5.1 summarizes the results of this

chapter.
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5.1 The Friis coupling formula and the shading

loss in the AAPG code.

An alternative method in computing coupling gain between antennas mounted on
cvlinder is to use the formula as in the AAPG code. This is the conpling over a

single, domuant path. and reads:

' ’\ : ' (]
demnun! = m (’t(’v L( . (v h

The expression for Loy will be defined later, The above is a much more convement
way in computing coupling as compared to the NECOBSO2 code L s the eftea
of a stiucture on which the antennas may he mounted o focated i pronimn, o
example. when antennes are radiating in free-space there s no stiuctine (scatterer)
and hence, L, = 1.0 = (0 dB). However, when anteunas are tadiating in presence
of a flat infinite ground plane. the transnutting antenua gars increased a6 dB.
and, the couphng increases by 6 dB. (The recever gam remains same as that ol
its free-space value ) In the antenna-to-antenia coupling calaulations o a cvlinder.
the Le. is an effect of the creeping wave attenuation dependimg on the geadesic radn
of curvature. Of particular interest is the case where ka v oc o the gl frequency
effect. This limiting case. can be realized by allowing the radius of the cvlinder to
become very large and hence the couphing on a eylinder will approach that on a large
conducting ground plane - when the observer is not very far away. implying that
cnrvature is small. Thercfore, the maximum value of the Loy in case of “very large’
cylinders is 6 dB. As the radius of the cylinder, or, the wavenumber b inereases,
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the creeping wave attenuation increases; consequently in case of extremely high
attenuation. the limiting vahie is set to -200 dB. For fuselage-mounted antennas,
the geometry that is considered by the AAPG code is shown in Fig. 5.1.

The importance of Leg is because that it allows one to compute the cffects of
the structute in a simple and accurate fashion. The calculation of coupling gain
for the same problem is not involved like the NECBSC2 code  For example. if
one wishes to find the effects of antennas located before a ground plane, then L,
may well represent the reflection effects from the ground plane. In case of large
aircular eylinders representing fuselages. L., is the attenuation of the creeping wave
which is known as “surface shading”. Thisis the creeping wave foss over the relevant
geodesic path in question. In this case. v ina AAPG computation. antennas can
be mounted both “off ~ o1 “on'the surface. Hantis had reported for the "on” case.
This simple formula is the main advantage of the code in calculating ENMI margins,

The Lo tn FEqgu. (O.1) is given by [6]-

-4
oA+

where,
0.005178, for 4 <26.0:
0= (5.3.4)
0.003310. for 4 > 26.0.

and.
0.5083. for 4 <26.0:
j= (5.5.6)
0.5621, for 4 > 26.0.

In (5.3 to 6). the quantity A is again expressed in terms of the Fock parameter §

that reads:



with the Fock parameter & defined as in (3.6). Comparing Fqns. (3.15) and (5.1), one
can immediately conclude that for on-surface locations L (&) = 20x Log ] Vo(£)].
Therefore Eqns. (5.2) to (5.6) serve as an approsimation to the Fock function V().
(This appronimation has been thoroughly evaluated in the nest section )

Following the biiel, qualitative desctiption of the U'D scattenmg formulation
of creeping waves as Ch. 4. and. the sutface shading loss formmla asm (5 2) one
can observe that in both the cases. the Fook parameter £ plavs an mportant ole
As shown in (3.6). this term contains all the dlectrical, and. grometrical mtormation
about the coupling path between a pair of fuselage monnted antennas £ dors ot
vield directly the loss. o1, coupling However, the cuved suface Tossom the two
formulations depends on different functions. which in turn. depend solely on €
Henee € ot equivalently the ficque ncyand the geometiy of the coupling patl dictates
the creeping wave loss hetween a pait of fiselage monnted antennas

The AAPG code can also compute antenna to antenna conpling when the somces
are located off the surface. The geometry for this s <shown o bies F o 1.2 and
also in Figs. 3.1 320 The antenna locations are now S and R Fhe AAPG code
computes the total distance R between S and R s now dludes the geodea
portion as shown by Qy and Q,. aud. the straight portions SQy and QR (5ee Fig,

3.1). To find the curted sutface loss, the Fock parameter £ computed over the

“path Q1Q..

The AAPG code continues to compute coupling off the evlinder sutface by using

(5.1). Referring to Fig. 3.1. the total distance L = SO+ Q1 Qr+ QR = 5,1 14 5y

-1
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However, the Le,, which is the Vo(&) function, is now computed for the intercepted
portion Q;Q shown in Fig. 3.1. The free- space spreading loss (TFS) is now
computed over this distance L. As shown in Section 5.3, this method yields incorrect

yet safe answers for ofl surface cases when compared to the NECBSC2 code.

5.2 Limitations of the AAPG code for on surface

calculations

In this section numerical results, shown in Figs. 5.1 to 3.3, are presented to un-
derstand the limitations of the AAPG codes calculations when applied to the on
surface conpling gain predictions. This validation is important. because. there is no
documentation in published hteratuie regarding the detivation of L, used in the
cuttent AAPG code. In fact. the well-known document of Widmer [0, does not
show how this form. i.c.. Eqn. (5.3) came to be used. Rather than depending on
results that could be incortect, it is important to have a thotough evaluation of the
AAPG code as far as applications to fuselage: mounted antennas are concerned. It
is important to note that Equ. (3.2) is also used in the latest version of the AAPG
code, e [19]0 There additional terms. that account for the generally non-circular
cross-sections, are also computed and added to the termin Eqn. (5.2). For generally
convex surfaces, the Fock parameter € is given by a more general form than the one
in (3.6). So. it is important to have an idea regarding the accuracy of the Le, term.

To this end, since the dominant term approximation from the general Pathak and



Wang formulations was used. it is only necessary to compare the shading loss L ()
given in Eqn. (5.2) and 20xLogyolVo(&)i. the hard surface Fock function.

The results of Figs. 5.1, 5.2 show the deficiency of Lo 1t is apparent that
bevond £ > 15.0, Ly is a poor approximation to the Vg(£). Since € contains all the
information about coupling paths on which suttace rays propagate. the result i Pig,
5.1 indicate that for some combination of geometiical and electrical patameters. the
AAPG code will falsely predict more EMI than that would actually be present In
other words. the use of (5.2) bevond & 2 15 0 predicts less creepime wave attenuation
over the geodesic path. For smaller values of & as scenm Fre 520 one can see that
the approximation is excellent  To illnstiate the use of Figs 515 20 the reader s
referred to Fig. 5.3 which is a typical example tor our case.

The result of Fig. 5.3 <hows that hevond t= 17 GHzothe VPG code predicts
more couphng.  The ANPG data in Fig 53 was obtamed hom the computer

program that was developed based on Egnse (5.1 to 057) (T he vahidatnion of
the program against exact AAPG version 07 resalts s done i the nest sechion |
The geometrical data for the YAPG results i bage 503 a8 the same as used by
Harris to generate the AAPG resalts shown in Fage 2.2 The ondy difference s that
the frequency is switched upto 28 GHZz begining from 12 GHz o B 53 (The
frequency switch in Fig. 2.2 45 from 2 to I~ GHz) One can castly ind out via
(3.6) that £ = 15.0 at the frequency f= 17 Gz, ‘The increased prediction from the

AAPG code beyvond 17 GHz is due to the differences in the Lo and V(&) that is

shown in Fig. 5.1.
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Thus. Figs. 5.1 and 5.2 show how the currently-used AAPG code can correctly
be employed for applications to fuselage-mounted antennas. This can be inferred
from the value £ >~ 15.0. This value of £ sets an upper limat 10 the application of the
AAPG code. The user can therefore judge the accuracy in AAPG model predictions
by employing Eqn. (3.6) in Chapter 3 to determine the value of € for a particula
path geometry and frequency, and. the plot as shown in Fig 51 - which sets the
cutofl value for £ It must however be noted that beyvond £ >~ 15.0. the AAPG

coupling results are gafe from an EMC viewpoint, and hence do not lead to false

predictions at high frequencies.

5.3 Evaluation of the AAPG code for off surface

calculations

In this section the behavior of AAPG codes computation {or off surface cases has
been treated in detail. The validation of the AAPG code (version 07) ealenlation
for the off-surface cases is shown in Fig. 5.1 Lhe actual AAPG code was tun at the
EMC Lab, for h= 0\.5\.25), 50\, and. 500\, The otha data is shown in Fig. 5.1
The AAPG code outputs have been documented in Appendix A3, ‘T he agreement
between the results provides the necessary validation of the AAPG codes off-sarface
calculations.

Fig. 5.5 shows comparison between the [/, V' fornmlation. NECBSC2 and the

AAPG code results when antennas are at ¢ = 180", The result is shown as a



variation in %'\ where b = 0 on the cylinder surface. The three results shown in Fig.
5.5 are now discussed scparately below.

It is seen that NECBSC2 formulations near h = O\ are non-physical. This effect
can be seen as a large change in coupling within a very small distance. For example
within 0.2\ distance from the cylinder, the coupling changes by almost 30 dB ! The
NECBSC?2 actually predicts wfinite coupling near the cylinder surface, and. because
of this reason. one should not use the code for heights that are very small. This also
points out the necessity in obtaining a value of the *height” where the NECBSC2 code
can expected to give correct results. (This issue has been considered the following
chapter.) The result in Fig. 5.5 is particularly important because the NECBSC?2
code allows antennas to be located as close as 0.25\ to the curved surface of the
cylinder. In Fig. 5.5 we also see that near ha~ 0.25\, the NECBSC2 code predicts
a rather large difference of 25 dB between AAPG and [, V" formulations. There
is however almost no difference between the AAPG and U, " formulation data -
indicating that near the cylinder surface. AAPG predictions are correct.

The U, V formulation results are inaccurate as the distances from the cylinder
increase. This is because, again. the U,V coupling data predicts large increases in
coupling as the height increases. This implies that the field from the cylinder surface
increases monotontcally with height. Such results are thus unacceptable, because,
for the data at hand, i.c.. @ = 180% in Fig. 5.5, there is no direct source ray, and
hence the coupling cannot increase monotonically with height.

The U, V formulation and NECBSC2 results are seen to be non-uniform with
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respect to height from the cylinder surface. It is because of this reason that the two
formulations are mutually erclusive in nature. Mutual exclusivity is based upon the
the fact that the two formulations are different mathematical approximations of two
different physical situations. However, as one moves in %, the electromagnetic field
anywhere must be single valued and unique. Close to the cylinder surface, this field
can be approximated via UTD coupling formulas (when A — 0). and, far from the
surface (h — 00) the approximation is accurate if the UTD scattering formulation
is used. However, there exists no common region of overlap. This is effect of the
nonuniformity in the two formulations. (The issue has been discussed in Chapter
6).

For antennas off the surface, the AAPG code gssumes that the curved surface

scattered field over the length L will be given by:
[ESAPOL< [Erns] x V(&) (58)

In (5.8) EFRS is the free-space field of a magnetic dipole over the length L. The
distance L has been defined in Fig. 3.1. Referring to Fig. 3.1, the general solution
to the scattering problem has been obtained by Fock [12]. Following the discus-
sions provided in Appendices A.1 and A.2, one can observe that when antennas
are at extremely small heights the general result of Fock reduces to the V(&) func-
tion, while at very large distances from the cylinder the same general solution can
be adequately approximated by the Pekeris caret P,(£) and the Fresnel integral.
Therefore, it follows, that when antennas are at large distances, the form Eqn. (5.8)

is not mathematically correct. Consequently, the AAPG result is incorrect for off-
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surface locations, because it uses an incorrect mathematical approximation to the
physical problem. The two different approximations, mentioned above, are radically
different in character, and, hence the results from the AAPG and the NECBS(2
codes re different. It mnst however be noted, as in Fig. 5.5, that the AAPG
code predicts safe results for off-surface locations even when it uses an inaccurate

mathematical approximation to the scattered field.

5.4 Summary of results

In this chapter, the limitations of the AAPG code have been examined. 1t was
found that for £ > 15.0, the AAPG results are incorrect for the on-surface antenna
locations. However, this problem can easily be remedied by implementing the actual
form for Vg(€) in the code. At present, the condition £ > 5.0 for which AAPG
code results are correct, can be used to determine the cutoff limits beyond which
AAPG is expected to give incorrect results.

For off surface locations, the AAPG code uses an incorrect approximation 1o
the curved surface scattered field. Nevertheless, the errors are always on the safe
side. Therefore the code can continued to be used to model EMI coupling. At large
distances away from the cylinder, the NECBSC2 gives correct results, however, it
has been found that the NECBSC2 code is invalid close to the cylinder’s surface,

The differences in the U, V formulations and the NEC'BSC2 results also suggest
in determining an overlap height for use of the creeping wave formmlations in the

code in predicting coupling. This would serve as a switching criterion between the
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two formulations.
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Chapter 6

Limits of UTD scattering and

coupling formulations

The results of the previous chapters clearly indicated the mutual exclusivity in
coupling gain predictions from the NECBSC2 and AAPG codes - particularly when
the antennas are in the deep-shadow, and, off the curved surface - as shown in Iig.
5.5. As discussed in Chapter 4, in connection with Harris results, the NFCBS('2
code fails to model correctly the coupling near cylinders surface. 1t is particularly
interesting to note that for a small height h &~ 0.06a, (where a = 24"), the NECBSC?2
results diverge from the actual on-surface coupling (AAPG or U,V formulation)
data.

The results of Chapters 4 and 5 thus strongly suggest that withis a very small
distance, the NECBSC2 and AAPG creeping wave formulations exhibit nonunifor-

mity. One might also suspect, based on physical grounds, that within a small height
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the true coupling cannot be expected to change significantly from its on-surface

(h = 0) value. This clearly indicates the need to investigate the limitations of the
NECBSC? code - that demands antennas to be % off the curved surface. Thus, one
of the major aspects of this comparison was to investigate the limits of the two, i.e.,
p, ¢ (NECBSC2) and U, V(AAPG) creeping wave formulations.

Since, as discussed in Sec. 5.3, the AAPG cannot correctly predict the coupling
for off-surface cases, the U,V formulation was employed in computing the the
coupling for off-surface cases, because the formulation allows antennas to be located
by a small height.

The NECBSC2 is invalid at small, while, U/, V" formulations is inaccurate at large
heights. This was shown in Fig. 5.5. Therefore. one can expect, as the distance
(height) is changed from h = 0, the NECBS(C'2 and U, V formulation data to overlap
at some Fh for a given value of ka. One can then use the result to find the regions
of applicability: far from cylinder kb — oo, and NECBS(C2 results are expected
to be accurate, and, for kh — 0, U, V formulations will give correct results. It
is useful, from a practical viewpoint to have a ‘rule-of-thumb’ guideline regarding
this overlap height. The search for such a empirical relation is the main focus of
this chapter. The empirical relation has been obtained for ka= 10 and 102 for the
present. Additionally, for Z,sfer = 0", an empirical relation for ka vs. kh with
Zoffset = 0" has also been obtained. The results are shown in this chapter.

In Sec. 6.1, the validation of the creeping wave formulations as in the NECBSC2

code is shown. In Sec. 6.2, the method by which this height was found, is described.

o
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Results have been included to establish the validity of this proceedure. Section 6.3

summarizes the investigations of this chapter.

6.1 Validation of the NECBSC2 creeping wave

formulations

It is important to investigate, if, at all the NECBSC2 results overlap with the U7T'D
coupling data. This will indicate any peculiarities of the code. To this end it
appeared judicious to compare the C vs. ¢ coupling. since, this gives more useful
information than the C vs. f cases. To achieve our objective. the actual NECBS('2
code was executed and the results were compared with {7, 1 formulation. A typical
result of this overlap is shown in Fig. 6.1.

Fig. 6.1 shows that U/, I"formulation and the NECBSC'2 code do not overlap if
the two ray fields are considered. This suggested in comparing the UTD scattering
formulation of creeping waves as in the NECBS("2 code to be used in determining the
overlap height. A computer program based on the NECBSC2 creeping wave formulas
was written and the results from the prograns is referved to as *p. ¢ formulation
results throughout the remainder of this thesis.

To simplify the investigations, it was decided to work with the single ray cou-
pling. (This also seems appropriate in view of the AAPG codes™ computation -
which considers only the dominant ray.) To compute the isotropic gain, one has to

subtract the gains from the NECBSC2 codes output, and. this increases the and
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labor involved in such typical computations. Thus it was necessary to develop an
alternate proceedure that can perform the same task and still can be validated with
the NECBSC2 codes output. The results from the UTD scattering formulation for
creeping waves are referred to as p, ¢ formulation in the remainder of this chapter,

Fig. 6.2 shows a direct comparison between U, Vand p. ¢ results for the single
creeping ray path. The data is the same as in Fig. 6.1, and thus 15 not repeated
here. One can clearly observe the peculiar nature of the p. ¢ formulation in the
deep-shadow. i.c.. bevond & =~ 130°. In the same figure, the U, Vformulation shows
a linear decay in coupling with ¢.

To verify this peculiar nature. the p, ¢ result was compared against the NECBSC'2
code - that is shown in Fig. 6.3. Here a= 217, f= 8 Gllz. and h= 0.875\ and
Lofrset = 0". The result in Fig. 6.3 indeed confirms the fact that the peculiar n
ture is a manifest of the p. ¢ creeping wave formulation. and. is independent of the
two ray one ray issne. Thus. it also became clear that the overlap height can be
determined by simply comparing directly the p. gand U, Voresults independently
of any code. (Similar validation results have been obtained for Zysruy # 0". but.

are omitted here for brevity.)

6.2 Numerical determination of the overlap height

It was found that NECBSC2 code and U, V formulation did ovetlap for the C
vs. ¢ case for an arbitrary geometry. To avoid the tedium of determining isotropic

coupling directly from the NECBSC2 code - every time a set of results were required,
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same in Fig. 6.2.




the p, ¢ formulations were validated against the NECBSC2 code. Thus, the two

single ray creeping wave formulations could be used more effectively for comparison
of the overlap of coupling data. This section is is concerned in finding the overlap
height which allows the user/ designer to estimate, as a rule-of-thumb, the limits of
the accuracy of U, V and the p, ¢ formulations. This in turn. shows the limitations
in the practical applications of the NECBSC2 code.

It may perhaps have been desirable to obtain an analytical formula for height.
However, as shown in Appendices A.1 and A.2, the mathematical forms underlying
the formulations are, at present, inadequate to provide us with an analytical ex-
pression - suitable for practical computations. Therefore, the determination of this
height was done rather empirically. This approach, although somewhat heuristic,
yields useful answers for practical enginecring applications. The merit of this ap-
proach is that it does not involve mathematical complications. The disadvantage
of the approach is that it is numerically involved and one is not sure regarding the
individual accuracies of the two formulations at an overlap height. The method is
described below.

The method consists of computing the isotropic coupling (C vs. @) from the
p, g and U, 1" formulations, till a reasonably good agreement (within 1 dB) was
obtained. This proceedure is repeated for two values of ka. A smooth curve was
found for the two values of ka, and, finally the results from the curve were further
validated to ensure accuracy in predictions from the approximate curve. It was also

found that the overlap height kh was a function for the axial separation kZ,ffser.
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This functional form was obtained by assuming a parabolic relation between points
for fixed values of ka. The total number of datapoints was between 4 and 5 for
every set of ka = 10 and 102. For ka = 102, which corresponded to a = 21" and
f= 8 GHz, the overlap was found by comparing the U, V and NECBSC2 single ray
results. (This was done for all the overlap data at ka = 102.) For ka= 10, the
overlap height was found by directly comparing the U, V" and p, ¢ formulas. To
examine the dependencies of overlap height on the cylinder radius or size, empirical
relations have also been obtained for Zosfeer = 0".

To obtain accurate results, it became necessary to proceed as precisely as possi-
ble, since the NECBSC2 results, as shown in Fig. 5.5, could change abruptly in the
close vicinity of the cylinder. By starting at %‘, the height was changed till the U, V
results exceeded the p, gor NECBSC2 data. Next the height was reduced from this
value till the U, V results were lower, and, then within a few iterations hetween the
above two limits, the best overlap height within 1 dB was found. This process was
repeated for several Zygsser values for a given ka. Figs.6.4, 6.5 show the results for
ka = 102.

In Fig. 6.4, the NECBSC2 and U, V formulation data is shown for C vs. ¢

H

variation for a = 24", f= 8 GHz, and Zoffeer = 305.5". For the NECBSC2 runs,
radial, -’23, electric dipoles were chosen because the gains along both the paths are
same (2.13 dB). The isotropic coupling from the U, V and NECBSC2 codes agree
within 1 dB - which decreases all the way upto 120°. Beyond 120", the NECBSC2

data is dominated by 2 rays.
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Fig. 6.4. Comparison between NECBSC2 code single ray and U, V results. Here
a=24", f= 8 GHz, Z= 305.5" and h= 0.0865 m. The difference is within 1 dB at
¢ = 60°. At ka = 102, the overlap height is h= 2.3, and Z= 207\
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Fig. 6.5. Single ray overlap height for ka = 102. The discrete points were found
by comparing the U, V formulation and NECBSC2 results in the single ray regions
for ka = 102. The ‘smooth’ curve passing through the points can be approximated
by a parabola. If x = kZ x 10~% and kh = 5(2), then the curve (solid line) has the
equation: S(x) = 5.49 + 9.7153z — 2.0306.2°.
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In a similar manner, for ka = 102 with f= 8 GHz, and a = 24" other axial off-
sets were tried and agreement within 1 dB was obtained between the NECBSC2
and U, V code results in the single ray regions. These corresponded to axial
offsets: Zoffser = 0",36",180" and 360". The overlap heights were obtained at
h= 0.875),1.15),1.875), and, 2.5) respectively. The AZ x 107% and kh values were
plotted, and, the results for ka = 102 can be seen in Fig. 6.5.

In Fig. 6.5, a smooth curve approximation was found, and, it reads:
S(x) = 5.49 + 9.71532 — 2.0306.°. (6.1)

This result is valid only for ka = 102. In Eqn.(6.1), we have kh = 5(2) and
r=kZ x 1073,

The above results and discussions established a confidence in the technique.
Next, the proceedure was applied to ka = 10. For this value, a = 24" and f=0.785
GHz. To avoid labor in computing the isotropic coupling, p, ¢ formulation was used
in place of the NECBSC2 code. Fig. 6.6 shows the approximation for the case of
ka= 10.

In Fig. 6.6 the empirical relation for ka = 10 is given by:

S(x) = 2.36 + 20.57z — 10.6382°. (6.2)

As before, i.e., in {6.1), S(x) = kh and kZ x 1073 = 2. The validity of this equation
was checked by choosing @ = 15" and f= 1.25 GHz. At Zoffeer = 0" the height
h= 0.09015 m via Eqn. (6.2). The results are shown in Fig. 6.7

In Fig. 6.7 (Zoffset = 0") a difference of about 2 dB is seen. The computations
start from the grazing angle. It is interesting to note that the maximum difference
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is exactly at the grazing angle. The p, ¢ formulations for creeping waves are valid
below the grazing line; for the U, V case, no such geometrical boundaries exist.
Therefore, this difference is attributed due to the differences in the U, V and p, ¢
formulations at the grazing, or, line of sight locations.

Fig. 6.8 shows the dependencies on the cylinder radius and kh. It was found

that an empirical relation could be obtained, which reads:
S(x) =213 +3.75 x 10720 — 435 x 107°2? (6.3)

In Eqn. (6.3), 2 = ka and kh = 5(). The results in Figs. 6.5.6.6 and 6.8 allow us
to conclude that the overlap height is a function of:

(1) the cylinder radius ka, and.

(2) the axial separation kZyfser.

In the next section the deep shadow region discrepancies of the {7, Vand p. ¢

formulations are studied.

6.3 Differences in the U,V and p, q formulations

in deep shadow (large ¢) regions.

It is well known that an exponential decay €¢77"*® can be associated with a creeping
wave field amplitude. Here ¢ is the azimuth angle and the quantity 1, is the complex
attenuation constant. One can show that this implies a linear decay in ¢ on a
logarithimic (dB) scale. The reader is suggested to refer to Figs. (.2 and 6.9 for the
discussions in this section.
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Fig. 6.6. Single ray overlap height for ka = 10. The discrete points were found
by comparing the U,V and p,q formulations results in the single ray region for
ka = 10. The ‘smooth’ curve passing through the points could be approximated by

a parabola. If 2 = kZ x 0.001 and kh = S(z), then the curve (solid line) has the
equation: S(x) = 2.36 + 20.57x — 10.63822.
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m was calculated. The difference between the NECBSC?2 and p, ¢ results is less than

ka = 10. The cylinder radius @ = 15
0.5 dB.
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The result in Figs. 6.2 and 6.9 show an interesting behavior in the present
p, ¢ formulations. The data shawn in those figures refer to ke = 102 and 1000
respectively. One can see that beyond ¢ ~ 140° (Figs. 6.2 and 6.9). the lincar decay
is absent in the p, ¢ formulations. As shown in Figs. 6.2.9. the ', V formulations
exhibit a linear behavior.

The results in Figs. 6.2 and 6.9 show that there is a problem in the p.g formu-
lation as the one ray field does not show the lincar type of behavior. This improper
behavior has Leen recently studied by Hussar and Albus [21]. It turns out that the
p, ¢ formulation does not properly reduce to Keller's deep shadow creeping wave
modes when the observation point is fairly close to the surface and the eylinder is
very large. Hence. it can be misleading to conclude that the p, ¢ formulation or the
NECBSC? code becomes increasinly accurate with large ha. The work of Hussar
and Albus specifically shows that this is not the case.

The investigation presented in this chapter, points out similar problems with the
UTD scattering or p, ¢ formulation as was observed by Hussar and Albus in [21].
The peculiar behavior of the p, ¢ formulations - as shown in the Figs. 6.2 and 6.9
was not observed for smaller size cylinders. i.e., for ka= 10. This strongly suggests
that the p, ¢ formulations in the NECBS("2 code are inaccurate in the deep-shadow
(large ¢) when ka — oo (large cylinders). (In Figs. 6.2 and 6.9 ka= 102 and 1000
respectively.) The reason, as pointed out by Hussar and Albus. is due to the fact
that the Fresnél integral (transition function). F(XY). dominates over the Pekeris

carets, P;,h(.f), in the deep-shadow. and, hence the proper expression for the creeping
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wave fields in the deep-shadow, given by Levy-Keller theory, is not obtained from
the UTD theory of Pathak ef al. [7]. This occurs for large cylinders (A — oo and
hence ka — o0) and for observation points in the deep-shadow. Thus, in the hght
of Hussar and Albus’s work, the p, ¢ results in Figs. 6.2 and 6.9 can be considered
to be inaccurate in the deep shadow. Coincidentally, the deep shadow region is
seen to occur whenever the two rays in the p, ¢ formulation become almost equally

dominant.
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Chapter 7

Conclusions

In this thesis, numerical comparisons between the U, V formulation and the pre-
viously published AAPG code results of Harris have been reported. The compar-
isons show perfect agreement between the two results. and, hence indicates that the
AAPG code can correctly predict the on-surface (h= 0) coupling.

Harris NECBSC2 results have also been replicated to an excellent degree of
accuracy by an alternate technique that requires no modification to the NECBSC?2
code. By not modifying the code, this leaves the user free of any any ambiguities that
could have otherwise resulted if the code were modified. The antennas were kept
at h= 0.0375 m for both the ¢ and frequency variations. The excellent agreement
between Harris and our NECBSC2 results establishes confidence in the alternate
technique that was used in replicating Harris results.

Additionally, the NECBSC2, AAPG codes, U, V formulation, and, measured

data obtained from the Harris report have been compared. As the NECBSC?2 data
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diverged from the U, V and AAPG code and measured data, it was demonstrated
that the NECBSC2 code, or. equivalently the p, g formulation cannot model the
on-surface coupling cases. Hence, it was concluded that Harris had made erroncous
comments regarding the inadequacies of the AAPG code.

The evaluation of the shading loss, Ley(£). and the hard surface Fock function
Vo(€) against the Fock parameter £ showed that beyond £ > 15.0 the AAPG code
uses an incorrect approximation to the creeping wave loss. Thus, for some arbitrary
combination of electrical and geometrical parameters, whenever £ > 15.0, the AAPG
code results are inaccurate. This inaccuracy is safc from the viewpoint of MO
applications, as AAPG code predicts more coupling beyond £ 2 15.0. For off surface
locations the AAPG code continues to predict increased coupling levels, which being,
theoretically incorrect. are nevertheless safe from an EMC viewpoint. It was also
found that in the vicinity of a cylinder surface the NECBSC2 code predicts iniinite
coupling as the p, ¢ formulations for creeping waves become invalid, The results thus
established that the U/, V and p, ¢ formulations are mutually crelusive in natine,
and, one cannot be a substitute for the other.

The above results led to detailed investigations regarding the overlap hetween
U, Vand p, q formulations for varying values of ka. It was then numerically found
that an overlap within a maximum of 1 dB of variation hetween U, Vand p, ¢
formulations could be obtained. This empirical relation for the overlap height has
been obtained for ka= 10 and 102 as a function of Zosfecr. It has also been shown that

for heights that are much larger than the computed overlap height. the NECBSC2
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code results can expected Lo be accurate.
Additionally, empirical relations between overlap height and cylinder radius has
also been obtained for Zgyrfer = 0". These curves indicate the optimum switchover

point for a cylinder of abritrary radius ka.
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Appendix A

A.1 Approximation to the generalized hard Fock
integral when both antennas are at small

heights off the cylinder

The generalized hard-Fock integral (3, Equ. (45)]. specialized for a circular eylinder,

reads:
-15 €3 . "W
Fu6, ) = “—p [ el - 3 [wm - ) - TR el - ).

(AL.1)
Our objective is to obtain the result stated in [3. Eqn. (19)). Eqn. (Al.1) applies
to antennas on, or, off the cylinders surface and the heights are arbitrary in this
equation. This effort may apparently seem redundant at a first glance, but, its
derivation - in the technical report of Pathak and Wang [3] - for siall heights is not
available. Since modeling of EMI coupling between two finite, cylinder-mounted,

radial monopoles requires one to account for those portions of the monopole length
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that are not exactly on the cylinder surface but ‘close’ to it, it is worth investigating

this derivation - to fully understand the major limitations when subjected to such
applications.
One begins by approximating the Fock-type Airy functions in (A1.1) by their

Taylor series forms for small heights. This means y,, >~ 0. We have:

W 1 , 4 Th?\ ...
ST = h) = Wy(r) = FW, (1) + W(7). (A12)

9
In (A1.2), j = 1,2 designate the two categories (complex conjugates) of Fock- type
Airy functions used in (Al.1). h = y,, are the ‘heights’ above the curved surface
of the cylinder. The higher order terms in the Taylor series have been neglected,

because the main assumption is that h, or, equivalently ys, is small. Therefore, we

can simplify the term [], in (Al.1), as follows:

2] 1
[] ~ Q. [1 + T} W) (A1.3)

The quantity Q,, = Wy(T)W;(7) — Wj(T)W(7) = =27 is the wronskian relation for

Fock-type Airy functions, as can be found in Logan’s report [14, vol. 1]. Conse-

quently one can simplify (Al.1) as:

i [ -ger Ty2\ Wa(T — ys)
/F(....)dr_ ‘2]/["6 (1+ ,)> W (AL.4)

-~

The R.H.S of (A1.4) can be further simplified via (A1.2) to expand Wy(7 - y,) and
ignoring all terms involving ysy?, y?y? e.t.c. Moreover, upon incorporating these
simplifications, one will still be left with the integral 25y, fr ¢ /¢"d7. However, this
integial vanishes for all £ # 0. Thus, specializing in the deep-shadow & >> 0, we
note that,
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R.H.S of (Al.4)

o 1 . . L TWY(T)
= 25 [eer i ar — i+ ) [er [T e ALs
ihe [Wm)] A S ) (ALD)
Finally, we use the standard formulas for Vg(§) and V(€) as can be found in {3,
Eqre. (12)&(51)]. These relations can be used to simplify the RS of (A1.5), and,

substituted back into (A1.5). The result of this is the Taylor series approximation

to Fn(&, Ys,yr), which reads.

Fi(€, ys, yr) = Vol€) - fé(yff +H118). (41.6)

The residue series form for the zeroth order hard surface Fock function reads:

¢ ~)€m

Vil€) = e fre 3 — (A17)
n=1 n

The first order hard surface Fock function can be similarly expressed as:

Vi(6) = e /med Z(—JET" (ALN)

=1
In (A1.7,1.8) the Fock parameter £ is given by (3.6). The residue series is applicable
whenever € > 0.6. The general forms for V(§) and V() are available in the reports
and papers of Logan [14], Pathak and Wang [3] or Lee [17]. 7, is *nth’ root of the
Airy function in (A1.7,8)

The ys , are dependent on the source and recciver heights li,,. They have been

defined in (3.12), Chapter 3 of this thesis.
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A.2 Approximation to the generalized hard Fock
integral when both antennas are at large

heights off the cylinder.

In this Appendix, the generalized hard Fock integral is approximated for large values
of source/ observer distances from the cylinders curved surface. It is shown that
this approximation yields the well-known Fresnel integral and the hard Pekeris caret
function. It is also important to note that the final result, as obtained here, can
be found in vol. 1 of Logan’s report [14, p. 7-4]. Logan apparently seems to
have presented the various forms of this important special case from the various
publications of the Soviet researchers in the mid-1940's. This derivation clearly
points out the major limitations of the UTD curved surface scattering formulations
as is present in the NECBS(2 code. To follow the derivations, we have referred
to some special (advanced) references that are useful only for this Appendix. As
indicated later in the appendix, there is a minor difference in the final expressions
obtained here and the one by Pathak. However, this difference does not detract us
from analysing the limitations in the UTD scattering formulations. (This difference
could have been due to several reasons. We have examined only the special form of
the hard Fock integral, whereas Pathak’s derivation is entirely different. However,
at the present time, the analysis presented here is sufficient for our purposes.)

In this development, we confine ourselves to the form of the hard Fock integral

only. The conversion of the scattered field by an axial magnetic current element to
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the present form of the Fock integral is not discussed here. This derivation can be
found in the textbooks on advanced electromagnetic theory and scattering, Without
presenting the analytical details. we summarize the steps involved in obtaining the
hard Fock integral.

The form of the generalized hard Fock integral is:

()
War)

lo ]
Fu(&,ys,9,) = T f e AW — y) W7 — ) = (= y)i.
2 -
(A2.1)
Our approximation refers to the situation y,, — oc. From Bowman, «f. al. [2A. p.

62, Equs. (1.265)]. we have the following form for the Fock tvpe Airy function,
| & \ A

2x

Wia(2) = 2V/ACF A2t (A2.2)

The Miller type Airy functions can be represented in the contom integral form from

Bleistien and Handelsman’s book [2A. p. 52. Equs. (2.5.10)] as:

, 1 3
Ai(s) = — =T dt. (42.3)
2wy Jr
The contour T starts from cce 3~ and ends at soc™3. Here s = % The

asymptotic form of Airy function for complex argument can be found in volume |
of Logan’s report [14, p. 8-8, Eqn. (8.10)] or from Bleistien and Handelsman [2A.

p. 285, Eqn. (7.3.16)], that reads,

. 0 e:flm 2 % PRI
Ai(pe?®)— ,e.l'p[——p-( ? ] (A2.4)
2/mpd 3

Eqn.(A2.4) is valid only when p — oo, and, |arg(f)| < .
The steepest descent method in obtaining (A2.4) has been discussed in detail
in Bleistien and Handelsman’s book, and, hence is not repeated here. The Fock
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type Airy functions can now be expanded via Eqns. (A2.2) and (A2.4) for |z| —
oo. These forms are then subsequently substituted in (A2.1). After some lengthy

algebraic manipulations, the following simplified form for the integrand in (A2.1) is

obtained:
N e 0 e 20 3 jV'(7) .
q,h(f, ysayl) = Qj(ysyr)'} Cl])( 3 [(ys 7)2 + (yr T)-]) |:l + _‘Vé(T) . (.425)

In (A2.5), 23V(71) = Wi(1) — Wo(7). One substitutes the form for ¥, from (A2.6)

into (A2.1). The compact form for (A2.1) reads:

Ful& ysoy) ~

+
I / <IATU(E, Yoo Yy ). (A2.6)

In (A2.6), ¥, (€. ys, yr) is given as in (A2.5). Next we expand the exponential term in
(A2.6) in two different forms. This turns out to be necessary because it is important
to evaluate the integral numerically and thus justified approximations are adnissable.
These approximations are within the framework, ys, — oc. Retaining only three

terms, we have,

e 3 O ST _
Q’V(Js +Jr) —T(Js + ¥ )+7(ys'+yr2) . (A2.7)

..:

This form is substituted in (A2.6) only for the first term in Eqn.(A2.5) - designated
within [] For the second term, one uses the two term approximation (terms
including 7 only) in (A2.7). (This is necessary because it will be found that higher
order approximations in (A2.7) result in a complicated integral involving V' (7) and
W;(7), that cannot be evaluated by approximate methods.) However, the first term

in the integral can readily be evaluted. This evaluation will be shown a bit later in
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this Appendix. Before that. the reduced form for Fp(&, ys. y,) reads:

(Ysyr)t 2T

™ ~

? "'Ji —2 ' . Kl 2 4 w 5
Fi(&,Ys,yr) = § ¢ exp| 3](y§ + y#)) [_ij eI ET) e 2/‘* (,_J,,J (7) d

(A2.8)

One can further substitute for the hard Pckeris caret function in Egn. (A2.8) as:

f)( 1) = F (-Jur_‘.:ﬂ(]— 12.9
W=7 s o) (-42.9)
In Eqns. (A2.8.2.9) the substitutions jt = & — (\/ys + \/y; ). and.

g Y9tV

have been used. Eqn. (A2.8)is not of the same form containing the *wedge transition
function’. introduced by Pathak in [S. Eqn. (16¢)]. To obtain Pathak's form, one
needs to obtain a more general form for (A2.5) than the one presented here. This
proceedure is quite complicated. and, has been presented by Fock in [12, Ch. 7, pp.
138-140]. Fock shows that by retaining the formm for Wi (E. y.. 4, ) in the “pole close

o a saddle point’ case, the standard form for the Fresnel integral

a5 -pr?
/+ ——L——(IT:QﬁF(bﬁ)

o T B
can be obtained. (The details can be found in Clemmow’s hook [3A. See. 3.3.1, pp.

51-53].) This results in the large argument form for Fy(&. y,.y,) that reads:

2

2) 3 1 - F(X))
(Ysyr)3

3 : x
expl—=(yé +y’)] [‘ Gk NG

Fa(&,Ys, yr) =~ + P, (4210

3
The present derivation shows that for large distances, y,, — oc. Pathak’s original
formulation for scattering of waves by a cvlinder can be recovered. The difference
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arises in the U, V and p, ¢q formulation for creeping waves in the appearences of
the P;.(:I:) and Vo(x) functions in describing the creeping wave attenuation over the
geodesic paths.

Eqn. (A2.10) also shows that as y,, — 0, the relation breaks down near the
curved surface of the cylinder, as, it becomes infinite. This is the basic reason
why the NECBSC2 cede predicted ‘infinite’ coupling near the curved surface of the
cylinder in Fig. 5.5, Chapter 5.

In summary, by carefully analysing the mathematical details of the two different
approximations to the hard Fock integral, the mutually exclusive nature of the U,
V and p, ¢ formulations can be understood now. The analytical forms in Appen-
dices A.1 and A.2 point out that one form cannot be a substitute for the other.
Thus, the mutual exclusivity arises in terms of the distances involved in the two
approximations.

References for Appendix A.3

[1A] N.Bleistien and R.Handelsman,* Asymptotic Erpansions of Integrals’, Dover
Publications Inc., New York, 1936.

[2A] J.J.Bowman, T.B.A Senior, and, P.L.E Uslenghi (cds.),' Electromagnetic and
Acoustic Scatiering by simple shapes', North-Holland, Amsterdam, 1969.

[3A] P.C.Clemmow,' The Plane Wave Spectrum Representation of Electromag-

netic Fields’, Pergamon Press, New York, 1966.

119




A.3 Typical AAPG code outputs for off-surface

Coupling Gain calculations.

In this Appendix, the AAPG code outputs are shown. These results were being
obtained by actually running the version 07 of the AAPG code at the EMC Lab of
Concordia University. This was done in order to obtain validation of the computer
program written, based on Equs. (5.1 to 5.7) for easy generation of data. The
computer program can calculate for arbiratry antenna locations on or off the exlinder
surface.

The data shown in Figs. A.1to A5 refer to a eylinder of radius @ = 247, f= 8
GHz, Zoffset = 0" and ¢ = 180". The antennas were moved by equal amounts off

the cylinder for both source and receiver. Thus:
C',L.\p(; =TFS+SF+G,+G,. (A3

In (A5.1), TFS and SF are the transmission and surface shading, loss that can bee
seen in the AAPG outputs in Figs. A.l to A.5. The final result is then shown in
Fig. 5.5 of the thesis. The user may note that the AAPG coupling paths are shown
by dashed lines in these figures.

The version 07 refers to the technical report by Widmer {0].
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Fig. A.1. AAPG output for antennas at h = 0\. The surface shading and the
transmission loss are shown here. To these values an antenna gain of 2.15 dB was
added for the transmitter and receiver, to obtain the total coupling gain that is
plotted in Fig. 5.4. The situation here is a special case of Fig. 3.1 with hy =h, = 0

therein.
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Fig. A.2. AAPG output for antennas at & = 4\. The swrlace shading and the
transmission loss are shown here. To thesc values an antenna gain of 2.15 dB was
added for the transmitter and receiver, to obtain the total coupling gain that is
plotted in Fig. 54. The total distance between the antennas in this situation is
shown by the dotted line in the AAPG output display. The [ree-space wave spreading
Joss is computed over this length; the shading loss is computed over the intercepted
portion of the geodesic. The situation is similar to Fig. 3.1 of the report.



ELECTROMAONETIC INTEATERENCE MAROIN CALCULATION
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Fig. A.3. AAPG output for antennas at i = 25\. The surface shading and the
transmission loss are shown here. To these values an antenna gain of 2.15 dB was
added fo the transmitter and receiver, to obtain the total coupling gain that is
plotted in Fig. 5.4. The total distance between the antennas in this situation is
shown by the dotted linein the AAPG output display. The free-space wave spreading
loss is computed over this length; the shading loss is computed over the intercepted
portion of the geodesic. The situation is similar to Fig. 3.1 of the report.
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CLECTROMAGNITIC INTERFERENCE MARGIN CALCULATION
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Fig. A.4. AAPG output for antennas at i = 50A. The surface shading and the
transmission loss are shown here. To these values an antenna gain of 2.15 dB3 was
added for the transmitter and receiver, to obtain the total coupling gain that is
plotted in Fig. 5.4. The total distance between the antennas in this situation is
shown by the dotted linein the AAPG output display. The free-space wave spreading
loss is computed over this length; the shading loss is computed over the intercepted
portion of the geodesic. The situation is similar to Fig. 3.1 of the report.




ELECTROMAONETIC INTERFERENCE MARGIM CALCULATION

117 /01
TRANSPITTER + TXSUB (X ) RECEIVER 1 RXSUD  (AX )
DESCRIPTION WARNQONIC MO L
£.008 oN2
TRANSRITTER POUER 30.8
<ATR Cal LOSSES ]
QAIN 'R
TRANONISEION LOSS .3
DING -3
i K]
WCUR MITENM GATN 0y
SR CABLE LORRLS .
e STMITIVITY -30.0
DAL MReN -18.4 \ ™
L PTELE anemve
TAANSNITTEIR ANTENNA
Botota KL 1.00
(RMIN)  AZ « -p.08
|
@. ......................... T @ MECEIVER TR
Cotos gLo 1.
(RAIN) . e
feuarion - 9. beg.
MUTH L o. bEa.
{( 1.01-09)

Fig. A.5. AAPG output for antennas at h = 500\. The surface shading and
the transmission loss are shown here. To these values an antenna gain of 2.15 dB
was added for the transmitter and receiver, to obtain the total coupling gain that
is plotted in Fig. 5.4. The total distance between the antennas in this situation
is shown by the dotted line in the AAPG output display. The free-space wave
spreading loss is computed over this length; the shading loss is computed over the
intercepted portion of the geodesic. The situation is similar to Fig. 3.1 of the report.






