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panels joined together with epoxy applied to outside surfaces, as shown.
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The original epoxied construction of the Simplified Fuselage was found
to provide imperfect shielding. The new design includes 1 cm square
aluminum bars in each of the upper corner to which the top and side
panels can be screwed, and an increase in the thickness of the bottom
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The top and side plates of the fuselage were screwed to two 1 cm square
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For this series of measurements, the cockpit and all but one cabin
windows were sealed. The window that is open is denoted by a letter
designation. In this photograph, window “I” isopen. . . . ... ...
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The raw S, data plotted as a contour plot is very difficult to interpret
due to the extremely rapid variations in magnitude with frequency.

Smoothing the S;» with respect to frequency by 5% reveals the trends
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With all of the windows covered with copper tape, the “leakage floor”
measurement shows that the modified fuselage is well shielded. There
is some residual leakage at the taped-on fuselage end plates, but the
leakage along most of the top of the fuselage is below -80 dB. . . . . .
The Si2 between the simulated PED and the external antenna when
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only the cockpit window isopen. . . .. .. ... ... ... .....
A close-up photograph of a brass screen with a mesh size of 3 mm
(2.36” full-scale) applied to window “F.” . . ... ... ... .....
The S;5 between the simulated PED and the external antenna when
window “F” is screened with a 3 mm brass mesh, and all other windows
are sealed. The maximum coupling is reduced 27.3 dB compared to
the case of window “F” open. . . . ... ... ... ... .. .....
A close-up photograph of a brass screen with a mesh size of 2 mm
(1.57” full-scale) applied to window “F.” . . ... ... ... ... ..
The S;o between the simulated PED and the external antenna when
window “F” is screened with a 2 mm brass mesh, and all other windows
are sealed. The maximum coupling is reduced 33.3 dB compared to
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A close-up photograph of a brass screen with a mesh size of 0.75 mm
(0.59” full-scale) applied to window “F.” . . ... ... ........
The S;5 between the simulated PED and the external antenna when
window “F” is screened with a 0.75 mm brass mesh, and all other win-
dows are sealed. The maximum coupling is reduced 36.2 dB compared
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The coupling observed when external antenna is located at the same
station as window “F” as a function of frequency for the three applied
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The cylindrical fuselage began as a sheet of aluminum that was custom
welded intoatabe, . . « o « &« 5 w5 5 % B e s f s s s e s s w s ww
The cabin windows were designed to be the same number and configu-
ration as those in the Simplified Fuselage. However, some discrepancies
occurred in the physical realization. . . . . . . . .. ... ... ... .
Aluminum caps were machined to fit within the ends of the cylinder.
The nose end cap features the same 8 cm by 18 cm “cockpit window”
as the Stmplified Fuselage. + « « < « c s a v 56 v 5 0 v 5 w2 w v n s
The shielding effectiveness (relative to a monopole) of the cylindrical
fuselage (blue) compared to that of the Simplified Fuselage (red), at
nose incidence and observed at a point 50 ¢cm from the nose. . . . . .
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A detailed view of the comparison between the cylindrical fuselage and
the Simplified Fuselage shielding effectiveness between 0.5 GHz and 1.5
GHz. No correlation in the peaks and nulls are observed. . . . . . . . 241
With the shielding effectiveness smoothed by 3% (with respect to fre-
quency), it is more evident that the SE of the cylindrical fuselage is
nearly identical to that of the Simplified Fuselage in this averaged,
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Chapter 1

Introduction

The ability to design and achieve electromagnetic compatibility is becoming more
challenging with the rapid development of new electronic products and technologies.
The importance of electromagnetic interference (EMI) and electromagnetic compati-
bility (EMC) issues stems from the fact that the ambient electromagnetic environment,
has become very hostile; that is, it increases both in density and intensity, while the
current trend in technology suggests the number of electronic devices increases in
homes, businesses, factories, and transportation vehicles. Furthermore, the operat-
ing frequency of products coming into the market continuously increases. While cell
phone technology has exceeded 1 GHz and Bluetooth operates at 2.4 GHz, products
involving satellite communications operate near 10 GHz and automobile radar sys-
tems involve frequencies above 40 GHz. The concern about higher frequencies is that
they correspond to smaller wavelengths, therefore electromagnetic waves are able to
penetrate equipment enclosure through apertures or even small cracks more easily.
In addition, electronic circuits have become small in size, and they are usually placed
on motherboards or housed in boxes in very close proximity. Cosite interference and
coupling in all electrical and electronic circuit assemblies are two essential issues that
have to be examined in every design.

According to IEEE, EMC is defined as “the capability of electrical and electronic
systems, equipments, and devices to operate in their intended electromagnetic en-
vironment within a defined margin of safety, and at design levels of performance
without suffering of causing unacceptable degradation as a result of electromagnetic

interference” [2]. According to the same source, EMI is defined as “any electromag-



netic disturbance, whether intentional or not, that interrupts, obstructs, or otherwise
degrades or limits the effective performance of electronic or electrical equipment.”

From the above definitions the strong relation between EMC and EMI is evi-
dent. As a matter of fact it is EMI control along with susceptibility control that
lead to EMC. EMI and susceptibility control are achieved by emission reduction from
sources that are controllable, and increase of sensitive equipment immunity, respec-
tively. Therefore, the focus of today’s work in EMC is on standardization. Several
technical organizations and committees such as the International Electrotechnical
Commission (IEC), the International Standards Organization (ISO), and the Inter-
national Telecommunications Union (ITU) are responsible for setting EMC and EMI
standards for all electronic devices, as well as standards for measurement and test
methods necessary for repeatable standards.

EMI is caused by dynamic factors, such as spurious emissions, space weather,
or geomagnetic and atmospheric conditions. In other words, electromagnetic distur-
bances that affect electronic systems equate to EMI. A broader definition of EMI
would encompass more static causes, such as geographical and man - made obstruc-
tions. Potential EMI threats can come from a jamming device, malfunctioning equip-
ment, or improper system operation. A mountaintop, a clump of trees, or a building
can also be contributing factors. What occurs much more frequently is interference
from extraneous navigation and telecommunications systems, and other sources.

The area of modern technology that EMI and EMC issues are of particular in-
terest and importance is aviation. This is because a large number of antennas are
mounted on various platforms, such as helicopters, airplanes, etc., to support and
provide crucial operational services, such as video and audio communications, high
frequency (HF) beyond line - of - sight communications, GPS, radar altimeter, etc. In
specific applications, very advanced communication systems are required (e.g., com-
munication systems of helicopters or aircraft). For example, pilots of airplanes (or
helicopters) depend substantially on guidance systems that check the alignment and
the position of the airplane (or helicopter) during landing, especially at night or in
poor visibility conditions. Consequently, in order to ensure safety, the communica-
tions instrumentation should be extremely reliable. However, when many antennas

are placed on the same structure (e.g., helicopter or airplane airframe), the problem



of interference and coupling between transmitting and/or receiving elements can in-
fluence the operation and integrity of the communication systems. Interference can
corrupt the signals with noise and deteriorate the quality of the communications. In
addition, it can cause jamming of the systems, followed by complete interruption of
already established communications. Therefore, the investigation of mutual coupling
and the interpretation of coupling mechanisms is of great importance. Understanding
the behavior of coupling helps us provide guidelines to minimize interference. This
will significantly contribute to the design of communication systems with improved
quality and reliability.

Another critical EMI/EMC issue that is relevant to all aviation, and which has
lately attracted a lot of attention concerns the penetration of High Intensity Radiated
Fields (HIRF) into conducting enclosures via apertures. In numerous occasions it has
been proven that EM sources external to the aircraft have caused several problems to
the equipment of airplanes, such as disrupted communications, disabled navigation
equipment, etc. Sophisticated digital avionics are increasingly used in safety critical
equipment of all types of modern aircraft. Regardless of digital avionics usefulness
for critical and essential aircraft functions, they are susceptible to electronic upset if
subjected to certain electromagnetic (EM) environments. Additionally, under regular
flight conditions, the aircraft is exposed to the radiation of numerous EM sources
covering the entire spectrum. Therefore, for the safety of the flight it is evident
that aircraft is required to be immune to various EM interferences (EMI) and hence
- operate without adverse effects. EMI to an aircraft can be created by internal sources
such as the installed on - board systems and passengers’ personal electronic devices,
as well as by external ones, such as high power communication systems (satellite
links), radars and other aircraft. Such radiations are of significant interest, and they
are referred to as HIRF sources.

More precisely, HIRF encompasses man - made sources of electromagnetic radi-
ation generated external to the aircraft considered as possible interference toward
the safety of aircraft flight. The easiest way to distinguish HIRF from other types
of EMI is to state what it is not. HIRF does not include interference among on -
board systems; this type of interference is referred to as an EMC issue. HIRF does

not include EMI effects caused by portable electronic devices (PEDs) carried by pas-



sengers, such as cellular telephones, laptop computers and portable radios !. HIRF
does not include the effects of lightning [3] [4], nor the effects of static electricity
generated on the airplane; this is called Electrostatic Discharge (ESD). HIRF sources
are only those emitters that intentionally generate emissions. Non - intentional (and
in some cases non - licensed) emissions in the passband of aircraft navigation and
communication systems have been known to cause interference problems, sometimes
with serious consequences, but are not considered HIRF. These types of emissions
are regulated by Federal Communications Commission (FCC). HIRF sources include
radio and TV transmitters, airport and weather radar and various military systems,
both grounded - based and airborne, such as surveillance radar, electronic warfare
(EW) systems and electromagnetic weapons. The HIRF environment proposed for
certifying safety critical systems in fixed wing aircraft and helicopters is shown in Ta-
ble 1.1. As this table suggests, the HIRF frequency spectrum divides into distinctly
different halves around 400 MHz. Below this frequency, most high - power use of the
electromagnetic spectrum is by communication and navigation devices which radiate
signals that are weakly directional and continuously on the air. This includes AM
and HF or “short wave” broadcasts and FM and TV broadcasts. Most high - power
use of the spectrum above 400 MHz is by radar, satellites and weapon systems. Ra-
diation associated with these systems is generally of narrow beamwidth and often
pulsed. In spite of the much higher peak levels associated with signals in the GHz
range, experience has shown that the region of greatest sensitivity for electrical and
electronic systems on aircraft is between a few MHz and a few hundred MHz.

This research project was primarily intended to develop analytical/numerical tech-
niques to examine HIRF penetration into cavities. The parameter that was used to
judge HIRF penetration in a cavity is shielding effectiveness (SE). Our research
primarily focused on cavities with apertures because they better resemble aircraft
fuselages while the mechanism of field penetration is the same in both cases. In such
structures, an external signal penetrates through the apertures and directly couples
energy into the interior. Although there are many possible mechanisms contributing

to the penetration of fields into an aircraft, it is the windows that allow the greatest

1Rapid increases in the technology of personal communications causes concern about the potential
EMI threat posed by PEDs however.



Frequency Field Strength (V/m)
Peak Average
10 kHz - 2 MHz 50 50
2 MHz - 30 MHz 100 100
30 MHz - 100 MHz 50 50
100 MHz - 400 MHz 100 100
400 MHz - 700 MHz 700 50
700 MHz - 1 GHz 700 100
1 GHz - 2 GHz 2000 200
2 GHz - 6 GHz 3000 200
6 GHz - 8 GHz 1000 200
8 GHz - 12 GHz 3000 300
12 GHz - 18 GHz 2000 200
18 GHz - 40 GHz 600 200

Table 1.1: HIRF certification environment proposed by the EEHWG [1]

penetration.

The drawback of this method is that in high - Q cavities, such as that of an aircraft,
SE changes rapidly with respect to space and frequency, while the mode density is
extremely high. As a result, adequate information regarding HIRF penetration in such
cavities requires that measurements be performed at several points inside them. An
alternative to this method would be to measure the SE of a single point while varying
the impinging wave angle of incidence. The aforementioned methods, in addition to
being time consuming, are also not practically feasible when, for example, the size of
the equipment under test is of the order of meters. Moreover the methods mentioned
previously cannot give a reliable estimate of the EM field maximum value, or the
range over which it varies, at a specified region of the cavity. The latter may result
in misjudgments when one wants to properly shield sensitive electronic equipment of
an aircraft and ensure safe flight conditions.

The numerical techniques that were developed in this project are based on the
Finite Difference Time - Domain (FDTD) method, and they were used to predict
the field penetrating inside a fuselage when the structure is illuminated by an im-
pinging electromagnetic wave. In addition, simplified experimental models were built

and measurements were performed in ASU’s Electro - Magnetic Anechoic Cham-



ber (EMAC) in order to compare them with predictions and validate the accuracy
of the proposed computational methods. Initially, the standard FDTD scheme was
implemented and shielding effectiveness (SE) predictions are performed for small
conducting boxes with apertures. After successfully completing this task, the same
numerical technique was used for SE predictions of a simplified scaled model fuse-
lage of rectangular cross section. Moreover, for the simplified scaled model fuselage,
coupling of personal electronic devices was studied and predictions as well as mea-
surements, were performed. Then a hybrid numerical technique was suggested which
combines a higher - order FDTD scheme with the standard one. The new method
was implemented and all the aforementioned problems were studied. In addition,
reverberation chamber techniques, along with statistical and probabilistic methods,
were developed to test the statistical properties of the electromagnetic field inside
cavities. Since the field inside a complex cavity strongly depends on frequency, posi-
tion, angle of incidence of the impinging wave and other parameters, the need for a
different approach was recognized in order to better predict it. Both measurements
and predictions were performed, and the resulting data were statistically processed
and compared with probabilistic models provided by the theory of statistical electro-
magnetics. Cumulative density function (CDF) plots are presented for field quantities
in the fuselage, as well as for its SE.

The structural documentation of this report is now outlined. In Chapter 2, the
basic theory of the higher - order FDTD will be presented. The concepts of stability,
as well as dispersion, will be defined and analyzed. The Perfectly Matched Layer
ABC will be implemented in the context of the fourth - order FDTD, and its accu-
racy will be verified through numerical experiments. Fourth - order FDTD will be
applied initially to the analysis of two simple but interesting 3 - D problems, includ-
ing array factor and cavity resonances computations. Then, FDTD(2,4) will be used
for radiation pattern analysis. Boundary conditions in the context of higher - order
schemes will be discussed, and their limitations and restrictions will be readily out-
lined. These issues will be numerically examined through simulations of monopole
antennas mounted on finite ground planes. Moreover, a hybrid technique of fourth -
order FDTD, with the standard second - order FDTD, will be implemented following

a subgrid formulation. The accuracy and efficiency of this new hybrid method will



be verified and validated using again the analysis of coupling between two monopoles
mounted on ground planes. The calculations of the hybrid method will be com-
pared to measurements as well as to predictions using the standard second - order
FDTD method. Finally, a second hybrid method will be formulated between subgrid
FDTD(2,2) and FDTD(2,4) which provides significant computational savings when
applied to the analysis of electrically large rectangular enclosures.

In Chapter 3 the FDTD method is applied to antenna problems. Initially, an
improved feed model for thin - wire antennas will be examined, and it will be com-
pared with the delta - gap feed model. Furthermore, the discrete Fourier transform
(DFT) will be compared to the fast Fourier transform (FFT) in the context of the
FDTD method. Then, cavity - backed slot (CBS) antennas will be analyzed. FDTD
will be used to predict various antenna characteristics of such antennas, such as input
impedance, coupling, and radiation patterns. Different coupling reduction techniques,
such as inclusion of lossy material superstrates, ground plane discontinuities (slits),
and disorientation of the elements, will be introduced and compared. Certain com-
" putational difficulties concerning the simulation of CBS antennas will be addressed
and resolved in the context of FDTD.

In Chapter 4, the penetration of High Intensity Radiated Fields (HIRF) into
conducting enclosures via apertures will be presented. The FDTD method will be used
to predict the shielding effectiveness of conducting enclosures with apertures. Several
techniques that speed the simulation of highly resonant and high quality factor (high -
Q) structures, such as windowing and acceleration techniques, will also be introduced
and applied. Also, the penetration through a scaled model fuselage will be examined
and simulated by the standard FDTD(2,2) and the hybrid of subgrid FDTD(2,2) and
FDTD(2,4). Finally, the coupling generated by on - board personal electronic devices
(PEDs) will be analyzed by both methods. In Chapter 5 the penetration through a
circular cross - section scaled model fuselage will be examined. Measurements were
performed, and they are compared with FDTD predictions.

In Chapter 6, a statistical approach for the HIRF penetration problem will be
presented. As mentioned previously, field penetration and SE of aircraft are issues
of great importance. Previous studies and experience have shown that in order to

properly investigate this problem, its statistical nature should be taken into account.



Therefore a statistical approach is used that utilizes a reverberation chamber tech-
nique. A reverberation chamber is a measurement facility within which the field is
uniformly and isotropically distributed. In order to achieve such field conditions, a
rotatable scatterer, referred to as mode - stirrer, is used. The role of the mode - stirrer
is to perturb the existing modes in the chamber and give the field a stochastic nature.
Therefore a mode - stirrer was constructed and installed in the scaled model fuselage.
Measurements were performed for different mode - stirrer orientations, and the field
was probed in various locations in the fuselage. The collected data was statistically
processed and its statistical properties was compared with the theoretical expected
~ones. Moreover, basic statistical analysis was performed where the maximum and
mean values of the field over all stirrer positions were plotted versus frequency. Also
several aspects of reverberation chamber theory will be presented, and an overview
of their principles of operation will be given.

In Chapter 7, an additional statistical approach (different from that of Chapter 6)
to the HIRF penetration problem is presented. This approach is based on the work
of Price and Davis [5] who state that the power received by a dipole antenna located
within an overmoded cavity will be distributed exponentially. This exponential power
distribution occurs when either the frequency is swept while the location of the dipole
antenna is fixed, or when the frequency is held constant and the dipole is translated
in position. An improvement on this rigorous theory of exponential power distribu-
tion within overmoded cavities, developed by Lehman [6], is briefly discussed. The
Price and Lehman approaches are applied to the “Simplified Fuselage” scale model
geometry as a function of frequency for the four monopole observation points. These
predicted power distributions compare well with the measured data.

Finally, in Chapter 8 the frequency stirring technique is presented which is an
alternate to mechanically stirred reverberation chambers. The technique’s theoretical
principles are presented while afterwards it is applied for the excitation initially of
a 2-D and then a 3-D cavity. The statistical properties of the electromagnetic field

inside the cavity are calculated and compared with those of a reverberation chamber.



Chapter 2

Fourth-Order Finite-Difference
Time-Domain |

" I. Introduction

The technological advancements of the last few decades have triggered new engi-
neering problems and challenges. With the clock speed of all electronic equipment
increasing, communication systems operate at higher frequencies. Therefore, the an-
tenna elements become smaller whereas the platforms they operate on, e.g., helicopter
airframes, become electrically larger. These problems yield large computational do-
mains and require significant computational resources, such as memory and execu-
tion time. Traditional finite methods (FDTD and FEM) are second-order accurate,
thereby restricting the size of the domains that can be handled efficiently.

The standard FDTD method was introduced by Yee [7] in 1966. The classical
FDTD method as proposed by Yee [7] is second-order accurate both in time and
space [FDTD(2,2)] thereby requiring many grid points per wavelength to accurately
model the wave propagation. The FDTD method, as is typical for discrete methods,
is dispersive; the phase velocity on the FDTD grid is not the same as the phase
velocity of the physical continuous problem. In order to reduce dispersion errors, a
finer discretization is required. On the other hand, finer discretizations demand larger
memory and increased computational time, thereby restricting yet further the prob-
lems that can be solved. Consequently, mesh refinement is not an efficient solution
and sometimes is not even possible.

Numerous attempts have been made in the field of FDTD research to minimize



phase errors [8]-[10]. One of the most promising approaches is based on higher-order
accuracy schemes [11]-[17]. Such schemes theoretically exhibit lower dispersion errors
and can utilize coarser grids as compared to those needed to achieve comparable
levels of accuracy with a second-order scheme. Moreover, coarser meshes yield smaller
computational spaces, reduced computational times and require less computational
resources. Thus, ideally, the implementation of higher-order FDTD schemes will
enable the efficient analysis of electrically larger problems.

In this chapter, the theory of FDTD is presented for both second- and fourth-order
accurate schemes. Their different characteristics, such as dispersion and stability are
described and compared. The accuracy of the different FDTD schemes is initially
examined through numerical experiments in one-dimensional (1-D) domains. Then,
the implementation of absorbing boundary conditions, such as the Perfectly Matched
Layer (PML), is implemented in the context of a fourth-order accurate FDTD method.
Furthermore, fourth-order FDTD is applied in 3-D problems including, array analysis,
cavity resonances and radiation pattern computations, and its accuracy is compared
to the accuracy of the second-order FDTD. The limitations of fourth-order FDTD
related to boundary conditions, and thin geometric features are discussed through
simulations of coupling analysis between two monopole antennas mounted on ground
planes.

A hybrid technique of fourth-order FDTD with the standard second-order FDTD
is implemented following a subgrid formulation. The accuracy and efficiency of this
- new hybrid method is verified, and validated using again the analysis of coupling
between two monopoles mounted on ground planes. The calculations of the hybrid
method are compared to measurements as well as results of the standard second-order
FDTD method.

Finally, the reverse hybrid of the subgrid FDTD(2,2) with the FDTD(2,4) is for-
mulated to accommodate simulations of electrically large rectangular boxes. It is
shown that this new hybrid yields significant memory and/or time savings when ap-

plied to shielding effectiveness analysis of large fuselages.
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II. Basic Principles

The relations and variations of the electric and magnetic fields, charges and currents
associated with electromagnetic waves are governed by physical laws, which are known
as Maxwell’s equations. These equations can be written either in differential or in
integral form. For a source-free region, the differential form of Maxwell’s equations

can be written as

0B
E=-M-— .
V x M 5 (2.1)
oD
V-D=40 (2.3)
Y-B=0 (2.4)

where E is the electric field intensity in (volts/meter), H is the magnetic field intensity
in (amperes/meter), D is the electric flux density in (coulombs/square meter), B
is the magnetic flux density in (webers/square meter), J is the conduction electric
current density in (amperes/square meter), M is the conduction magnetic current
density in (volts/square meter). It should be pointed out that a complete description
of the fields at any point (including the discontinuities) at any time requires not only
Maxwell’s equations in differential form but also the associated boundary conditions.

The integral form of Maxwell’s equations for a source-free region can be written

j{CE-dlz—//SMds—%//SB-ds (2.5)
ﬁH-dlz//SJ'ds—ka%//SD-ds (2.6)

D-ds=0 (2.7)
A

as
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jliB-dszO (2.8)

In materials with constitutive parameters that are independent of time the electric
and magnetic flux densities D and B can be related to the electric and magnetic field

intensities E and H, respectively, using the constitutive relations

D =¢cE (2.9)

B =uH (2.10)

where ¢ is the electrical permittivity in (farad/meter) and p is the magnetic perme-
ability in (henries/meter). Furthermore, the conduction electric current density J and
the conduction magnetic current density M are related to the electric and magnetic

intensities E and H, respectively, using the constitutive relations

J=0E (2.11)

M = pH (2.12)

where o is the electrical conductivity in (siemens/meter) and p is the magnetic
resistivity in (ohms/meter). Substituting (2.9)-(2.12) into the differential form of

Maxwell’s equations (2.1) and (2.2), the following two equations are obtained

oH 1 p

i TR E—-—H 2.13
B MV X . (2.13)
oE 1 o

—— == H--E 2.14
ot ev x € ( )

Assuming that €, p, o and p are linear and isotropic, (2.13) and (2.14) can be

written as a system of six coupled scalar equations in Cartesian coordinates as follows:

0H, 1 (0E, OE,

e N - 2.15
ot W < 0z dy o ) (2:15)
0H, 1 (0E, OE,

_1 N _ 2.16
ot ] < oz 0z pHy> (25
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agz _ % <a£$ ~ %ig _sz) (2.17)
aafzz _ % (88? ~ % B UE:C> (2.18)
aaf_zz _ % (g’% _ ?aH? _ JEZ) (2.20)

The system of six coupled partial differential equations of (2.15)-(2.20) forms the
basis of the FDTD algorithm for solving problems of electromagnetic wave interactions
in the three-dimensional (3-D) space. Notice that the FDTD algorithm need not
explicitly enforce the Gauss’s Law relations indicating zero free electric and magnetic
charge, (2.3) and (2.4), as these relations are theoretically a direct consequence of the
curl equations (2.1) and (2.2).

ITI. FDTD Schemes

FDTD methods attempt to solve the differential form of Maxwell’s equations and
therefore their implementation consists of finite-difference (FD) approximations to
spatial and time derivatives. Consequently, the accuracy. of FDTD solutions depends
on the accuracy of the FD schemes that are used. FD stencils appeared initially
in the field of mathematics and numerous schemes have been examined exhibiting
their own advantages and disadvantages. In this section two schemes are considered,;
the standard second-order FD scheme both in time and space [FDTD(2,2)] and the
second-order in time and fourth-order in space scheme [FDTD(2,4)]. The character-

istics of the two schemes are presented and compared.

A. The FDTD(2,2) scheme

In 1966, Kane Yee presented a set of finite difference equations for the system of
Maxwell’s curl equations for lossless materials [7]. Yee introduced the following no-

tation for a function of space and time on a Cartesian grid

F(z,y,2,t) = F(ilAz, jAy, kAz,nAt) = F"(3, 5, k) (2.21)
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where Az, Ay and Az are the grid sizes in the z, y and z directions, respectively; At
is the time increment; and 7, j, & and n are integers. Yee used central finite difference
expressions for the space and time derivatives that are second-order accurate in space
and time, respectively:

E)F('i,j,k) Fn(i+%,j,k)—F"(i—%,j,k)

~ 2
. o = +0 (Az?) (2.22)

OF(i,5,k) _ F™1(i,j,k) — F""3(i,5,k)

2
= = +0 (A (2.23)

FD schemes are commonly visualized using the so called computational molecules.
The computational molecule corresponding to the second-order central FD of (2.22)
or (2.23) is illustrated in Fig. 2.1.
-1 . +1
@ ®
Ax AXx
2 2

Figure 2.1: Computational molecule of a central second-order FD stencil.

A representative unit cell of Yee’s algorithm with the positions of several field
components is illustrated in Fig. 2.2. The electric and magnetic components are
staggered by half-cell dimension in each direction within the grid. A similar stagger-
ing is applied in time. The electric field components are evaluated at integer time
steps, n/At, and the magnetic field components at (n + 1/2)At time steps (leapfrog
algorithm). Moreover, in order to be able to implement the leapfrog algorithm, Yee
utilized the following time averaging scheme:

F™H(4, 5, k) + F™(, 5, k)

F™*3 (i, 5, k) = 5

(2.24)

B. The FDTD(2,4) scheme

More accurate approximations to derivatives are provided by higher order FD sche-
mes. Here a second-order in time and fourth-order in space scheme [FDTD(2,4)] is
described. In this scheme the positions of the electric and magnetic field components
remain the same with the ones of the FDTD(2,2) scheme. The FDTD(2,4) stencil

14



uses central finite differences fourth-order accurate in space and second-order accurate
in time, respectively:
OF (4,7, k) 9F™i+3,5,k) — F"(i — },5,k)
oz 8 Az

1F"(i+%’j,k)—F"(i—%,j,k) 4
= oo Ao + O (Az®) (2.25)

OF(i,5,k) _ F3(i,j,k) — F*"5(i, 5, k)
ot o At
The computational molecule of a central fourth-order FD stencil corresponding to

(2.25) is shown in Fig. 2.3.

+ 0 (At?) (2.26)

Figure 2.2: The FDTD unit cell as proposed by Yee.

C. Characteristics of the FDTD schemes

Any FDTD scheme exhibits its own strengths and weaknesses. The order of accuracy

of a scheme dominates its characteristics and is directly related to the numerical
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Figure 2.3: Computational molecule of a central fourth-order FD stencil.

dispersion. Another important characteristic of a scheme is its stability criterion
which defines the largest time-step that can be used in order for the scheme to be
stable. Additionally, the memory requirements and computational cost of schemes
are also used to evaluate their practicality. In the following subsections, the stability
and the dispersion of the FDTD(2,2) and FDTD(2,4) schemes are described and

compared.

1. Numerical stability

Finite-Difference schemes require that the time increment At has a specific bound
relative to the spatial discretization, Az, Ay and Az. This bound is necessary to
prevent numerical instability, which is an undesirable feature of explicit differential
equation schemes. Numerical instability can cause the computed results to spuriously
increase without limit as time-stepping progresses thereby yielding meaningless solu-
tions. It should be pointed out that many implicit schemes are stable for any choice
of time-step which is a very advantageous feature.

An investigation of the numerical stability of Yee’s algorithm [FDTD(2,2)] was
initially presented in [18] and detailed afterwards in [19]. The stability analysis is
based upon finding the Fourier numerical modes in the grid for both the electric
and magnetic field components and requiring that each Fourier mode is stable for
arbitrary angles of propagation through the mesh. Enforcing the stability in the 3-D
FDTD(2,2) algorithm provides the following constraint on the algorithm’s time-step,
relative to the space grid increments

At < ! (2.27)

- 1 1 1
C\/mJFA—yﬁm

where ¢ = 1/,/u€ is the speed of light in the homogeneous material being modeled.

For a uniform grid with equal cell size in all dimensions (Az = Ay = Az = A), (2.27)
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reduces to

A
At < — 2.28
£ (2:28)

The stability criterion for the FDTD(2,4) scheme was derived by Fang [13] who
based his formulations on the Von Neumann analysis suitable for systems of equations
and multi-step schemes. This analysis requires the eigenvalues of the amplification
matrix to be bounded. However, this is only a necessary but not sufficient condition
for stability. A necessary and sufficient condition for stability is that the norm of
the amplification matrix is bounded. Therefore, after a stability constraint has been
obtained by the eigenvalue analysis, it should be checked if the norm of the amplifi-
cation matrix remains bounded under the same constraint. The stability constraint
for the FDTD(2,4) scheme derived by Fang is:

1
At < g (2.29)

1 1 1
€A/ Bs? + Ay? T Az?

It is apparent that the stability criterion of FDTD(2,4) is more constraining than
the one of FDTD(2,2). For a uniform grid with equal cell size in all dimensions
(Az = Ay = Az = A), (2.29) becomes

>

At < (2.30)

| o
>

c
2. Numerical dispersion

Numerical algorithms that solve Maxwell’s equations using finite-difference approx-
imations cause dispersion of the simulated wave modes in the computational mesh.
This dispersion phenomenon originates from the deviation of the phase velocity of the
numerical wave modes in the FDTD grid from the speed of light in vacuum, in terms
of wavelength, direction of propagation, and grid discretization. As Taflove suggests
in [19] “A useful way to view this phenomenon is that the FDTD algorithm effectively
embeds the electromagnetic wave interaction structure of interest in a tenuous ‘numer-
ical aether’ having a permittivity very close to vacuum, but not quite. This ‘aether’
causes propagating waves to accumulate delay or phase errors that can lead to non-

physical results, such as broadening and ringing of single-pulse waveforms, imprecise
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cancellation of multiple scattered waves, spurious anisotropy, and pseudo-refraction”.
Furthermore, different wave components propagate at different velocities inside the
numerical domain, and hence the wave is dispersed. Therefore, numerical dispersion
is an important factor in FDTD modeling that should be taken into account, espe-
cially for electrically large structures where the accumulation of phase errors can be
significant. The dispersion characteristic of the FDTD algorithm is readily analyzed
in [19] and involves the substitution of monochromatic traveling-wave trial solutions
into the finite-difference equations. This procedure yields an equation that relates
the numerical wave-vector components, the wave frequency, and the grid space in-
crements. This equation is usually referred to as the numerical dispersion relation.
In this subsection the dispersion characteristics of FDTD(2,2) and FDTD(2,4) are
examined and compared.

The dispersion equation for FDTD(2,2) was derived in [19] as

Lon (980T g (k22T [ g (B29)]
At T2 Az 2 Ay 2

r . 2
PR R <I”Az)} (2.31)

To quantitatively assess the dependence of numerical dispersion upon the FDTD

grid discretization, Taflove [19] examined a two-dimensional (2-D) TM mode, assum-
ing for simplicity square cells (Az = Ay = §) and wave propagation at an angle ¢
with respect to the positive z-axis (k; = kcost; k, = ksinf). The numerical dispersion

relation in this case simplifies to

2 ;
(%) sin? <wTAt> = sin? (‘”“2059) + sin? (5]“52"”9) (2.32)

where c is the speed of light in vacuum. Using Newton’s method iterative procedure,

(2.32) can be solved for the wave-vector k at any wave propagation angle 6:

sin?(Ak;) + sin*(Bk;) — C
Asz’n(QAki) + BSZ’I’L(QB]Q)

kiv1 = ki (2.33)

where k;;; is the improved estimate of k, k; is the previous estimate of k, and A, B

and C are coefficients determined by the wave propagation angle and the FDTD grid
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discretization:
_ dcost) 0 sinf

5 \* wAt
B =(—| sin® | — .
9 5 C (cAt) sin < 5 ) (2.34)

Assuming that the numerical stability criterion, cAt = §/2, is used and that the

A

wavelength is set to 1 meter, A = 1 m, (2.33) can be used to quantify the numerical

dispersion. For this case, the normalized numerical phase velocity v, is given by

Up 2T

= 2.35
c k final ( )

where Kfing is the final result of Newton’s method iterations. Fig. 2.4 shows the
numerical phase velocity relative to the speed of light in the vacuum versus the
propagation angle of a plane wave traveling in a 2-D FDTD(2,2) mesh. Evidently,
the numerical phase velocity is always less than ¢ and the error decreases as the
discretization becomes finer.

The dispersion equation for FDTD(2,4) was derived by Fang [13] as

Lo (AN (LY [9g, (ReAT) L
At T2 - \az) 3%\ 2 94 o
1\ [9 . [kAy 1 . (3k,Ay\]?
+ (A—y> Esm( 5 > 2451n( |
RRLI —isin
Az) 87"\ 2 24

Following a similar approach as illustrated before for FDTD(2,2), the numerical

+

phase velocity of FDTD(2,4) can be accessed for a 2-D lattice. By choosing the same
parameters as for FDTD(2,2) ( cAt = §/2 and A = 1 m ), (2.36) can be solved to
obtain the numerical phase velocity. Fig. 2.5 shows the computed phase velocity for a
2-D FDTD(2,4) grid. Fig. 2.6 also illustrates a comparison between the errors in the
numerical phase velocities of FDTD(2,2) and FDTD(2,4). It is observed, as expected,
that FDTD(2,4) exhibits substantially reduced dispersion compared to FDTD(2,2).
Therefore, FDTD(2,4) can be used to accurately model electrically larger domains

than the ones that can be simulated by FDTD(2,2). Another interesting observation
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Figure 2.4: Variation of the numerical phase velocity versus the propagation angle of
a plane wave for FDTD(2,2).
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Figure 2.5: Variation of the numerical phase velocity versus the propagation angle of
a plane wave for FDTD(2,4).
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Figure 2.6: Comparison of the error in the numerical phase velocity for FDTD(2,2)
and FDTD(2,4).
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based on Figs. 2.4 and 2.5 is that the numerical phase velocity varies with the angle
of wave propagation thereby generating a numerical anisotropy which is an inherent

characteristic of the FD schemes.
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IV. FDTD(2,4) in 1-D Domains

In this section, numerical experiments are performed in one-dimensional domains
using FDTD(2,2) and FDTD(2,4) in order to qualitatively access the performance
characteristics of FDTD(2,4) and compare them with the ones of FDTD(2,2). All the

y
Hy Hy Hy Hy‘ ............ Hy
BB, YE, " B, el tsmsissisiesesisin Ez _______ X

Figure 2.7: Grid for a 1-D T'"M* mode.

simulations presented here are solving the 1-D T'M* mode (see Fig. 2.7), and the time-
step for both FDTD(2,2) and FDTD(2,4) computations is chosen such that cAt = ¢/2
(Az = Ay = 6). The time-step in the case of FDTD(2,2) was not chosen to be equal
to the upper limit of the Courant stability criterion because it would correspond to
the “magic” time-step, and therefore it would yield results equal to the exact solution.
Initially, the 1-D lattice was excited by a sinusoidal wave at the left boundary and was
terminated using the perfectly matched layer (PML) absorbing boundary condition at
the right boundary. The computational domain was twenty wavelengths long (20).
Both the FDTD(2,2) and FDTD(2,4) schemes were used to analyze this problem and
the results are compared with the exact solution at the last 2 portion of the domain
in Fig. 2.8. The discretization for both schemes was Axz/10. It is apparent that the
phase errors due to dispersion have severely affected the accuracy of the FDTD(2,2)
computations whereas these errors are still reasonable for the FDTD(2,4) calculations
considering that the wave has traveled 20 wavelengths through the numerical lattice.
Also, notice that the FDTD(2,2) predictions are behind the exact solution whereas
the FDTD(2,4) are ahead of it. Therefore, both predictions are not dispersed since in
1-D domains the waves propagate only at one angle exhibiting no numerical dispersive

anisotropies.
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domain.
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Figure 2.9: Field components around a PEC discontinuity.
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Another important concern related to the performance of FDTD(2,4) is its accu-
racy in the modeling of discontinuities. Here, two types of discontinuities are exam-
ined, a perfect electric conductor (PEC) and a dielectric discontinuity, respectively.
The FDTD(2,4) is expected to fail to accurately model infinitesimally thin PEC films.
This can be seen in Fig. 2.9 where a 1-D grid is shown with a PEC plane separating
two regions of free space. The fields on one side of the PEC plane when updated using
the FDTD(2,4) stencil will couple to the fields on the other side of the plane. This is
illustrated graphically in Fig. 2.9 for one of the £, components (doubly underlined in
the figure) located on the left of the PEC plane. This E, component is updated using
the H, components which are inscribed in a box. It is clearly seen that the stencil
reaches across the PEC boundary and therefore coupling occurs from one side of the
PEC boundary to the other. Such coupling is not physical and should not happen for
a PEC boundary. To investigate numerically this characteristic of FDTD(2,4), a 1-D
TM mode was again used. The 1-D domain was excited at the left boundary using a
Gaussian pulse and was terminated with PML on the right boundary. Also, a PEC
boundary with no thickness was placed at the center of the domain by forcing the
tangential electric field, E,, to be zero. The pulse initially propagates to the right [see
Fig. 2.10(a)] until it hits the PEC boundary and is reflected back [see Fig. 2.10(b)].
Notice though that the pulse was able to “penetrate” through the PEC plane and the
fields on the right of the boundary are not zero as they should ideally have been (the
maximum of the E, field at the right of the PEC boundary was 1% of the maximum
of the excitation pulse). This agrees with what was discussed above and is due to
the length of the FDTD(2,4) stencil. Two ways to overcome this problem were ex-
amined. The first one implements a PEC boundary one-cell thick whereas the second
one uses image theory to modify the FDTD(2,4) stencil for the fields just beside the
PEC. Both ways do not allow the fields from one side of the PEC plane to couple
to the other and this was verified by the numerical computations (see Fig. 2.10(c)
and 2.10(d), respectively). For details on the use of image theory implementation see
Haussmann [20].

Another type of discontinuity occuring in electromagnetic problems is formed
between different dielectric materials. To examine the accuracy of the FDTD(2,4)

scheme around such discontinuities a 1-D domain was used. The left half of the
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Figure 2.10: 1-D simulation results: (a) propagating pulse, (b) PEC plane imple-
mented by setting the tangential E field to zero, (c) PEC plane one cell thick and (d)
PEC plane implemented by setting the tangential F field to zero along with modifica-
tion of the FDTD(2,4) stencil for the fields just beside the boundary by using image
theory.
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domain corresponded to free space and the right half corresponded to a dielectric
material thereby creating a discontinuity at the center of the computational domain.
Again a Gaussian pulse excited the right boundary of the domain and by using the
reflected and transmitted pulses the numerical reflection and transmission coefficients
were computed for both FDTD(2,2) and FDTD(2,4). These numerical coefficients
were also compared to the theoretical values. By the results it was found that the
accuracy of both schemes was very good and no scheme was particularly more accurate
than the other. A sample of the computations is illustrated in Fig. 2.11 were an instant
of the reflected and transmitted waves are plotted for a dielectric material with ¢, = 9
for both schemes. Note that for this case the theoretical reflection and transmission

coefficient are R = —0.5 and T = 0.5, respectively.
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Figure 2.11: Dielectric discontinuity analysis: (a) FDTD(2,2) and (b) FDTD(2,4).

V. Absorbing Boundary Conditions

The FDTD method is based on a quite general formulation as it solves directly the
differential form of Maxwell’s equations, and it can treat arbitrary and elaborate
problems. However, it should be kept in mind that for a partial differential equation
(PDE) problem to be well posed an appropriate number of boundary and initial
conditions need to be specified. This is usually stated in electromagnetic textbooks as
the requirement of both the Maxwell’s equations in differential form and the boundary

and initial conditions in order to completely describe the fields in a region. In the
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context of electromagnetic principles this is described by the uniqueness theorem
that requires the specification of the tangential components of the electric, E, or
magnetic, H, field (or a combination of the two) over the boundary of a domain to
suffice a unique solution. Therefore, it becomes clear that the boundary conditions
are an integral part of a PDE problem and should always accompany the FDTD
formulation. This inflicts particular concerns when the problem under examination
is a so called “open” space or unbounded problem , e.g., radiation, scattering, etc.,
meaning that the domain of interest is unbounded in one or more spatial coordinate
directions. For such problems there are not any exact boundary conditions known.
In addition, no computer can store an unlimited amount of data, and therefore, the
computational domain should always be finite in size.

The correct treatment of such problems is to simulate a computational domain
large enough to enclose the structure of interest, and truncate it by applying ap-
propriate artificial boundary conditions on the outer perimeter of the domain, which
simulate its extension to infinity. These boundary conditions should allow the outward
propagating wave to exit the domain and suppress spurious reflections of this wave
to an acceptable level. Depending upon their theoretical basis, outer grid boundary
conditions of this type have been called either radiation boundary conditions (RBCs)
or absorbing boundary conditions (ABCs). Initially, ABCs were obtained by applying
the theory of one-way wave equations derived by Engquist and Majda [21]. Mur [22]
introduced one of the most popular ABCs for FDTD applications based on the work of
Engquist and Majda. The major drawback of Mur’s ABCs is that the computational
boundaries must be placed sufficiently far from the sources of scattered waves so that
the boundary conditions operate on outward propagating plane waves. For example,
Mur’s second-order ABCs generally require approximately one wavelength of compu-
tational space on all sides of the radiator or scatterer to be accurate. Tirkas, Balanis
and Renaut [23], based on the work of Lindman [24], Higdon [25], [26], Halpern and
Trefethen [27], and Renaut and Petersen [28], presented a more accurate higher-order
absorbing boundary condition (HOABC) which allows the size of the computational
space from the radiating element or scatterer to be reduced from A to A/4.

Recently, a novel and pioneering ABC was introduced by Berenger [29], who used

a non-physical absorbing (lossy) material adjacent to the computational boundary to

28



truncate the domain, and he called this approach Perfectly Matched Layer (PML).
This method is based upon splitting the electric and magnetic components in the
PML region. The PML exhibits characteristics that permit electromagnetic waves
of arbitrary frequency and angle of incidence to be absorbed while maintaining the
impedance and velocity of a lossless dielectric. Berenger reported reflection coeffi-
cients for PML in two dimensions significantly better than second- and third-order
one-way wave equation (OWWE) based ABCs. The PML method was extended to
three dimensions by Katz et al. [30], who verified that PML is at least 40 dB more
accurate than second-order Mur ABCs. Andrew et al. [31] compared the PML to
the HOABGCs in both the time and frequency domains. Andrew et al. showed that
PML significantly reduces reflections from the truncation of the computational grid
when compared to 7th order Lindman ABCs. Also, higher-order ABCs were proven
no better than 2nd order Mur ABCs at low frequencies. In the field of the Finite
Element method (FEM) the PML truncation technique was initially implemented by
Pekel and Mittra [32], [33].

The initial PML based on the splitting of the field components was followed by
formulations that properly characterize the PML as a uniaxialfy anisotropic medium.
These formulations were introduced by Sacks et al. [34] in FEM, and extended after-
wards by Zhao and Cangellaris in [35], [36] and Gedney in [37], [38] in FDTD. They
have the advantage that they can implement the perfectly matched layer in the FDTD
scheme without splitting of the fields. The effectiveness of the anisotropic PML in
FEM was examined by Polycarpou et al. [39], who later presented an optimized
anisotropic PML for the analysis of microwave circuits [40].

As far as higher order FDTD schemes the PML was implemented for the standard
fourth-order FDTD in [41], [42]. Also, the PML was used along with the modified
FDTD(2,4) method to truncate both 2-D [17], [43] and 3-D lattices [20]. Here, the
accuracy of the anisotropic PML technique is examined for both the FDTD(2,2) and
FDTD(2,4) methods by examining 2-D as well as 3-D domains.

A. Numerical experiments

In this section, various numerical simulations are performed to illustrate the effective-

ness of PML and they are all based on the same procedure. To judge the effectiveness
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of the method, the procedure used here is the same as the one published in [44] and
used in most papers introducing and discussing ABCs and consists of the following

steps:

a. A test domain Q1 terminated by PML is excited at its center with a pulse and

the solution is computed.

b. A reference domain 5 is also excited at its center with a pulse to provide us
with a reference solution that is free of truncation errors. This is achieved by
choosing domain {2 large enough so that any reflections from its grid truncation
are totally isolated from all points of comparison between the two solution

domains. An example of such a configuration is shown in Fig. 2.12.

Qg

Test Boundary for local Error

Figure 2.12: The two-dimensional computational domains for numerical testing of
the effectiveness of PML.

Then the local error of the computed field in 7 due to reflections from the PML is
obtained by subtracting the field at any point within {07 at a given time step, from

the field at the corresponding space-time point in {2z. Here, the z-component of the

30



magnetic field, H,, is used to define the error
e(i, 5) = H;'(i,5) — H; (i, ) (2.37)

where HT (i, ) is the magnetic field component in the test domain Q7 and HJ(3, j)
is the magnetic field component in the large reference domain 2. Furthermore, the

global error was defined by Berenger [29] as the square of the L? norm of the error as
€glob = Zzez(za]) (238)
i j

Here, the effectiveness of the PML is illustrated by using either the global error as
defined in (2.38) or the L* norm of the error. Recall that the L? and L® norms are

defined as follows for a vector z € R :

L = ||z]le = max |24] (2.39)

1<i<n

(2.40)

In all the cases examined here the excitation is a pulse exhibiting very smooth

transition to zero as used in [44] and defined as follows:

af10 — 15cos(wi€) + 6cos(wa€) — cos(wsf)] €<
H ,(at center of domain) =

0 E >
(2.41)
where
1 - 2mm
o=, T=10 , £=nlt, wp="7, m=12,3 (2.42)

This pulse is often called compact smooth pulse and is shown in Fig. 2.13.

Initially, a 2-D test domain, 100 x 50 cells long, is examined. A square cell is used
with Az = Ay = 0.015 meters and the time-step is chosen based to a relaxed stability
criterion, At = Az/2¢c = 2.5 x 107! sec, where c is the speed of light in vacuum. The
test grid Qr is terminated by PML with theoretical reflection coeflicient 10~% backed
by PEC walls. Three different cases are considered. In the first case, the PML as
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Figure 2.13: Compact smooth pulse.

proposed by Berenger [29] is used to truncate a grid of the FDTD(2,2) scheme. In
the second and third cases, the anisotropic PML as proposed by Gedney [37] is used
to truncate the grid of the FDTD(2,2) and FDTD(2,4) schemes, respectively. The
global error of the solution caused by the PML in these three cases is illustrated in
Figs. 2.15 and 2.16, respectively. Evidently, the PML for the FDTD(2,2) scheme as
proposed by Berenger performs equally well with the anisotropic PML formulated by
Gedney for both the FDTD(2,2) and FDTD(2,4) schemes.
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Figure 2.14: Global error in the 2-D test domain caused by the Berenger’s PML for
the FDTD(2,2) scheme.
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Figure 2.15: Global error in the 2-D test domain caused by the anisotropic PML for
the FDTD(2,2) scheme.
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Figure 2.16: Global error in the 2-D test domain caused by the anisotropic PML for
the FDTD(2,4) scheme.
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Figure 2.17: Global error in the 3-D test domain caused by the anisotropic PML for
the FDTD(2,2) scheme.
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Figure 2.18: Maximum error, L*, in the 3-D test domain caused by the anisotropic
PML for the FDTD(2,2) scheme.
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Figure 2.19: Global error in the 3-D test domain caused by the anisotropic PML for
the FDTD(2,4) scheme.
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Figure 2.20: Maximum error, L*, in the 3-D test domain caused by the anisotropic
PML for the FDTD(2,4) scheme.
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Furthermore, a 3-D domain test domain, 50 x 50 x 51 cells long, is considered. A
square cell is used with Az = Ay = Az = 0.015 meters and the time-step is chosen
based to a relaxed stability criterion, At = Az /3c sec, where c is the speed of light in
vacuum. The test grid Qg is terminated by PML with theoretical reflection coefficient
10~% backed by PEC walls. The anisotropic PML again is used to truncate the
computational domain for both the FDTD(2,2) and FDTD(2,4) stencils. The global
error [defined by (2.38)] and the maximum norm of the error [defined by (2.39)] caused
by the PML on either the FDTD(2,2) or FDTD(2,4) domain are shown in Figs. 2.17-
2.20. These figures illustrate clearly that the anisotropic PML provides an effective
termination of an FDTD computational domain for both schemes. Also, it should
be pointed out that in some of the curves the error of the PML increases at certain
time-steps. This can be attributed to the formation of standing waves between the
PML truncation and the source. This explanation is supported by the observation

that the error does not increase in time for all different numbers of PML layers.

VI. Applications

Here, the FDTD(2,4) scheme, which is second-order accurate in time and fourth-order
accurate in space, is initially applied in the analysis of two simple 3-D problems of
practical interest. The first problem, although simplified to illustrate the principle,
consists of the pattern computation of an array whereas the second problem involves
the calculation of the resonances of a rectangular cavity. Then, FDTD(2,4) is applied
in radiation pattern analysis of monopoles on helicopter airframes as well as rectangu-
lar boxes. The accuracy of FDTD(2,4) is compared with the accuracy of FDTD(2,2)

and measurements.

A. Array factor

In this section, an array consisting of two z-oriented current filaments, J;, is con-
sidered. The geometry configuration is illustrated in Fig. 2.21. The phase difference
between the two currents is set to zero, whereas their separation distance d is chosen

according to the following equation:

d=nA+X/2, n=0,1,2.. (2.43)
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X

Figure 2.21: Geometry of an array formed by two current elements positioned along
the z-axis.

in order for the array to exhibit nulls toward 8 = 0° and 6 = 180°. From basic
antenna theory it is well known that the total far-zone field of an array of identical
elements, neglecting coupling, is equal to the product of the field of a single element
and the array factor of that array [45]. However, in our example the>a.rray pattern
on the yz-plane is solely determined by the array factor because the two current
elements J, have omni-directional yz-plane pattern. The pattern of our two-element
array is computed using both the FDTD(2,2) as well as the FDTD(2,4) schemes.
In all numerical simulations a cell size of A = A/10 is used. The accuracy of the
finite difference calculations (FD) is affected by the phase errors which are inherent
in all FD stencils. These phase errors are expected to significantly affect the pattern
computations of our example in particular toward 6 = 0° and 6 = 180° due to two

reasons:
e The array factor exhibits nulls toward these directions.

e The phase difference between two waves emanating from the two current ele-

ments is larger toward these directions.
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Array pattern computations were performed for three different element separation
distances: (a) d = 5.5\, (b) d = 10.5), and (c¢) d = 20.5A. The numerical pattern
computations of both FDTD(2,2) and FDTD(2,4) are compared with the analytical
calculations of the array factor in Figs. 2.22-2.24. It is apparent that toward 6 =
0° and # = 180° the pattern accuracy is significantly affected by the phase errors
especially for the FDTD(2,2) computations. In the case where the distance d between
the two elements is equal to d = 5.5\ the pattern calculated by FDTD(2,2) exhibits
a peak of -17 dB toward zenith instead of a null (see Fig. 2.22). On the contrary
the pattern calculated by FDTD(2,4) exhibits a null of -32 dB and is in excellent
agreement with the analytical results (see Fig. 2.22). In the same way for d = 10.5A
and toward zenith, the pattern computed by: (a) FDTD(2,2) has a peak of -14 dB,
and (b) FDTD(2,4) has a null of -30 dB (see Fig. 2.23). Finally, for d = 20.5\
and toward zenith, the pattern computed by: (a) FDTD(2,2) has a peak of -13 dB,
and (b) FDTD(2,4) has a peak of -24 dB (see Fig. 2.24).  Considering all the

0 ey Analytical
FDTD(2,2
FDTD(2,4

Figure 2.22: Distance d = 5.5\. Toward zenith: (a) FDTD(2,2) -17 dB, (b)
FDTD(2,4) -32 dB.

comparisons between the two FD methods, FDTD(2,2) and FDTD(2,4), and the
analytical results, it can be concluded that FDTD(2,4) provided excellent accuracy
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Figure 2.23: Distance d = 10.5A. Toward zenith: (a) FDTD(2,2) -14 dB, (b)
FDTD(2,4) -30 dB.

Figure 2.24: Distance d = 20.5\. Toward zenith: (a) FDTD(2,2) -13 dB, (b)
FDTD(2,4) -24 dB.
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and outperformed FDTD(2,2). The phase errors of FDTD(2,2) are larger than the
ones of FDTD(2,4) and contribute to the unsatisfactory accuracy of the FDTD(2,2)
computations. Furthermore, FDTD(2,4) required reduced computational time and

memory compared to the ones needed by FDTD(2,2) to achieve satisfactory accuracy.

B. Resonances of a rectangular cavity

In this section, the resonances of a rectangular cavity are analyzed. The dimensions
of the cavity are 1 m x 1 m X 1 m. Both FDTD(2,2) and FDTD(2,4) are used
in the numerical analysis. The resonances are computed by exciting the cavity at a
point using all three components of the electric field and by Fourier transforming the
time history of the electric field components at another point. The Fourier transform
is performed using a discrete Fourier transform (DFT) of 1201 frequency points in
the range 200-500 MHz yielding a frequency resolution of 0.25 MHz for all numerical
simulations. Furthermore, the simulation time is ¢; = 3.656 us and remains the same
for all predictions by choosing appropriate number of time-steps.

The FDTD(2,2) method used three different cell sizes of: (a) Az = 100 mm or
A/6 at 500 MHz, (b) Az = 50 mm or A/12 at 500 MHz, and (¢) Az = 25 mm or
A/24 at 500 MHz and the time-step was chosen according to the upper limit of the

stability criterion:

A
Al € — 2.44
<= (244

The computed results are illustrated in Figs. 2.25-2.27 for the three different dis-
cretizations and they are compared with the analytically calculated resonances of the
cavity [46]. Obviously, the coarser mesh of Az = 100 mm (or A/6 at 500 MHz) was
not able to accurately resolve the resonances of the cavity. Then the finer discretiza-
tion of Az = 50 mm (or A/12 at 500 MHz) provides predictions of very good accuracy
in the lower frequency band and of poor accuracy in the higher frequency band. Fi-
nally, the finest mesh of Az = 25 mm (or A/24 at 500 MHz) gives results that exhibit
excellent agreement with the analytical computations in the entire frequency range.

In addition, FDTD(2,4) used a cell size of Az = 100 mm or A/6 at 500 MHz, and

the time-step was chosen to be smaller than the upper limit of the stability criterion
6 A

At ———

(2.45)
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Figure 2.25: Resonances of a rectangular cavity predicted using FDTD(2,2) with a

cell size of 100 mm.
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Figure 2.28: Resonances of a rectangular cavity predicted using FDTD(2,4) with a
cell size of 100 mm.
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in order to reduce errors related to time-derivative computations. Specifically, it
was chosen to be approximately three times smaller than the upper limit of (2.45)

_1a

At=>= :
= (2.46)

In this example, where the excitation consists of a Gaussian pulse which varies
rapidly in time, time-differentiation can introduce large errors. Using a smaller time-
step than the upper limit of (2.45) was found necessary in order to retain the higher
accuracy of the FDTD(2,4) stencil, which is fourth-order accurate in space but only
second-order accurate in time. The numerical calculations from this simulation are
shown in Fig. 2.28, and they agree very well with the analytical results.

In summary, it is shown that the fourth-order stencil, FDTD(2,4) provides ex-
cellent accuracy using a cell size of Az = 100 mm or A/6 at 500 MHz, whereas
the traditional second-order accurate FDTD(2,2) requires 4 times smaller cell size
(Az = 25 mm or A/24 at 500 MHz) in order to accurately resolve all the cavity res-
onances. Therefore, FDTD(2,4) required reduced computational time and memory

compared to the ones needed by FDTD(2,2) to achieve satisfactory accuracy.

C. Radiation pattern analysis

Here, some radiation problems are examined in order to investigate and illustrate
possible advantages of FDTD(2,4) versus FDTD(2,2). Initially, the radiation pat-
terns of a monopole antenna mounted on the tail of the NASA scale model helicopter
are computed at 9.18 GHz. The NASA helicopter, which is sometimes called as
Generic Advanced Attack Helicopter (GAAH), exhibits many common characteris-
tics of operational full-scale helicopters. In addition, the NASA airframe represents
approximately a 10:1 scale model of full-scale helicopters. Therefore, it can be used
along with appropriately scaled frequencies to perform scale measurements in an in-
doors anechoic chamber. Scale measurements are more convenient and cheaper than’
full scale measurements, but their main drawback consists of the difficulty to build
accurate scaled geometries. However, scale model measurements remain very useful
as they can provide information about the radiation characteristics of candidate an-
tennas on the operational helicopter. Moreover, the radiation patterns of a monopole

antenna mounted on top of a rectangular box are calculated at 2 GHz. Both problems
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are analyzed using either FDTD(2,4) or FDTD(2,2,) and the numerical results are
compared with measurements.

The first problem consists of a quarter-wavelength long monopole at 9.18 GHz,
mounted on the tail of the NASA scale-model helicopter. The geometry is shown in
Fig. 2.29. The principal radiation patterns of this monopole on the NASA helicopter
were measured in the Electromagnetic Anechoic Chamber facility at Arizona State
University. The physical length of the monopole was 8.17 mm (A/4 at 9.18 GHz), the
cell size was 4 mm (\/8) and the computational domain was 184 x 440 x 98 cells or
21\ x 51X x 11\ long. Both FDTD(2,2) and FDTD(2,4) were used to compute the
principal plane patterns of the monopole. The numerical calculations are illustrated
in Figs. 2.30-2.32, where the predicted yaw, roll, and pitch plane patterns are com-
pared with measurements. Considering these computations, it seems that FDTD(2,4)
does not provide a significantly better accuracy than FDTD(2,2). The main reason
for this is that the discretization errors of each method are mixed with staircasing
errors. The artificial corners that have been created on the simulation geometry
through staircasing become diffraction points that affect substantially the shape of
the radiation patterns. This effect becomes more dominant at high frequencies, as
the one used in this simulation. Through a closer examination of the results, it seems
though that FDTD(2,4) exhibits a slightly better accuracy than FDTD(2,2). This
improved accuracy of FDTD(2,4) can be observed, for example, on the yaw pattern

calculations, and on the top, bottom and port side of the roll plane.

Monopole

AN

_——

< =

Figure 2.29: Geometry of a monopole mounted on the tail of the NASA scale-model
helicopter.
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Figure 2.30: Yaw plane radiation patterns of a monopole mounted on the tail of the
NASA scale-model helicopter at 9.18 GHz.
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Figure 2.31: Roll plane radiation patterns of a monopole mounted on the tail of the

NASA scale-model helicopter at 9.18 GHz.
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Because of the coexistence of discretization and staircasing errors in the previous
example, it was not clear which method is more accurate. Therefore, another problem,
which is free of staircasing errors, was chosen to be analyzed. This problem consists
of a monopole mounted on a rectangular box of dimensions 11A X 5A X 2\ at 2 GHz
(see Fig. 2.33). The physical length of the monopole was 60 mm (A/2.5), the cell size
was chosen either 20 mm (A/7.5) or 5 mm (A/30), and the computational domain was
92 x 54 x 34 cells or 320 x 168 x 88, respectively. Both FDTD(2,2) and FDTD(2,4) were
used to compute the principal plane patterns of the monopole. The FDTD(2,2) code
was run for both cell sizes (20 mm and 5 mm) whereas the FDTD(2,4) code was run

only for the coarser mesh (20 mm).  The predictions of the simulation with the finer

Z

1520 mm

760 mm

Figure 2.33: Geometry of a monopole mounted on a rectangular box.

discretization (5 mm or A\/30) were used as a reference to determine the accuracy of all
simulations performed with the coarser discretization (20 mm or A/7.5). The results of
FDTD(2,2) and FDTD(2,4) for the coarser mesh are compared in Figs. 2.34 and 2.35
with the FDTD(2,2) predictions obtained for the finer mesh. From these figures, it is
obvious that even with such a coarse discretization of A/7.5, FDTD(2,4) still predicts
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Figure 2.34: Roll plane radiation patterns of a monopole mounted on a rectangular
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very accurately all principal patterns, whereas FDTD(2,2) fails to predict some of the
peaks and nulls in these patterns. This example clearly illustrates that FDTD(2,4)
outperforms FDTD(2,2) in terms of accuracy. Furthermore, it is expected that as
frequency increases, the accuracy of FDTD(2,2) will decline even further whereas
FDTD(2,4) will still provide satisfactory results. Additional simulations at higher
frequencies were not performed as it was impossible to run a fine enough mesh, such
as A/30 at a frequency higher than 2 GHz with the available computational resources.
In the future, measurements in the anechoic chamber may be performed at higher

frequencies in order to provide reference for comparison.

VII. Boundary Conditions

The modeling of complex structures introduces additional challenges in high-order
FDTD for the correct formulations of boundary conditions (BCs) and discontinuities.
Many different approaches for the treatment of boundary conditions have been pro-
posed in the literature. Most of this work has appeared in the field of computational
mathematics and physics. The common method of dealing with the two issues of BCs
and discontinuities is to implement one-sided higher-order finite differences. However,
such one-sided stencils cause instabilities which are usually very difficult to resolve.

When boundary conditions are applied, there are two main numerical issues that
have to be addressed; accuracy and stability. In [47], it was shown that in order to
retain the formal accuracy of a higher-order scheme, boundary conditions should be
implemented with either the same accuracy as the one of the interior scheme or at
least one order less. For Cartesian meshes and for most problems, BCs that satisty
the overall accuracy of the interior scheme are usually possible to derive. However,
the difficulty is to derive high-order accurate and stable operators.

When a problem is numerically solved, convergence of the numerical solution to the
exact solution is desired. Lax’s equivalence theorem states that a numerical scheme
is convergent when it satisfies both stability as well as consistency for a well posed
PDE. Time stability can be defined through two different approaches when dealing
with time numerical integration of partial differential equations (PDEs). The first
approach is described by the behavior of the numerical solution as the cell size Ax

tends to zero for a fixed time 7. This procedure defines stability in the classical sense.
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Classical stability is ensured when the Lax’s equivalence theorem is satisfied, i.e., the
numerical solution converges to the analytical solution as the cell size Az tends to
zero, and for a fixed time 7. This stability definition not only does not exclude
error growth in time but it actually permits exponential growth of error in time.
Therefore, this stability definition can be weak, and not ensure stability especially for
long simulation times. The second stability definition addresses these issues, and is
characterized by the behavior of the numerical solution for a fixed cell size Az as the
time 7' tends to infinity. This procedure defines stability in the strict sense. Strict
stability is achieved by requiring that for a fixed cell size Az, all eigenvalues of the
differential operator (which is a matrix) have a non-positive real part. Note that the
stability of a scheme can be significantly influenced by the imposition of boundary
conditions.

Carpenter et al. [48] examined the stability characteristics of various compact
fourth- and sixth-order spatial operators by applying the theory of Gustafsson, Kreiss
and Sundstrom (G-K-S) [49]. It was shown that many higher-order schemes that are
G-K-S stable (stable in the classical sense) are not stable in the strict sense. More-
over, it was found later in [50] that most high-order schemes that were strictly stable
for scalar problems, were unstable for systems of equations. A new method, for de-
signing higher-order schemes stable both in the classical and the strict sense, was
also proposed in [50]. This method uses the summation-by-parts (SAT) procedure
to construct derivative operators that satisfy the summation-by-parts formula. For
higher-order explicit formulations the work by Strand [51] was used, whereas for
higher-order compact schemes a new methodology was derived. It was proven that
compact schemes satisfying just the SAT formula are not necessarily strictly stable
unless a specific procedure of imposing boundary conditions is followed. This ap-
proach was recently generalized to two-dimensional problems in [52], [53]. Boundary
conditions in the context of higher-order schemes have also been discussed in [54]-[56].

In [57] instabilities caused by one-sided high-order boundary conditions were re-
solved by using an artificial dissipation. This approach of incorporating an artificial
dissipation or viscosity is a common way of stabilizing higher-order schemes. In [58] a
compact higher-order scheme was combined with boundary conditions implemented

by one-sided differences, and a dissipative temporal integration method (Runge-Kutta
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fourth-order). In [59] the instabilities were eliminated through a filtering approach.
Additionally, artificially dissipative schemes have been discussed in [60]-[63].

A method of dealing with 2-D material discontinuities was presented in [64]. Spe-
cial one-sided difference operators were derived and applied to both metal and di-
electric interfaces. However, the analysis was limited to one- and two-dimensional
examples with metal and/or dielectric interfaces, and a 3-D free-space example.

All methods that appeared in the papers discussed above, although promising,
have not yet been verified for complex three-dimensional problems for which bound-
ary conditions may be required not only on the external boundary of the computa-
tional space but also in the interior of the domain. Their analysis was restricted to
one- and two-dimensional free-space problems with boundary conditions needed only
on the outer boundary of the domain. However, in most practical engineering prob-
lems, imposition and treatment of boundary conditions is mainly needed inside the
computational domain for both two- and three-dimensional problems. Such problems
cannot be solved using methods that have already been proposed in the literature.

In this section, some of the issues related to boundary conditions, and simulation

of thin geometric features in the context of FDTD(2,4) are discussed.

A. Problem definition

To illustrate the accuracy of FDTD(2,4) in simulation of thin wires, a geometry of two
monopole antennas mounted on a finite ground plane is analyzed. The specifications
of the geometry are shown in Fig. 2.36, and the radius of the two monopoles is
0.60325 mm. The distance between the two monopoles was set to 32 cm so that it
would be electrical large at the frequencies of interest [i.e., 32 cm is approximately 21
wavelengths () at 20 GHz].

The analysis of this geometry addresses two issues. The first issue relates to the
capability and accuracy of FDTD(2,4) to simulate thin wires. Until today, there are
not any available thin or subcell models derived for FDTD(2,4) that would be able to
implement thin geometric features in the computational space. Moreover, the accu-
racy of thin wire analysis, e.g., input impedance, coupling, etc., depends greatly on
the radius of the wires under investigation. However, the radius of the wires cannot

be taken into account in FDTD(2,4) unless higher-order thin wire models are devel-
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/ 36 cm J

Figure 2.36: Geometry of two monopoles on a ground plane.

oped. The second issue, related to the analysis of the two monopoles, concerns the
accuracy of coupling computations. Coupling represents the energy that is coupled
from one wire to the other. The accuracy of coupling calculations greatly depends on
the accuracy of simulating the wave propagation from one wire to the other. There-
fore, it can be very challenging to accurately compute coupling between wires that
are separated by electrically large distances due to errors from numerical dispersibn.
Especially, when using a low-order scheme, such as FDTD(2,2), dispersion errors can
degrade the accuracy of the solutions, and provide inaccurate coupling computations.

In the subsections that follow, the S-parameters of the monopoles illustrated in
Fig. 2.36 are computed through different ways to address all these issues. Also,
all FDTD(2,4) computations are compared with FDTD(2,2) calculations and mea-
surements performed in the Electromagnetic Anechoic Chamber facility (EMAC) at
Arizona State University (ASU). The S-parameters were computed by using the pro-
cedure described in [65]. To speed the simulation times all sources used a internal
resistance of 50 ohms [65]. All following simulations use a cell size of 1.67 mm (or
A/9 at 20 GHz).

B. FDTD(2,4)

In this subsection, the S-parameters of the monopoles illustrated in Fig. 2.36 are
calculated using either FDTD(2,2) or FDTD(2,4). The radius of the monopoles is

taken into account in the FDTD(2,2) simulations both along the wire (using a thin
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wire model) and the excitation (using a source based on the radial electric fields). The
formulation of the thin wire model will be examined in detail in Chapter 3. However,
the radius of the wires in the FDTD(2,4) computations are not implemented due to
the lack of higher-order thin wire models.

The results of FDTD(2,2) are illustrated in Figs. 2.37-2.43, and they are com-
pared with the FDTD(2,4) computations, and measurements. S;; and S, represent
the reflection coefficients of the 6 mm and 4 mm long monopoles, respectively. Siz
represents the coupling between the two monopoles. The accuracy of Si; and Sos is
governed by the modeling of each wire and the discretization near each wire. More-
over, the accuracy of Si, is governed by the accuracy of the FDTD stencil used to
simulate the wave propagation from one element to the other. Figs. 2.37-2.39 illus-
trate the magnitude of the S-parameters, and Figs. 2.40-2.43 show their corresponding
phase. It can be concluded that FDTD(2,4) predicted the resonances of Si; and Ssy
more accurately that FDTD(2,2) due to its reduced dispersion. Also, the magnitude
and the phase of coupling, i.e., Sip, computed using FDTD(2,4) are more accurate
than the ones calculated by FDTD(2,2). This was expected as FDTD(2,4) simulates
the wave propagation from one wire to the other more accurately than FDTD(2,2).

Next, the input impedance of the 6 mm long monopole is computed in order to see
more clearly the effect of not simulating the radius of the wires in FDTD(2,4). This
input impedance is represented by the Z;; parameter, and it is calculated by con-
verting the S-parameters to Z-parameters through the well known two-port network
relations. Figs. 2.44 and 2.45 illustrate the input resistance and reactance of the 6 mm
long monopole, respectively. It can be seen that the computations of FDTD(2,4) are
not as accurate as the ones of FDTD(2,2). This is expected, since input impedance
calculations depend strongly on the radius of the wires, and FDTD(2,4) did not sim-
ulate the radius of the wires. However, FDTD(2,2) took into account the radius of
the wires using a thin wire model thereby providing more accurate input impedance

predictions.
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C. FDTD(2,4) with thin wire model of FDTD(2,2)

In this subsection, the S-parameters of the monopoles illustrated in Fig. 2.36 are again
calculated using either FDTD(2,2) or FDTD(2,4). The radius of the monopoles is
taken into account in the FDTD(2,2) simulations both along the wire (using a thin
wire model) and the excitation (using a source based on the radial electric fields).
Also, the radius of the wires is implemented in the FDTD(2,4) computations using
the FDTD(2,2) thin wire model.

The results of FDTD(2,2) are illustrated in Figs. 2.46-2.52, and they are compared
with FDTD(2,4) and measurements. It can be concluded that using the FDTD(2,2)
thin wire model in conjunction with FDTD(2,4) degrades the accuracy of FDTD(2,4)
alone [compare Figs. 2.37-2.43, which correspond to the FDTD(2,4) without any
thin wire model, with Figs. 2.46-2.52, which correspond to the FDTD(2,4) with the
FDTD(2,2) thin wire model].
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When the FDTD(2,2) thin wire model is used along with FDTD(2,4) the reso-
nances of the monopoles, and their coupling, are not predicted as accurately as in
FDTD(2,4) alone. Actually, the results of this hybrid resemble more the FDTD(2,2)
computations. This accuracy degradation is due to the fact that the FDTD(2,2) thin
wire model introduces second-order errors in the FDTD(2,4) solution. Therefore, it
is seen that by using the FDTD(2,2) thin wire model combined with FDTD(2,4), the
accuracy of the S-parameters is degraded.

However, by using the FDTD(2,2) thin wire model combined with FDTD(2,4),
it is expected that the accuracy of the FDTD(2,4) input impedance results should
improve compared to the FDTD(2,4) with no consideration of the wires’ radius. The
new input impedance calculations of FDTD(2,4) are illustrated in Figs. 2.53 and 2.54.
Apparently, the accuracy of the new FDTD(2,4) impedance computations [incorpo-
rating the FDTD(2,2) thin wire model] is improved compared to the computations of
the previous subsection (compare Figs. 2.44 and 2.45 with Figs. 2.53 and 2.54)
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Figure 2.53: Input resistance of the 6 cm long monopole.
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D. FDTD(2,4) with one-sided differences

One-sided higher-order differences are incorporated in this subsection around each
wire. All the different one-sided schemes that have been implemented during this
research were found to be unstable. This finding is supported by the literature review
of similar work that was discussed in the beginning of this section (Section VIL.).
Other papers that have appeared in the literature have encountered similar instability
problems when one-sided differences were used. The instability issue stems from the
interaction of the one-sided difference schemes with the central difference schemes,
and it is usually difficult to resolve. It should be pointed out that stencils can generate
parasitic solutions which can lead to instabilities when they are used in conjunction
with other stencils. Such instabilities can still occur even when the parasitic solutions
are damped for the individual stencils. Therefore, one-sided differences will not be

pursued further during this research.
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E. Summary

In the previous three subsections, FDTD(2,4) was applied to analyze the problem
of two monopoles on a ground plane. Initially, FDTD(2,4) was applied alone with-
out being able to simulate the radius of the wires. The S-parameters computed in
this case by FDTD(2,4) were more accurate than FDTD(2,2). However, the input
impedance FDTD(2,4) calculations were not as accurate as the ones of FDTD(2,2),
since FDTD(2,4) did not simulate the radius of the wires.

Then, FDTD(2,4) was combined with the FDTD(2,2) thin wire model and the
S-parameters computed for this case were not as accurate as the ones that used
only FDTD(2,4). In addition, the input impedance calculations exhibited improved
accuracy in this case compared to the ones that used FDTD(2,4) alone. Basically,
when FDTD(2,4) was combined with the FDTD(2,2) thin wire model, it provided
results very similar to the calculations of FDTD(2,2) alone. This can be attributed
to the fact that the FDTD(2,2) thin wire model is second-order accurate thereby
degrading the accuracy of FDTD(2,4).

Also, one-sided differences were applied around each wire, but they were found
unstable. After long experimentation with various one-sided schemes, it was decided
to pursue other ways to expand the capabilities of FDTD(2,4).

In conclusion, it is clear that there is a need for a higher-order method that can
simulate thin geometric features without loosing its high-order of accuracy. In the
next section, a method that benefits from the advantages of both FDTD(2,2) and
FDTD(2,4) is presented. o

VIII. Hybrid of FDTD(2,4) and Subgrid FDTD(2,2)

The proposed approach in this section consists of combining a subgridding technique
with a higher-order scheme. Subgridding techniques have been used in the past in
the context of the standard FDTD. These methods divide the simulation space into
two separate grids; a fine one and a coarse one. In [9] the first subgridding technique
was introduced, and it required two separate FDTD calculations one for the fine and
one for the coarse grid. Then, Kim et al., [66], derived a subgrid method with a

4:1 resolution such that only one simulation was needed. In 1991, Zivanovic et al.,
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[67], developed a method that used a 2:1 resolution, and implemented the coupling
between coarse and fine region through time and space interpolations of both magnetic
and electric fields. Also, they applied the homogeneous traveling wave equation to
achieve matching between the coarse and the fine region with a 3:1 ratio of cell sizes. A
more efficient implementation of the approach presented in [67] was discussed in [68].
‘Finally, Chevalier et al. presented in [69] a new subgridding technique that allows
the boundary between the coarse and the fine grid to be located in an inhomogeneous
dielectric region. Moreover, odd integer-cell ratios were used, e.g., 1:3, 1:5, 1.7, etc.,
so that the fields in the coarse and fine grids stay synchronized in time and collocated
in space. The time and space arrangement of the fields in the fine and coarse domains
for a 1:3 cell ratio are depicted graphically in Figs. 2.55 and 2.56 respectively.

Here, the subgridding method of [69] is used in conjunction with the second-order
accurate in time and fourth-order accurate in space FDTD(2,4). On the fine grid,
the standard FDTD(2,2) is used to handle any of the fine features of the structure,
whereas on the coarse grid FDTD(2,4) is used. Thus existing successfully-applied
techniques in FDTD(2,2) for the incorporation of discontinuities, boundary condi-
tions, and thin features are available for use on the fine grid. On the coarse mesh,
away from phenomena associated with the complex structure, FDTD(2,4) is used to
mainly simulate the wave propagation in homogeneous media. Following, this ap-
proach, high accuracy is obtained both around fine geometric features, such as thin
wires, thin slots, etc., as well as in the wave propagation which is simulated by a
higher-order scheme, i.e., FDTD(2,4).

A. Method

The method developed here uses a modification of the subgridding technique of [69].
The boundary between the fine and the coarse grid is collocated with electric field
components instead of magnetic field components. The ratio between the coarse and
the fine grid cell sizes is chosen to be 1:3 as in [69]. A two-dimensional view of the
grid is shown in Fig. 2.55.

To make the method stable, the two types of weighting used in [69] are applied.
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Figure 2.55: Two-dimensional view of the coarse and fine grids.
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First, the electric fields near the coarse-fine boundary are weighted as:

E;, + e;3
2

where e, is the weighted electric field value of the fine grid just adjacent to the coarse-

€y = 0.95 €2 fine + 0.05

(2.47)

fine grid boundary, es f;,, and e are the fields computed by FDTD(2,2) in the fine grid,
and E; is the field computed by time and space interpolation of FDTD(2,4) fields on
the coarse-fine grid boundary (see Fig. 2.57). The coefficients were empirically found
in [69]. This type of weighting can be considered effectively as a smoothing of the
electric field values when transitioning from the coarse to the fine domain.

The second type of weighting that is used relates to the coarse grid magnetic field
values adjacent to the coarse-fine domain boundary and inside the fine grid region

(see Fig. 2.55). It is done using the following equations:

E;i € €

Figure 2.57: Electric field e; (near the boundary between the coarse and fine grids)
that is linearly weighted.

Hy = 0.7 Haeoarse + 0.3 B2 fine (2.48)

hy = 0.3 Hawarse + 0.7 R2 fine (2.49)
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where the locations of Hy and h, are illustrated in Fig. 2.55, and the subscripts coarse
and fine correspond to the coarse and fine field values computed from FDTD(2,4) and
FDTD(2,2), respectively.

The time interpolation of the fine grid electric field values on the boundary is

performed using the following third-order accurate relations:

2 7 14

ErtS = Z Bt — — Ert 4 — B2 2.50
9 9 " by

En+2+2/3 _ _l Eﬂ‘l'l o § En+2 + _5_ ETL+3 (2 51)
-9 9 9 ‘

The respective locations in time of the electric and magnetic fields for both the coarse
and the fine grids are shown in Fig. 2.56.

Also, in order to ensure stability the Courant stability upper limit of the fourth-
order FDTD was reduced by a factor of 1.25 as follows:

A
At<08 22 (2.52)

TeV3

A brief description of the procedure is given as follows (see also [69]):

a. Apply FDTD(2,4) on all the main grid points (including the ones inside the fine
grid) and obtain H™+/2,

b. Apply FDTD(2,2) on the fine grid to obtain A™/°,

c. Apply FDTD(2,2) on the fine grid to obtain e"*/3. Update e"**/3 on the coarse-
fine boundary using space and time interpolation. Apply (2.47) to weight grtifs

one cell inside the fine grid.

d. Apply FDTD(2,2) on the fine grid to obtain A"*3/6. Use (2.48) and (2.49) to

weight h"*3/6 and H™+1/2 collocated one coarse grid cell into the fine domain.

e. Update E"! at the coarse-fine boundary using the obtained values for H"+/2

from step 4.

f. Repeat step 3 to obtain e"*2/3 step 2 to obtain A"*5/6  and step 3 again to
obtain e®*!. Correct the coarse-fine grid boundary values of e”** using space

interpolation of E™*1,
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g. Transfer all fine grid e field values to the corresponding collocated coarse grid
E field values.

Capital letters E and H represent coarse grid field values, and small letters e and A

represent fine grid field values.

B. Results

To illustrate the accuracy of the hybrid FDTD(2,4)-subgrid FDTD(2,2), the geometry
of the two monopole antennas mounted on a finite ground plane, shown in Fig. 2.36,
is analyzed.

Three test simulations were performed by using:
a. FDTD(2,2) with a cell size of 4 mm (or approximately A/4 at 20 GHz),
b. FDTD(2,2) with a cell size of 1.67 mm (or A/9 at 20 GHz), and

c. The hybrid FDTD(2,4)-subgrid FDTD(2,2) with a coarse grid cell size of 4 mm
(or approximately A/4 at 20 GHz) and a fine grid cell size 4/3 mm~1.334 mm
(or A/11 at 20 GHz).

These three simulations are labeled 1, 2, and 3 respectively. Notice that in simu-
lation 3, a fine grid was applied around each wire and the rest of the space used
a coarse grid. The fine grid extended two coarse grid cells (or six fine grid cells)
around each wire. The radius of the monopoles was taken into account in all three
simulations both along the wire (using a thin wire model) and the excitation (using a
source based on the radial electric fields). The S-parameters were computed by using
the procedure described in [65]. To speed the simulation times, all sources used an
internal resistance of 50 ohms [65].

The results of the three simulations are illustrated in Figs. 2.58-2.60 where the
S-parameters of the two monopoles are compared against measurements performed in
the Electromagnetic Anechoic Chamber facility (EMAC) at Arizona State University
(ASU). Si; and Sy represent the reflection coefficients of the 6 cm and 4 cm long
monopoles, respectively. S, represents the coupling between the two monopoles. The

accuracy of S1; and Sy is governed by the modeling of each wire and the discretization
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Figure 2.60: Si5 between the two monopoles.

near each wire whereas the accuracy of Sis is governed by the accuracy of the FDTD
stencil used to simulate the wave propagation from one element to the other.

All S-parameter computations of simulation 1 [FDTD(2,2) with Az = 4 mm] do
not agree well with the measurements due to the poor discretization (only A/4 at
20 GHz). However, simulations 2 and 3 provided predictions that are in very good
agreement with measurements. Simulation 2 used FDTD(2,2) and Az = 1.67 mm
(or A/9 at 20 GHz) which is a good discretization of our structure. Simulation 3
used the hybrid FDTD(2,4)-subgrid FDTD(2,2) and provided very good results for
S11 since the discretization of the wires was done with a fine grid ( Az = 4/3 mm
or A/11 at 20 GHz). Furthermore, the hybrid FDTD(2,4)-subgrid FDTD(2,2) com-
putations for S5 were also accurate since the wave propagation from one element to
the other was performed using the higher-order stencil FDTD(2,4), with Az = 4 mm
(or A/4 at 20 GHz). Therefore, it can be concluded that in the hybrid approach the
field variations around thin geometric features, such as wires, are captured using the

standard FDTD(2,2) and the available sub-cell models on a fine grid. Moreover, the
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field propagation for large distances is accurately modeled by a higher-order FDTD
stencil [FDTD(2,4) in our case] on a coarse grid.

For the computation of S-parameters, two simulations must be performed for
each of our cases. The simulation times, as well as the memory requirements for each
simulation, for cases 1, 2, and 3, are depicted and compared in Table 2.1. To obtain
accurate results with FDTD(2,2), a cell size of 1.67 mm had to be used (case 2).
This case required almost two and a half times more time, and three and a half times
more memory than the respective time and memory of case 3, which used the hybrid
FDTD(2,4)-subgrid FDTD(2,2). It should be noted that the computational savings
will be significantly larger in cases where the computational domain is electrically
large in all three directions (in our geometry, see Fig. 2.36, the domain is electrically

large along one direction only).

Table 2.1: Simulation times and memory requirements
| Case || Simulation Time (min) | Memory (Mbytes) |

1 15 3.5
2 118 14.0
3 48 3:9

| Also, to validate the accuracy of the hybrid FDTD(2,4)-subgrid FDTD(2,2) method
for input impedance calculations, the S-parameters computed above were converted
to Z-parameters. Specifically, the input impedance of the 6 cm monopole is repre-
sented by Z;;. This input impedance is compared for the three simulations 1-3 with
measurements in Figs. 2.61 and 2.62. It is clearly, shown that the hybrid FDTD(2,4)-
subgrid FDTD(2,2) approach provides very accurate input impedance results due to
the use of the FDTD(2,2) thin wire model in the fine grid.

C. Conclusions

An accurate hybrid method of FDTD(2,4) coupled with FDTD(2,2) on a subgrid has
been presented. The results indicate great computational savings both in memory
and time. Moreover, this hybrid approach is very promising for other practical sit-
uations because of the flexibility for the inclusion of all existing thin and sub-cell
models with FDTD(2,2). Simultaneously, the method offers the high accuracy of
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FDTD(2,4) for the propagation of waves over electrically large distances. Finally,
this hybrid approach was found to be stable after several thousands of time-steps

when the procedures of [69] were incorporated.
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IX. Hybrid of Subgrid FDTD(2,2) and FDTD(2,4)

In the previous section, a hybrid formulation of FDTD(2,4) and subgrid FDTD(2,2)
was presented. The code that was written to implement that hybrid method assumed
that everywhere in the domain FDTD(2,4) is applied except small areas of the domain
where subgrid FDTD(2,2) is used. These parts where subgrid FDTD(2,2) is used
were assumed to be internal to the entire FDTD(2,4) domain. For example, see in
Fig. 2.63 the domain of the two monopoles that was previously analyzed, and notice
that subgrid FDTD(2,2) was used only around the two monopoles. The areas where
subgrid FDTD(2,2) was applied are obviously included in the FDTD(2,4) domain.

Box Describing Computational Domain

FDTD(2,4) in coarse mesh
'FDTD(2,2) !
________ \in fine mesh,
| FDTD(2,2) | | i

, in fine mesh:

i

f

Figure 2.63: Schematic visualization of the hybrid method of FDTD(2,4) and subgrid
FDTD(2,2) presented in the previous section.

However, there might exist problems where the opposite configuration of meshes
(coarse and thin) occurs, i.e., the area where FDTD(2,4) is used is contained in
the subgrid FDTD(2,2) domain. One example of such a case comes from shielding
effectiveness analysis of electrically large rectangular enclosures. In these cases, the
largest part of the computational domain is the interior of the enclosures, and the
problem of boundary conditions arises near the walls of the enclosures. In such
cases, it is desired to simulate the propagation inside the box using a higher-order
method, such as FDTD(2,4). In addition, near the walls of the boxes a subgrid
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FDTD(2,4) in a coarse mesh

FDTD(2,2) in a fine mesh
FDTD(2,2) in a fine mesh

Figure 2.64: Schematic visualization of the hybrid method subgrid FDTD(2,2) and
FDTD(2,4) presented in the this section.

FDTD(2,2) method should be used in order to represent accurately the PEC boundary
conditions, and successfully simulate the penetration mechanisms. FDTD(2,2) is used
near the walls instead of FDTD(2,4) since FDTD(2,4) exhibits an inherent artificial
penetration through thin PEC films. This artificial penetration is attributed to the
length of the FDTD(2,4) stencil which allows fields from one side of the PEC to couple
on the other side of the PEC. Also, as discussed in Section VII. stable higher-order
boundary conditions that would simulate correct PEC discontinuities do not exist and
they are very challenging to derive. Therefore, subgrid FDTD(2,2) is hybridized with
FDTD(2,4) to resolve all these issues. Following such a procedure yields tremendous
savings in memory and/or time depending on the particular problem. A schematic
representation of such a problem is depicted in Fig. 2.64. In order to implement this
new type of hybrid, a new code has to be implemented. This new hybrid is named
subgrid FDTD(2,2)/FDTD(2,4) which is the reverse of the name of the hybrid method

in the previous section.
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A. Method

This new hybrid method resembles the hybrid method presented in the previous
section. The boundary between the fine and the coarse grid is collocated with electric
field components. The ratio between the coarse and the fine grid cell sizes is chosen
to be 1:3.

A two-dimensional view of the grid is shown in Fig. 2.65 which represents a cross-
section of the computational grid. In Fig. 2.65 several features should be pointed out

as follows:

a. The external thick line represents the walls of the conducting enclosure. On

and outside this boundary only subgrid FDTD(2,2) is used on a fine grid.

b. The internal thick line represents the boundary between the fine and the coarse
grid domains. On and inside this boundary only FDTD(2,4) is used on a coarse
grid. The domain that is described by this boundary is labeled domain #1 for

reference purposes.

c. In the area between the two thick lines both subgrid FDTD(2,2) (on a fine grid)
and FDTD(2,4) (on a coarse grid) are applied. This area is labeled domain #2

for reference purposes.

d. The distance between the walls of the conducting enclosure and the coarse-
fine grid boundary is chosen to be 3 coarse grid cells, so that the standard
FDTD(2,4) using central finite difference spatial scheme can be applied on the

coarse-fine grid boundary.

To make the method stable, the electric fields near the coarse-fine boundary are
weighted in the same manner presented in the previous section and described by
(2.47). Also, another weighting that is used relates to the coarse grid magnetic field
values adjacent to the coarse-fine domain boundary and inside the fine grid region
(see Fig. 2.65). The locations of the magnetic fields where this weighting occurs is
illustrated by the black dots shown in Fig. 2.65. It is done using (2.48) and (2.49). The
time interpolation of the fine grid electric field values on the boundary is performed
using the same third-order accurate relations, (2.50) and (2.51), used in the previous

section.
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Figure 2.65: Two-dimensional view of the coarse and fine grids.

Also, in order to ensure stability the Courant stability upper limit of the fourth-

order FDTD was reduced by a factor of 2 as follows:

A brief description of the procedure is given as follows (see also [69]):

a. Apply FDTD(2,4) on all the main grid points (including the ones inside the

shared area by both the coarse and fine grid, i.e., domains #1 and #2) and

obtain H™*+1/2,

fine boundary using space and time interpolation. Apply (2.47) to weight ptt1f3

c. Apply FDTD(2,2) on the fine grid to obtain e"*%/3. Update e"*'/3 on the coarse-

b. Apply FDTD(2,2) on the fine grid to obtain h"+1/6.



one cell inside the fine grid.

d. Apply FDTD(2,2) on the fine grid to obtain A"*%/5. Use (2.48) and (2.49) to
weight A"+3/6 and H™1/2 collocated one coarse grid cell into the fine domain.
Transfer all fine grid h™3/® field values to the corresponding collocated coarse
grid H"*'/2 in the area shared by both the coarse and fine grids (domain #2)
except the fields included in the area described by the black dots (see Fig. 2.65).

e. Update E™*! at the coarse-fine boundary using the obtained values for H™+1/2

from step 4.

f. Repeat step 3 to obtain e"*2/3, step 2 to obtain A"*%/¢ and step 3 again to
obtain e™™. Correct the coarse-fine grid boundary values of e"™ using space

interpolation of E™!,

g. Transfer all fine grid e field values to the corresponding collocated coarse grid
E field values in the area that is commonly shared by the fine and coarse grids
(domain #2).

Capital letters £ and H represent coarse grid field values, and small letters e and h
represent fine grid field values. It should be pointed out that the space interpolation
of the coarse grid values on the coarse-fine boundary is performed using a standard
second-order accurate interpolation.

To illustrate the savings that can result in the numerical FDTD analysis of shield-
- ing effectiveness by using this new hybrid method some examples are presented. One
of the main purposes of this research is to be able to efficiently and accurately analyze
the shielding effectiveness of a full-scale fuselage. Results for such analyses will be
presented in Chapter 3 where a simplified scaled model of a Boeing 757 aircraft is
examined. This scaled model has the following dimensions: 155 cm long by 20 cm
wide by 24 c¢m high. In order to accurately simulate this problem with the standard
FDTD(2,2) up to 9 GHz, a cell size of 2.5 mm (or A/13 at 9 GHz) has to be used. This
mesh yields a very large computational domain; 620 x 80 x 96 cells. This domain re-
quires Mpprp(2,2) = 114 Mbytes just for the electric and magnetic field components.
Therefore, simulating this problem requires a very large amount of computational

resources, memory as well as time. Especially, the memory issue is more restrictive
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since if the required memory for a simulation is not available, then the simulation
cannot be performed.

However, if the new hybrid method of subgrid FDTD(2,2)/FDTD(2,4) is applied
to the same problem, significant savings in memory are achieved. The hybrid applies
FDTD(2,4) to the entire fuselage but on a coarse grid with a cell size three times larger
than the one required by FDTD(2,2), i.e., a cell size of 7.5 mm (or A\/4 at 9 GHz).
This FDTD(2,4) part of the hybrid code (domains #1 and #2) requires only 4 Mbytes
of memory. Furthermore, the subgrid FDTD(2,2) is only applied on a region between
the wall of the fuselage and the coarse-fine grid boundary (domain #1 in Fig. 2.65)
and has a thickness of only 9 cells. This subgrid FDTD(2,2) part of the hybrid
code requires 44 Mbytes of memory. Therefore, the total amount of memory for the
hybrid subgrid FDTD(2,2)/FDTD(2,4) method is only Mpyeria = 4+44=48 Mbytes
which is 2.5 times smaller than the memory required by the standard FDTD(2,2)
code (114 Mbytes). This reduction in memory results by not applying FDTD(2,2)
along with a fine cell size in the part of the computational domain that solely corre-
sponds to the coarse domain (domain #2 in Fig. 2.65), which would have required
MJ*™ = 70 Mbytes. Instead, the FDTD(2,4) is applied on the coarse domain using a
coarse cell size allocating only M$°**¢ = 2.5 Mbytes. The comparison of the specific
numerics are illustrated in Table 2.2 where M; and M, are the memory requirements

for domains #1 and #2, respectively.

Table 2.2: Memory requirements for the different regions of the computational domain
for a cell size of 2.5 mm '

Hybrid subgrid FDTD(2,2)/FDTD(2,4)

Memory (Mbytes) | FDTD(2,2) | subgrid FDTD(2,2) FDTD(2,4)
M, 70 - 2.5
M, 44 44 1.5
M 114 48
| Savings Factor [ 114/48 ~ 2.5 ]

The example that was presented exhibited dimensions that were extremely long
only in one direction, since the fuselage is a very long rectangular box. However, in

cases where the geometry is large in two or in all three directions, then the memory
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savings are even more significant. Tables 2.3 and 2.4 show the corresponding memory
savings achieved by the hybrid method for two boxes with the following dimensions,
respectively: a) 155 cm long by 155 cm wide by 24 cm high (box #1), and b) 155 cm
long by 155 cm wide by 155 cm high (box #2). As expected, the memory savings are

tremendous when the domains become large in all three directions.

Table 2.3: Memory requirements for the different regions of the computational domain
of box #1 for a cell size of 2.5 mm

Hybrid subgrid FDTD(2,2)/FDTD(2,4)

Memory (Mbytes) || FDTD(2,2) | subgrid FDTD(2,2) FDTD(2,4)
M, 678 - 25.0
M, 207 207 7.6
Miotar 885 240
| Savings Factor | 885/240 ~ 3.7 |

Table 2.4: Memory requirements for the different regions of the computational domain
of box #2 for a cell size of 2.5 mm

Hybrid subgrid FDTD(2,2)/FDTD(2,4)

Memory (Mbytes) | FDTD(2,2) | subgrid FDTD(2,2) FDTD(2,4)
M; 5.236 - 104
M, 484 484 18
M 5.720 696
| Savings Factor || 5,720/696 ~ 8.2 ]

The hybrid method of subgrid FDTD(2,2)/FDTD(2,4) that was presented in this
section will be validated and applied in Chapter 4 in the context of shielding effec-
tiveness analysis.

Deriving a stable hybrid is a very challenging task. The hybridization procedure,
which was outlined above, is the result of long experimentation with different time
and space interpolation schemes. For the results presented in this manuscript, the
hybrid method was found stable up to several tens of thousands of time-steps for

different applications.
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Chapter 3

Applications

I. Introduction

The standard second-order accurate FDTD is still a very powerful method especially
for problems of moderate electrical size. The FDTD method has exhibited a wide
range of applications due to its robustness, simplicity and ability to simulate complex
structures. Some of the most important categories of FDTD applications are the

following:

e Analysis of microwave circuits and devices [70]-[77]

Analysis of waveguide structures [78]-[84]

Analysis of electromagnetic wave interactions with biological tissues [85]-[92]

Scattering and radar cross section analysis [93]-[96]
e Antenna analysis and design [97]-[102]
o Analysis and design of cavity resonators [103]-[108]

In this chapter, FDTD is applied in antenna problems. Initially, an improved feed
model for thin-wire antennas is examined, and it is compared with the delta-gap feed ‘
model. Furthermore, the discrete Fourier transform (DFT) is compared to the fast
Fourier transform (FFT) in the context of the FDTD method. The pros and cons
of these two time-to-frequency domain conversion methods are presented through

examples.
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Then, cavity-backed slot (CBS) antennas are examined. CBS antennas are com-
monly used in earth-based and space-borne applications. They are relatively easy
to manufacture, lightweight and often small in size. Here, FDTD is used to analyze
different antenna characteristics of such elements including input impedance, cou-
pling, and radiation patterns. Emphasis is given on coupling calculations, especially
on different methods to reduce coupling.

Specifically, coupling reduction is attempted using lossy material superstrates or
ground plane discontinuities, such as slits. Numerical issues concerning the analysis
of CBS antennas in the context of FDTD are also discussed. Moreover, the effect
of distance and orientation on coupling is examined through FDTD simulations and
measurements. All the different coupling reduction techniques are compared through
their radiation characteristics, such as gain, efficiency and coupling reduction. The
numerical results are validated by comparison with measurements and few available

finite element method (FEM) calculations.

II. An Improved FDTD Feed Model for Thin-Wire
Antennas

A wire antenna is one of the most common radiating elements. In FDTD, wire
antennas are usually excited by using a delta-gap. Furthermore, wire antennas exhibit
radius much smaller than the cell size and a thin-wire model is needed to model it
correctly. However, until now a thin-wire model has been used to simulate the radius
only along the wire but not at the feed point. In a recently published paper [109],
a thin wire model at the feed point was implemented, and it was illustrated that
this modeling together with the standard thin-wire modeling along the element gives
more accurate results. This thin-wire model at the feed-point is examined here and

compared to the delta-gap source.

A. Delta-gap source

The standard delta-gap source imposes a voltage by using the electric field located at

the feed point which is specified by the following equation (assuming that the wire is
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located along the z-direction):
V@)
Ag

where V (t) is the desirable voltage source and Az is the cell size in the direction

E(gap) = (3.1)

of the gap. Fig. 3.1 illustrates this type of source. The magnetic fields around the
a

——

Ex

.
-
lI

1

H
A ® ®y Ez

Feeding gap B
A

®Ez<i,j,k> ®

Figure 3.1: The delta-gap source model.

gap are updated using the electric field which imposes the source. For example,
by substituting (3.1) into the regular FDTD update equations, the magnetic field

component H, located at the right side of the gap can be written as

ntl/2 _ g pel/2 At <Ez|?+1,j,k+V”/Az Bolip — Ezmyk) (3.2)

1,5,k Y

Hy Az Az

1,5,k i
The other magnetic field components surrounding the delta-gap are updated in a
similar way.

To examine the accuracy of the delta-gap feed modeling, the input impedance of
two dipole antennas was computed by FDTD and it is compared with NEC compu-

tations. Both dipoles had length ¢ which was varied in terms of wavelength in the
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range A\/10 < £ < 2). The first dipole had a radius a = £/500 whereas the second
one had a radius a = ¢/150. The radius of each dipole was simulated in FDTD by
using the thin wire model along each element. FDTD calculations were performed
for different discretizations A = ¢/11, ¢/21, £/41, £/81. The Moment-Method [110]
(NEC) simulations used, 255 segments along the wire with radius a = /500 in one
case, and 71 segments along the wire with radius a = £/150 in the other case.

The results are compared in Figs. 3.2 and 3.3 for the two dipoles, respectively. It
can be concluded that the accuracy of the input impedance predicted by using this
delta-gap source depends on the cell size. Notice also that a finer discretization does
not always result in higher accuracy. For the dipole with radius a = ¢/500, A = £/81
seems to provide the best agreement with the NEC, whereas for the dipole with radius
a ={/150, A = ¢/21 gives the best results. This observation will be explained in the

next section after the presentation of the improved delta-gap feed.
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—-1000Y4

Figure 3.2: Input impedance of a thin wire dipole with radius a = ¢/500.
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Figure 3.3: Input impedance of a thin wire dipole with radius a = £/150.

B. Improved delta-gap source

In the paper by Watanabe et al. [109] an improved delta-gap model was proposed
that takes into account the radius of the wire antenna at the feed point. Their idea
is based on the standard FDTD thin wire model. Therefore, before presenting their
modeling, the thin wire model will be briefly discussed.

Fig. 3.4 demonstrates a PEC wire of radius a superimposed on a Yee grid and
aligned with the z-axis. The assumption that the wire radius is much smaller than
0.5 Az was made. Furthermore, since Az must be much smaller than the wavelength
in order for the FDTD algorithm to be stable, the wire radius should also be smaller
than the wavelength. This justifies the assumption that the radial electric and cir-
cumferential magnetic fields in the vicinity of the wire exhibit a 1/r dependence. With
the above assumptions, the spatial dependence of the fields in the vicinity of the wire

can be approximated as

, Az
Hy('ra.%k) = H’y(za.%k)z—,r (33)
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Az

Eo(r,j k+1) = Ey(i, 4, k + 1)%’ (3.5)
B.(i,j,K) = 0 (3.6)
E.(i+ 1,4, k) = constant (3.7)
Z
E,{i,].k+1)
Ki_/ ““““““ = eeSE S PR |
E.(1].k) T R E, G+1,3,k)
. SRS ———

A Ex(i,j )

(i,j,k) node
Figure 3.4: Field locations and geometry for the sub-cell model of a thin wire.

Applying the integral form of Faraday’s law to the contour path which passes
through the four electric field locations yields

Az A Aw A
o+/ Ew(i,j,k+1)—2mdr—Ez(z'+1,j,k)Az—/ Ez(z’,j,k)—zfd'r
a T a

o [4° Az
——qu—a—t ) Hy(z,j,A)Q—TdT (3.8)

After carrying out the integrations, (3.8) reduces to
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A A
~“In (f) Ey(i, j,k+1) — %—”‘“m (Af) E,(3,j,k) — Ex(i+ 1,5, k)Az

phedz (g) 0H, (3, 5, k)
a

2 ot B

Discretizing the magnetic field time derivative and rearranging the terms gives the
modified update equations for the H, field components circulating a z-directed wire;

1.€.,

2 B[ 12 At e Belijan — Balijs 3.10
y|i,j,k - ylig,k _‘u_ Az, (AE_) Az ( . )
2 a

The improved delta-gap feed modeling can be derived by applying again the inte-
gral form of Faraday’s law in a similar way. By noticing that the integration along the
edge where F, (1, j, k) coincides should be equal to the voltage source V' [and not zero
as in (3.8)], the update equation for the magnetic field beside the delta-gap source

takes the form

‘n+1/2 _ H ‘n 1/9 t E3|?+1,j,k + Vn/AZ E I‘L] k+1 EQ?'?:],/C (3 11)
Hyliju™ = irjik Az |y (Zz) Az '

This equation provides a more accurate delta-gap excitation as it takes into account
the radius of the wire at the feed point. Similar equations to (3.11) can be easily
derived for the other magnetic field components surrounding the source edge.

In order to illustrate the accuracy of this source modeling, the same dipoles as the
ones analyzed in the previous subsection were examined by using the same FDTD
parameters. Notice that in this case the radius of the wire was simulated along
the wire using the thin wire model, and also at the feed point using the improved
delta-gap source described by (3.11). The results of these computations are shown
in Figs. 3.5 and 3.6 and compared with the NEC predictions. It is apparent that the
new delta-gap modeling yields input impedances that do not depend on the cell size
as strongly as the results of the standard delta-gap source, and then agree very well

with the MoM computations.
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Figure 3.5: Input impedance of a thin wire dipole with radius a = £/500.
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By comparing now the two delta-gap feed models described by (3.2) and (3.11),
respectively, it is seen that the only difference is the coefficient 2/In(Az/a) on the
denominator of the first fraction of (3.11), which does not exist in (3.2). Therefore,
this coefficient is assumed to be unity in (3.2), and this condition can give us an

effective radius that is simulated by the delta-gap model of (3.2)
2

()
In
Geff

Table 3.1 gives the effective radius for the different discretizations. It is expected

A
=1 gy = e—f ~ 0.135Az (3.12)

that when the effective radius is close to the actual radius of the wire, the most
accurate results will be obtained. This is verified by @he observations made in the
previous section where the best accuracy in the impedance calculations was observed
for the cell size A = £/81 for the wire with radius a = £/500 and for the cell size
A = {/21 for the wire with radius a = £/150. Therefore, in cases where the improved
delta-gap source is not used, the cell size should be chosen such that it yields an

effective radius equal to the actual radius of the wire.

Table 3.1: Effective radius for the input impedance calculations

A [ /11 | ¢/21 | ¢/41 | ¢/81
Ges; || £/81.3 | £/155 | /303 | £/599

III. Discrete Fourier Transform

Although it is widely believed that FFT is faster than DFT, this is not always true,
especially for FDTD applications. The DFT series summation is given by

N
G(f) = At _ g(nAt) ed2mnat (3.13)

n=0
where g(nAt) is a time-domain response at discrete time instants t = nA¢,n = 0, .., N,
G(f) represents the Fourier transform of g(t) at frequency f, and At is the time-step.
This summation is updated at every FDTD time-step and is often called “on the fly
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DFT”. Therefore, it is not necessary to store the entire time history. On the other
hand, FFT requires storage of the complete time history of the fields of interested.
This is a major disadvantage of FFT for some FDTD applications.

A thorough comparison of the DFT and FFT in the context of FDTD was pre-
sented in [111]. Here, the pros and cons of these two time-to-frequency domain
conversion methods are briefly outlined. Suppose that the cell size in a FDTD simu-
lation is chosen according to the rule of thumb of being at least a tenth of wavelength
at the maximum frequency of interest, Az = Apin/10 = ¢/(10 frnag). The time-step is
taken to be At = Az/(2 ¢) for stability of the algorithm, yielding At = 1/(20 frmaz)-
Therefore, FFT computes the response up to frequencies 20 times larger than the one
accurately modeled by FDTD. On the contrary, DFT computes the response only at
the frequencies of interest, thereby eliminating this waste of resources.

Another important advantage of DFT over FFT is its ability to compute the
transform at any frequency whereas FFT is limited to the choice of frequencies. The
efficiency of FFT is based on the fact that the number of time-domain samples, N,
must be a power of an integer. In particular, the very popular radix-2 FF'T assumes
that N = 2", and this in a way limits the frequencies that can be obtained. Suppose
that a monopole antenna is under examination and the frequencies of interest are
300 MHz and 305 MHz. Therefore, the number of points, N, that the FFT will
use, must be chosen so that the results will exhibit a 5 MHz frequency resolution.
For a cell size of 25 mm, the time-step is 4.8 ps and N = 4096. The FFT for
such a discretization gives results at 299.31 MHz and 304.38 MHz approximating
the frequencies of interest, which are 300 MHz and 305 MHz, respectively. On the
contrary, DFT provides calculations at the exact frequencies of interest. Furthermore,
the number of time-steps needed for the FDTD simulation transients to decay to zero
is usually smaller than the required number of samples by the FFT to give certain
frequency resolution. For the previous example of the monopole antenna, the required
FDTD simulation time is 1000 time-steps, and thus the DFT will only use so many
samples, whereas the FFT, as it was explained above, has to use at least 4096 time-
domain values for a frequency resolution of 5§ MHz. Consequently, the DFT is proven
again more efficient.

As far as memory requirements, the DFT as already mentioned above, does not
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need to store the entire time-history of the fields thereby yielding significant saving
in memory. In order to compute patterns at multiple frequencies, the fields at the
equivalent surface are needed. For the monopole antenna example discussed previ-
ously with a computational domain of 50 x 50 x 20 cells, the entire time history (4096
samples) of the fields at 9000 locations on the equivalence surface is required when
the FFT is used. This amount of memory is 700 times larger than the one required
by FDTD and 4096 times larger than the one used by the DFT. Obviously, the FFT
memory requirements are enormous compared to the memory allocated by FDTD,
discouraging its use in pattern computations.

In summary, DFT is more efficient than FFT and requires far less additional
storage. Moreover, the frequency resolution of the FFT is controlled by the number
of time samples whereas the DFT can provide results at the precise frequencies of
interest.

In order to verify the implementation of the DFT for pattern computations, the
monopole antenna problem discussed above was analyzed. The length of the monopole
was 0.25 m or quarter wavelength at 300 MHz. One pulse simulation was executed
and patterns were calculated using the newly implemented DFT at 300, 450 and
600 MHz. Also, single frequency simulations were run at each of these frequencies
to provide a reference for comparison. The results are illustrated in Figs. 3.7-3.9. It
can be clearly seen that the DFT yielded identical patterns with the single frequency
calculations. This new feature is very useful and efficient, because it can compute

patterns at as many frequencies are needed only in a single simulation.
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Figure 3.7: Elevation radiation pattern of a monopole mounted on a rectangular
ground plane at 300 MHz.
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Figure 3.8: Elevation radiation pattern of a monopole mounted on a rectangular
ground plane at 450 MHz.
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Figure 3.9: Elevation radiation pattern of a monopole mounted on a rectangular
ground plane at 600 MHz.

IV. Analysis of Cavity-Backed Slot Antennas

Cavity-backed slot (CBS) antennas have been widely used in different types of ap-
plications within the microwave band, including radars, satellite communications,
mobile telephony, broadcast TV, -and aircraft/ spaceciaft communications. They are
relatively easy to manufacture, lightweight and often small in size. Their low profile
is an important characteristic, especially for aircraft, missile and spacecraft applica-
tions, because they can be flush-mounted on the surface of airborne vehicles without
affecting the vehicle’s aerodynamic profile.

Coupling is an important factor in today’s communication systems which have
become more complex and use a large number of antennas to support all required ser-
vices. The reliability and integrity of communication systems can be significantly af-
fected by coupling between transmitting and/or receiving elements, that are mounted
on the same structure such as a helicopter or an aircraft airframe. Especially when

several antennas are collocated on the same structure of finite dimensions, interac-
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tion, referred to as cosite interference, can deteriorate the quality of communications
and corrupt the signals with noise. This leads to an extremely critical EMI/EMC
problem. In addition, airborne communications require extremely reliable systems
that sustain continuous operation without jamming or interruption. In such airborne
communication systems, the installation of a new antenna appears to be a challenging
task. Its mounting location is influenced not only by the type of service the antenna
will provide, but also by the mounting locations of the already existing antennas on
the airframe. Therefore, the interaction between the new antenna and other radiating
elements should be analyzed in order to optimize its position, such that coupling sat-
isfies specific requirements. It can be concluded that coupling mechanisms are very
important in the design of reliable communication systems.

Cavity backed slot antennas have been analyzed in numerous papers using different
methods. Two of the early efforts to analyze such antennas were presented by Calejs
in [112] and by Adams in [113]. The equivalence principle along with the generalized
network formulation have been used in [114] to form the integral equation for a CBS
antenna which was then solved by a method of moments formulation. The finite-
difference time-domain (FDTD) method was applied to the analysis of a single CBS
antenna by Omiya et al. [115]. Furthermore, coupling between two CBS antennas was
examined in [116] using FDTD combined with the Kirchhoff transformation. However
in this section, although using FDTD, the various issues related to computational time
and accuracy, are discussed and resolved using appropriate modeling. Furthermore,
calculations are performed to examine the dependence of coupling on the frequency
of operation. In addition, coupling reduction techniques are also presented including
incorporation of lossy superstrates and ground plane slits.

Lossy materials have been used to suppress the surface currents induced in con-
ducting bodies and reduce the radar cross section of structures, such as airplanes or
antennas. In [117] a lossy coating was used to suppress the undesirable side-lobes of a
paraboloidal reflector antenna. Also, lossy materials have been used in the design of
horn antennas to improve side-lobe levels, equalize the E- and H-plane radiation pat-
terns and reduce the cross-polarized radiation [118]-[121]. In [122] the contour path
FDTD was used to analyze pyramidal horn antennas with and without composite £-

plane inner walls. Planar and cylindrical arrays of open-ended waveguides have been
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analyzed in the presence of a lossy ground in [123]. In [124] the radiation of a rect-
angular waveguide mounted on a lossy flange was examined, and it was shown that
the lossy flange improves the E-plane radiation pattern as well as the cross-polarized
radiation. Here, lossy superstrates are used to suppress surface currents and reduce
coupling between antennas that are flush-mounted on a ground plane. Moreover, the
effect of distance and orientation on coupling is examined through FDTD simulations
and measurements. All the different coupling reduction techniques are compared
through their radiation characteristics, such as gain, efficiency and coupling reduc-
tion. The numerical results are validated by comparison with measurements and few

available finite element method (FEM) calculations.

A. FDTD modeling

FDTD analysis of electromagnetic problems usually involves post-processing that
transforms the time-domain data to the frequency domain. This transformation is
performed using a discrete Fourier transform (DFT) procedure. However, in order
for the DFT to give accurate results, the FDTD simulation time must be chosen
long enough for all the transient phenomena to decay. This requirement can be
restrictive, especially in highly resonant and high quality factor (Q) structures where
the transients may need a prohibitive simulation time to decay. A very effective
technique that resolves this problem is based on a source with an internal resistance
which provides the excitation [97],[125],(126]. The basic characteristics of FDTD are
well documented and will not be repeated here. Instead, the emphasis will be placed
on the modeling of the cavity-backed slot antennas, their radiation characteristics,
and coupling reduction techniques.

In order to illustrate the effectiveness of a voltage source with an internal resis-
tance, it was decided to compute the input impedance of an air-filled cavity-backed
slot antenna originally analyzed in [127]. A three-dimensional (3-D) view of the cav-
ity under consideration is exhibited in Fig. 3.10, and a detailed description of the
geometry is shown in Fig. 3.11. Notice that the CBS antenna is formed by an open-
ended standard X-band waveguide. The input impedance of the cavity-backed slot
antenna was measured in the Electromagnetic Anechoic Chamber facility at Arizona

State University. In the experiment, the aperture antenna was mounted on a finite
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Figure 3.10: A three-dimensional view of an air-filled rectangular cavity-backed slot
antenna fed with a probe oriented in the y-direction.
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Figure 3.11: A two-dimensional view of an air-filled rectangular cavity-backed slot
fed with a probe oriented in the y-direction.
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ground plane of dimensions 24 x 24 in (60.96 x 60.96 cm), and the sharp edges were
covered with a strip of absorbing material to reduce diffractions (see Fig. 3.12). Ad-
ditionally, the antenna was rotated at an angle with respect to the principal axes
and offset, relative to the center of the ground, to direct the edge diffractions away
from the aperture. Moreover, the input impedance of the same aperture mounted on
an infinite ground plane was calculated in [127] using a hybridization of the Finite
Element Method (FEM) with the Moment Method (MoM) and compared very well
with measurements. In this report, it was shown that the dimensions of the ground

plane do not have a profound effect on the value of the input impedance.

ZZZ -1
T
Absorbing £
material P - 60.96 cm
2
2 ZZ o ERE
B 60.96 cm

Figure 3.12: A top view of a cavity-backed slot mounted on a ground plane (experi-
mental configuration).

In the FDTD simulations, this aperture antenna was mounted on a 9 X 9 cm finite
ground plane, which is smaller than the one used in the measurements to reduce the
size of the computational space. In order to determine the input impedance of the
antenna, the voltage and current at the feeding probe of the cavity-backed slot antenna
have to be computed. The simulation time should allow the transient effects in both
the voltage and current to decay, so that they can be accurately Fourier transformed.
The voltage is a user defined function of time that decays quickly to zero, whereas

the current may need a long time to decay. Two FDTD simulations were performed,
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Figure 3.13: Current of the probe exciting the cavity-backed slot antenna for a resis-
tance Ry =0
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Figure 3.14: Current of the probe exciting the cavity-backed slot antenna for a resis-
tance Ry = 50 ohms
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and for both the cell size was 1.5 mm. In the first case, the voltage source had zero
internal resistance (R; = 0), and in the second case, R, was set equal to 50 ohms.
Figs. 3.13 and 3.14 show the computed current at the probe exciting the cavity for the
two cases, respectively. Obviously, the current in the case with no internal resistance
(Rs; = 0) did not decay to zero even after 64,000 time steps, indicating the resonant
behavior and the high quality factor, @, of the antenna. On the contrary, in the second
simulation (R, = 50 ohms), the source current converged to zero very fast and the
FDTD calculation time reduced significantly. Based on our experience, the use of an
internal resistance is essential for efficient simulations of CBS antennas. The internal
resistance is usually chosen close to the characteristic impedance of the transmission
line and the larger it is, the faster the transient phenomena decay. However, the
internal resistance cannot be chosen very large since it may lead to instabilities due
to the interaction of the source with the numerical scheme or due to the neglect of
the displacement current through the FDTD cell which includes the source [126].

B. Impedance

In order to examine the accuracy of FDTD results which are computed using a source
with an internal resistance, the input impedance of the CBS antenna examined in
Subsection A. was computed for three different cases. In all the cases, the feeding
probe was excited by a voltage source with R, equal to 50 ohms. In the first case, the
radius of the probe (0.0635 cm) was not modeled and the cell size was 1.5 mm. In
the second case, the radius was taken into account by using the thin-wire model and
the cell size was 1.5 mm. In the third case, the cell size was 0.6 mm, and the probe
itself was discretized along with the remaining geometry (see Fig. 3.15). Fig. 3.16
illustrates the computed input resistance and reactance of the aperture antenna for the
three different cases. Also, the FDTD calculations are compared with measurements
as well as with results obtained by the FEM/MoM hybrid formulation reported in
[127]. Evidently, the accuracy of the FDTD predictions depends greatly on the wire
modeling of the probe that excites the antenna. Excellent agreement between the
FDTD computations and measurements is observed in the case where the probe was
discretized (third case). The improved accuracy of this third FDTD simulation can

be attributed to the finer discretization and the enhanced modeling of the probe.
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Figure 3.15: Cross-section of the FDTD mesh of the CBS antenna for a cell size of
0.6 mm.

C. Coupling

The coupling between two identical cavity-backed slot antennas (whose specifications
are defined in Fig. 3.11) mounted on a rectangular 10 X 6 cm ground plane, 25 mm
apart from each other, was also analyzed. The geometry of the two cavities along
with the dimension specifications are shown in Fig. 3.17. FDTD simulated the phys-
ical dimensions of the finite ground plane whereas the FEM/MoM hybrid method
simulated an infinite ground plane.

The S parameters of the two antennas were calculated using both methods; FDTD
and FEM. S;; and Sy correspond to the reflection coefficient of each antenna, and
they are equal because the two antennas are identical and the geometry is symmetri-
cal. Furthermore, Si; and Sy, correspond to the coupling between the antennas, and
they are also identical due to reciprocity. The numerical results of both methods are
compared with measurements in Fig. 3.18, and they all exhibit very good agreement.
The discrepancies at the higher end of the band are attributed to discretization er-
rors. In these simulations the FEM mesh consisted of 75,874 elements with average
edge size 0.16 cm whereas the FDTD used a cell size of 0.6 mm and a computational
domain of 160 x 160 x 142 cells. Notice that two different FDTD methods were used.
The first one, denoted as FDTD(2,2), represents a second-order accurate FDTD both
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Figure 3.16: Input impedance of a cavity-backed slot antenna. (a) Resistance. (b)
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Figure 3.17: Geometry of two identical cavity-backed slot antennas mounted on a
rectangular ground plane (for antenna specifications see Fig. 2). (a) 3-D view. (b)
Top view.

in time and space. The second one, denoted as FDTD(2,4), represents a second-order
accurate in time and and fourth-order accurate in space FDTD. It can be observed
that the FDTD(2,4) scheme does not provide a dramatic improvement in accuracy
compared to the FDTD(2,2) scheme. However, it is expected that as the distance
between the two apertures becomes large in terms of the wavelength, FDTD(2,4)
should outperform FDTD(2,2).

D. Reduction of coupling

In this subsection, different methods of coupling reduction are examined. The ge-
ometry under examination is shown in Fig. 3.19. The separation between the two
apertures of the CBS antennas is 4 ¢cm, and the space between the two apertures is
covered with a superstrate. Initially, coupling was calculated using FDTD without
any superstrate, and this case is labeled “blank” for reference purposes. Then a su-
perstrate of lossy material was placed on top of the ground plane, filling the space be-
tween the two apertures. The superstrate was constructed using a number of layers of
1.5 mm thick ECCOSORB GDS electric/magnetic composite material. Three differ-
ent superstrates were used with thicknesses of 1.5, 3.0, and 4.5 mm consisting of one,

two or three GDS material layers, respectively. Coupling computations were again
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Figure 3.18: S-parameters of two identical cavity-backed slot antennas mounted on a
rectangular ground plane (for antenna specifications see Figure 1.4).
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Figure 3.19: Geometry of two identical cavity-backed slot antennas mounted on a
rectangular ground plane (for antenna specifications see Fig. 2). (a) Side view. (b)
Top view.

performed by FDTD for all three superstrates. Although, the GDS material does not
have constant material properties along the entire band of interest, its properties do
not exhibit large variations. Therefore, in the FDTD simulations constant material
properties (found by averaging the maximum and minimum values) were used. These
properties are: €, = 13.4, ¢ = 0.17 S/m, u, = 1.5, and o* = 95,000 ohm/m, where o
and o* are the electrical and magnetic conductivities, respectively.

All the FDTD predictions of coupling for the GDS material are illustrated in
Fig. 3.20 along with the predictions for the case with no superstrate (blank case),
and they are also compared with the corresponding measurements. The FDTD cal-
culations for all cases compare very well with measurements even at levels below
-30 dB with maximum discrepancies ranging from 1 to 2 dB. It is also observed that
adding the lossy superstrate substantially reduces coupling. Specifically, the maxi-
mum coupling decreased 4 dB for the 1.5 mm thick GDS, 6 dB for the 3.0 mm thick
GDS, and 7 dB for the 4.5 mm thick GDS (the maximum coupling for each case is
defined as the maximum over the entire band of frequencies). This reduction of cou-
pling can be attributed to the minimization of surface currents on the ground plane
which couple energy from one CBS antenna to the other. In addition, to examine if

the blockage created by the physical presence of the superstrate contributes to the
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Figure 3.20: Coupling with and Withoutl sy superstrate. (a) 1.5 mm thick GDS.
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Figure 3.21: Measured coupling for three different cases.

coupling reduction, an 1.5 mm thick piece of PEC (perfect electric conductor) was
placed between the apertures replacing the lossy superstrate. The measured coupling
for this case is plotted in Fig. 3.21 and compared with measurements of the equal
thickness GDS superstrate and the case with no superstrate (blank). Apparently,
the inclusion of the PEC piece does not seem to reduce the maximum coupling even
though it introduces maximum blockage. Therefore, it can be concluded that the
reduction of coupling in the case of the lossy superstrate is mainly attributed to the
minimization of the surface currents and not the blockage.

To better understand the mechanism of coupling reduction in the case of lossy su-
perstrates, the induced surface current densities on the ground plane of the two CBS
antennas were computed for two cases: (a) with a one-layer (1.5 mm thick) GDS
superstrate, and (b) no superstrate, at 11.92 GHz. In both cases only CBS #1 was
excited (see Fig. 3.19). Figs. 3.22 and 3.23 illustrate the normalized total surface cur-
rent densities on the ground piane in dB. It is apparent that in the case with no loss
(see Fig. 3.22) the surface current densities in the area between the two apertures
are intense (as high as -15 dB) thereby establishing a strong coupling mechanism.
However, in the case with the lossy superstrate (see Fig. 3.23) the surface current
densities in the area between the two apertures have been significantly reduced ex-

hibiting levels as low as -25 dB. Therefore, it is clear that lossy superstrates weaken
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Figure 3.22: Total surface current density Ji,; in dB, with no lossy superstrate at
11.92 GHz.

Figure 3.23: Total surface current density Jy; in dB, with a 1.5 mm thick GDS
superstrate at 11.92 GHz.
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the coupling mechanism supported by surface current densities.
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Figure 3.24: Geometry of two cavity-backed slot antennas on a ground plane with a
slit.

Another method of reducing coupling through surface currents is to introduce a
discontinuity, such as a thin slit, on the ground plane between the two apertures. A
2 mm wide slit was symmetrically cut at the center of the ground plane as shown in
Fig. 3.24. The FDTD calculations for this case are plotted against measurements in
Fig. 3.25(a), and they exhibit excellent agreement. During our coupling studies, the
width of the original slit (2 mm) was increased to 4 mm and 8 mm, sequentially. The
FDTD predictions for these cases are illustrated and compared in Fig. 3.25(b).

It is observed that the wider the slit is, the smaller the coupling becomes. How-
ever, the reduction of coupling did not change dramatically when the width of the
slit became two or four times larger than the original 2 mm wide slit. Moreover, it
appears that as the slit becomes wider the reduction of coupling is larger at higher
frequencies. This can be possibly attributed to the fact that the slit is electrically
larger at higher frequencies thereby disrupting the surface currents on the ground

plane for a larger electrical distance. Specifically, the 2 mm and 8 mm slits are A\/20
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Figure 3.25: Coupling with a slit on the ground plane. (a) 2 mm wide slit. (b) FDTD
predictions for different widths of the slits.

and \/5 wide, respectively, at 7.5 GHz. However the same slits, 2 mm and 8 mm are
approximately A\/12 and \/3 wide, respectively, at 12 GHz. The incorporation of a
2 mm slit caused a 1 dB reduction of the maximum coupling as illustrated in Fig. 3.26
which presents the comparison of four different cases of measured [see Fig. 3.26(a)] or
calculated [see Fig. 3.26(b)] coupling. Conclusively, the largest reduction of coupling
occurs for the thickest GDS superstrate of 4.5 mm whereas the smallest reduction
happens for the slit. Therefore, a lossy superstrate can be very effective in minimiz-
ing the coupling between aperture antennas by reducing the surface currents on the
ground plane. Moreover, superstrates are very practical because they can be flush
mounted, and they do not affect the mechanical strength of the ground plane as slits
do. Dis-orienting the two CBS antennas is another technique that can be used to
reduce coupling. The configuration of the aperture antennas examined above (seen in
Fig. 3.19) is called E-plane configuration. The H-plane configuration is formed by ro-
tating both aperture antennas 90° (see Fig. 3.27). Pozar in [128] examined the mutual
coupling between two rectangular microstrip patches for both E-plane and H-plane
configurations. He demonstrated that the E-plane configuration exhibits the smallest
coupling for electrically small separation distances, while the H-plane configuration

exhibits the smallest coupling for electrically large separation distances. Therefore, it
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Figure 3.26: Coupling between two CBS antennas. (a) All the measurements. (b)
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Figure 3.27: Top view of the two CBS antennas oriented along the H-plane.
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is expected that coupling of the H-plane configuration of two CBS antennas will be
much smaller than the coupling of the E-plane configuration, especially for separation
distances that are not very small in terms of wavelength. This mechanism of coupling
reduction is also discussed in [45], and it can be explained by comparing the coupling
of two side-by-side versus two collinear dipoles. Alternatively, the pattern of a CBS
antenna in the H-plane nearly vanishes along the ground plane due to boundary con-
ditions. In the E-plane the pattern does not have to vanish along the ground plane
unless the dimension of the aperture in that plane is a multiple of wavelength [45].
Hence, the mutual effects between two CBS antennas which are oriented along the
H-plane are less intense because the antennas are placed in the direction of minimum
radiation. One FDTD simulation was performed to verify this line of thought by
calculating the coupling between two CBS antennas oriented along the H-plane (see
Fig. 3.27). The results of this simulation are illustrated in Fig. 3.26(b). It is observed
that the coupling of the H-plane configuration is 20 dB less than the coupling of the
E-plane configuration (labeled “blank”), which is a substantial reduction.

Finally, dependence of coupling on the separation distance between two CBS an-
tennas is examined. Coupling was measured for various separation distances by plac-
ing the two antennas on a larger ground plane (1 X 1 m). The measured results are
illustrated in Fig. 3.28(a) for a range of distances from 25 mm to 160 mm at incre-
ments of 15 mm. As expected, coupling decreases as the separation between the two
antennas becomes larger. FDTD simulations were also performed for few selected
cases of separation distances (25 mm, 40 mm, and 55 mm), and the computed results
are illustrated in Fig. 3.28(b). The predictions agreed very well with the measure-
ments and exhibited similar variation. Also, the measured coupling was plotted at
four selected frequencies versus the separation distance in Fig. 3.29. The coupling
decreased following a variation similar to 1/r at all four frequencies exhibiting a total
reduction of about 14 dB when the separation was increased from 25 mm to 160 mm
(see Fig. 3.29).
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Figure 3.28: Coupling between two CBS antennas for different separation distances.
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Figure 3.29: Measured coupling versus separation distance at different frequencies.



E. Patterns

In the previous subsection, various methods of minimizing coupling between two CBS
antennas were investigated. Lossy superstrates, as well as slits, on the ground plane
were implemented and analyzed. However, these alterations of the physical geometry
also change the radiation characteristics of the antennas. Especially, the presence
of composite superstrates introduces losses which can potentially reduce the antenna
gain. Radiation patterns of the E-plane were computed using FDTD for two cases:
(a) with a one-layer (1.5 mm thick) GDS superstrate, and (b) no superstrate, at two
frequencies of 7.5 GHz and 11.92 GHz. In both cases only CBS #1 was excited (see
Fig. 3.19). The GDS material properties used in the single frequency FDTD simula-
tions were picked to be equal to the measured material properties at the corresponding
frequency. These properties are: (a) at 7.5 GHz; ¢, = 13.4, 0 = 0.09 S/m, p, = 1.75,
and o* = 74,000 ohm/m, and (b) at 11.92 GHz; ¢, = 13.4, 0 = 0.25 S/m, p, = 1.35,
and ¢* = 110,000 ohm/m. The numerical results are illustrated in Figs. 3.30 and
3.31, and the predictions are compared with measurements. All radiation patterns
were calculated as well as measured by exciting only one of the two CBS antennas.
The agreement between the measurements and the numerical calculations is very sat-
isfactory and the maximum discrepancy ranges from 1 to 2 dB. Finally, the measured
gain of the antennas for the cases with and without the lossy superstrate are compared
for both frequencies of 7.5 GHz and 11.92 GHz in Fig. 3.32. It is observed that the
introduction of a lossy superstrate causes a reduction of the antenna gain which can
be as high as 5 dB for some observation angles. Consequently, when incorporating
lossy materials, there is a trade-off between minimizing the coupling and maintaining
high efficiency. Furthermore, the E-plane radiation patterns of the two CBS antennas
on the ground with and without the 2 mm slit are essentially identical (especially
when the observation angle is on the top of the ground plane, i.e., for elevation angles
—90° < 6 < 90°) and therefore they are not illustrated and compared through a
figure.

F. Summary of coupling reduction methods

Different coupling reduction techniques were presented and analyzed. Traditionally,

the most intuitive way to reduce coupling between two antennas is to increase their
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Figure 3.30: Patterns at 7.5 GHz. (a) With no superstrate. (b) 1.5 mm GDS thick
superstrate.
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Figure 3.31: Patterns at 11.92 GHz. (a) With no superstrate. (b
superstrate.
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Figure 3.32: Measured patterns. (a) At 7.5 GHz. (b) At 11.92 GHz.

separation distance. Measurements and simulations illustrated the decreasing behav-
ior of coupling for increasing separation distances (see Subsection D.) which was very
similar to a 1/r variation (see Fig. 3.29).

Other more novel techniques of coupling reduction were also examined such as
the introduction of ground discontinuities, e.g., slits, and the use of lossy superstrates
between the two antennas. Slits were found to be less effective in reducing coupling -
than loésy superstrates. However, the incorporation of lossy materials significantly
influences the radiation characteristics of an antenna. To illustrate the different ad-
vantages and disadvantages of using lossy superstrates, some of the results are tab-
ulated and they correspond to the configuration of the two CBS antennas examined
in the previous subsections. Gain and efficiency computations were performed by
exciting only CBS #1 (see Fig. 3.19).

In Table 3.2 the antenna efficiency is shown for the three different thicknesses of
GDS material used in our analysis above at 7.5 GHz and 11.92 GHz. At 7.5 GHz
the efficiency ranges from 70%-74%, and at 11.92 GHz it ranges from 83%-88%. In
Table 3.3 the antenna gain at an elevation angle of § = —60° (where the minus
corresponds to the left side of the elevation pattern) is shown for different superstrate

thicknesses. It is also compared to the antenna gain with no lossy superstrate present
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at 7.5 GHz and 11.92 GHz. The elevation angle of # = —60° was used chosen for our
comparison because at this angle the gain exhibited the larger decrease when lossy
materials were used (see Fig. 3.32). When the thickest GDS superstrate (4.5 mm
thick) was used, the gain decreased 4.6 dB at 7.5 GHz and 6.1 dB at 11.92 GHz
compared to the gain with no superstrate. Notice though that the gain toward zenith
was almost the same for the cases with or without lossy superstrates (see for example
Fig. 3.32).

Table 3.2: Efficiency of the two CBS antennas configuration for different thicknesses
of the GDS superstrate

Thickness of GDS superstrate
Frequency || 1.5 mm | 3.0 mm | 4.5 mm
7.5 GHz 74% 73% 70%

11.92 GHz 88% 85% 83%

Table 3.3: Gain of the two CBS antennas configuration at elevation angle § = —60°

No Loss | Thickness of GDS superstrate

Frequency 1.0mm | 3.0 mm | 4.5 mm
7.5 'GHz 5.8 dB 1.9dB | 2.0dB 1.2 dB

1192 GHz | 5.6dB | 1.2dB | 0.8 dB -0.5 dB

Apparently, the use of lossy superstrates yields a decrease in the antenna gain
and efliciency but provides a coupling reduction in return. The achieved coupling
reduction for the different superstrates is depicted in Table 3.4. These coupling re-
ductions were obtained by comparing the cases with and without lossy superstrates.
At 7.5 GHz the coupling was reduced by 3.9 dB for the thinest superstrate of 1.5 mm,
and by 7.8 dB for the thickest superstrate of 4.5 mm. At 11.92 GHz the coupling
was reduced by 6.1 dB for the thinest superstrate of 1.5 mm, and by 7.2 dB for the
thickest superstrate of 4.5 mm. Additionally, the average coupling reduction over the
entire band of 6-14 GHz was 5.8 dB for the thinest superstrate of 1.5 mm, and 8.2 dB

for the thickest superstrate of 4.5 mm. A similar table is constructed for the cases
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that incorporated a slit in the ground plane (see Table 3.5). As mentioned earlier,
the coupling reduction in the cases of the slits is not as significant as in the cases of

the lossy superstrates.

Table 3.4: Coupling reduction of the two CBS antennas configuration

Thickness of GDS superstrate

Frequency 1.5 mm | 3.0 mm | 4.5 mm
7.5 GHz 3.9dB | 6.2dB 7.8 dB
11.92 GHz 6.1dB | 5.4dB 7.2 dB

Average Coupling Reduction
over the band 6-14 GHz 58dB | 6.4dB | 8.2dB

Table 3.5: Coupling reduction of the two CBS antennas configuration

Width of the ground plane slit

Frequency 20mm | 4.0 mm | 8.0 mm
7.5 GHz 0.7dB | 1.0 dB 1.5 dB
11.92 GHz 09dB | 1.5dB 2.4 dB

Average Coupling Reduction
over the band 6-14 GHz 1.0dB | 1.4dB 2.5dB

Radiation characteristics, such as coupling, efficiency and gain, are critical to the
design of an antenna and must be taken into consideration. In a practical configu-
ration there is always a compromise between coupling reduction and maintenance of
high efficiency and gain. Decisions regarding a design should take into account the

communication system operation requirements.

G. Conclusions

In this section, the analysis of cavity-backed slot antennas in the context of FDTD was
presented. Different numerical issues related to the modeling of such antennas were
described. It was found that the use of a voltage source with an internal resistance
in FDTD is indispensable for efficient computations. Both FDTD and FEM/MoM

were used to compute the input impedance of a single CBS antenna, and coupling
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between two elements, and they compared very well with measurements. However,
it was found that for coupling versus distance calculations, the hybrid FEM/MoM
is faster than the pure FDTD. This is attributed to the fact that FEM/MoM does
not discretize the space between the two cavities but rather treats the open-space
interaction within the MoM formulation. Therefore, the FEM/MoM computational
space remains constant because only the CBS antennas need to be discretized in
the hybrid methodology. On the contrary, FDTD has to also account for the space
between the two antennas thereby yielding very large domains especially for large
distances.

A very comprehensive study of coupling between two CBS antennas was also
performed through measurements and simulations. The dependence of coupling on
the separation distance between the two antennas was investigated. Dis-orienting
the antennas was also found to be a very effective method of coupling reduction.
Specifically, the H-plane configuration exhibited significantly smaller levels of coupling
than the E-plane configuration. Moreover, other alternative methods of reducing
coupling were examined including incorporation of lossy superstrates as well as ground
plane discontinuities, such as slits. It was illustrated that lossy material superstrates
can be very effective in decreasing the coupling between two antennas, but they cause
a reduction of the antenna gain. In Subsection F. some of these trends were reported.
Therefore, in a practical design there is always a compromise between reduction of

coupling and maintenance of a sufficiently high gain.
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Chapter 4

HIRF Penetration and PED
Coupling Analysis

In this chapter, the penetration of High Intensity Radiated Fields (HIRF) into con-
ducting enclosures via apertures is presented. HIRF penetration is an EMI issue that
is relevant to all aviation. The stories are numerous, of disrupted communications,
disabled navigation equipment, etc., due to the effects of EM sources external to the
aircraft. Here, the FDTD method is used to predict the shielding effectiveness of
conducting enclosures with apertures, and the numerical results are compared with
measurements. Several issues related to the FDTD analysis of highly resonant and
high quality factor (high-Q) structures, such as windowing and acceleration tech-
niques, are examined and described.

Furthermore, the shielding effectiveness of a scaled model of a Boeing 757 aircraft
is calculated. Both the standard FDTD(2,2) and the hybrid of subgrid FDTD(2,2)
and FDTD(2,4) are used for the predictions which are validated by comparison with
measurements. Finally, the coupling of personal electronic devices (PEDs) is exam-
ined for the scaled fuselage by modeling the coupling between a PED antenna inside
the fuselage and an antenna mounted on the exterior skin of the fuselage. Again
both the standard FDTD(2,2) and the hybrid of subgrid FDTD(2,2)/FDTD(2,4) are

applied for the predictions which are validated by comparison with measurements.
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I. HIRF Penetration Through Apertures

Penetration of High Intensity Radiated Fields (HIRF') into cavities through apertures
is an important EMI issue. Electronic equipment that supports communications and
navigation systems of airplanes is usually shielded in order to increase reliability and
integrity. Additionally, electronic equipment is commonly housed into boxes that have
openings. In such structures, an external signal can penetrate through these apertures
and directly couple energy in the interior. Moreover, the electromagnetic environment
of electronics consists of multiple friendly and threat signals that can cause problems
to their operation; e.g., jamming in communication systems. Therefore, the shielding
effectiveness of boxes with apertures is a crucial issue and should be taken into account
during an installation.

In addition, the field penetration into airborne structures, such as helicopters or
airplanes, is another crucial issue which has lately attracted a lot of attention. The
design of new generation aircraft, such as the Boeing 777 and the Airbus A320, is
based on “fly-by-wire” technology (FBW), in which the mechanical links between
the pilot’s controls and the airplane’s flight surfaces have been replaced by electronic
links. Digital avionic systems, such as navigation computers, flight data computers,
engine control computers, digital autopilots, collision avoidance systems, etc., are
even incorporated on older generation airplanes which are currently built. Future
designs of airplanes seek the incorporation of electronic avionics that perform even
more complicated functions, such as stability augmentation, gust load alleviation,
satellite-guided navigation, etc. All these trends illustrate that safe operation of an
airplane relies substantially on digital avionic systems. Therefore, the susceptibility
of such systems to electromagnetic interference (EMI) is of great concern and interest.

In particular, EMI generated from man-made radio frequency (RF) sources exter-
nal to the airplane, such as radars, radio stations, and other radiating sources, need
to be carefully studied. Such sources are known as HIRF or High Intensity Radiated
Field sources [129]. While an aircraft is flying, it is subject to HIRF sources which
can potentially upset its electronic equipment. Although there are many possible
mechanisms contributing to penetration of fields into an aircraft (including direct
penetration through composites, penetration through cracks and joints, conduction

along cabling, etc.), it is usually the windows which allow the greatest. Consequently,
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it is of paramount importance to understand and be able to predict the field pene-
tration through apertures. The research presented here was instigated and generated
from projects related to HIRF studies of commercial airplanes [129].

In this section, the shielding effectiveness (SE) of cavities with apertures is ex-
amined. Mendez [130], in 1970, analytically formulated the SE of a cavity using a
theory that applies at frequencies below the first cavity resonance. The radiation of
apertures which are mounted on conducting boxes was also derived, based on the
equivalence principle in [131]. Furthermore, another analytical formulation of SE of
conducting enclosures has been recently presented in [132], but the results were for
frequencies below the first cavity resonance. Method of moments was successfully
used in [133] for SE analysis. As far as FDTD, few papers have applied it in SE
studies. In [134] FDTD was applied to sinusoidal steady state penetration problems,
and a small loss was introduced in the cavities to accelerate the simulation conver-
gence to steady state. A hybrid Moment Method/FDTD approach was reported in
[135] and applied to coupling and penetration into complex structures. Furthermore,
a subcell model for thin wires was presented in [136] along with the concept of equiv-
alent radius which was used to replace bundles of wires. Induced currents on wires
and multi-conductor bundles placed into cavities were also computed. Additionally,
in [137], FDTD models for narrow slots and lapped joints were derived. Different
FDTD subcellural modeling of thin slots were examined and compared in [138]. In
[139] the EMI through perforation patterns in shielding enclosures was investigated
using the FDTD and compared with measurements.

The emphasis of this section is to address various issues related to the FDTD
analysis of penetration. Specifically, problems related to the Fourier transform of
time-domain data are discussed, and different techniques that can accelerate a simu-
lation are examined. The procedure of windowing is introduced and applied to FDTD
computations of shielding effectiveness. Although windowing has been used before in
the context of FDTD [115], its capabilities were not thoroughly examined. Moreover,
results are presented and compared with measurements. Finally, various definitions

of SE are presented and their respective differences are analyzed.
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A. Definition of shielding effectiveness

In this section, two definitions of electric shielding effectiveness of conducting enclo-
sures with apertures are considered in the context of FDTD. The first one is based

on a plane wave excitation and the following procedure:

a. Excite the cavity with an incident pulse plane wave and record the electric field

at the position of interest.

b. Excite an empty space computational domain with the same incident pulse

plane wave and record the electric field at the position of interest.
c. Fourier transform the time-domain data.

d. Compute the shielding effectiveness in dB using the following definition:

(4.1)

SE = 20log < empty space frequency response )

problem space frequency response
where the frequency response is defined as the magnitude of the electric field compo-
nent of interest. This first definition of SE will be labeled procedure #1 for reference
purposes.

The second way of defining SE assumes that the cavity is excited by a probe, and

follows a similar procedure:

a. Excite the cavity using a probe and find the time-domain far-field at the obser-

vation angle of interest using the near to far field time-domain transformation.

b. Assume that the top of the cavity along with its sides are removed and only
the bottom part is kept along with the excitation probe (forming essentially a
geometry of a monopole on a ground plane). Find its time-domain far-field at
the observation angle of interest using again the near to far field time-domain

transformation.
¢. Fourier transform the far-field time-domain data.

d. Compute the shielding effectiveness using the definition of (4.1).
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For convenience, throughout this section, the case with the top and the sides of the
cavity present will be referred to as “with the cavity” case, whereas the case without
the top of the cavity will be referred to as “without the cavity” case. This second
definition of SE will be labeled procedure #2 for reference purposes.

Assuming that the presence of the probe does not<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>