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Abstract

The thesis discusses the most recent advances in the following areas of (I) ap-
plied electromagnetism and (IT) microwave engineering: (I.a) open scattering
problems and (I.b) application programming interfaces; (II.a) microwave fil-
ters and diplexers, (I1.b) transverse electromagnetic cells, (II.c) closed waveg-
uide devices. For (I.a), an innovative method based on the equivalence princi-
ple and the spherical multipole expansion is developed. An arbitrarily shaped
equivalence surface encloses a radiator solved numerically in a full-wave soft-
ware. The equivalent currents on the equivalent surface are exported, and
the impinging fields on a sphere enclosing the scatterer are computed using
the free-space dyadic Green’s function. Eventually, the scattering problem is
solved using the transmission matrix approach. For (I.b), novel user-friendly
application programming interfaces for HFSS in MATLAB and Python are
developed. For operation, they replace the numerical values of the variables
that describe the HFSS model with placeholders. Since they do not resort
to visual basic for applications scripts, the developed interfaces are easier to
setup. For (Il.a), attention is drawn to the design of filters and diplexers.
Two technologies are considered: the combline cavity and the microstrip.
For the former technology, inductive and capacitive end couplings are com-
pared and both a filter and a diplexer are designed for L-band applications.
For the latter technology, design compactness and low loss are pursued us-
ing complementary low- and band-pass spiral resonators, and two diplexers
are developed for satellite communications and personal communications/5G
applications. For (II.b), an open transverse electromagnetic cell is designed
with a cube of side 10cm as a uniform test volume and operating in the
frequency range 30 1000 MHz. An asymmetric design with an off-centered
septum between the outer conductors is pursued. In addition, the return
loss is improved using a smooth taper that realizes a 50 (2-characteristic
impedance for minimum reflections. For (Il.c), transformation optics is ap-
plied for analyzing closed waveguides. First, the boundary conditions are
addressed, and the field is expanded to satisfy the boundary conditions.
Second, cutoff eigenvalues and mode fields are computed for 2D cross sec-
tions. Third, mode fields are used to solve waveguide scattering problems
with discrete discontinuities in a mode-matching framework. Fourth, trans-
formation optics combined with hierarchical model reduction is applied to
analyze waveguide devices with circular ports and smooth tapers.
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Chapter 1

Introduction

1.1 Objective

The objective of this thesis is to illustrate in a structured and organic way the
work carried out during the Ph.D. program. This is helped by the format of
the thesis, that is, paper-based [1]. The journal articles on which the thesis is
based are listed in Sect. 1.3. The full list of publications is reported instead
in App. A. Each topic is introduced in a wide way, the works on the subjects
are illustrated in a uni ed view, and some nonpublished materials and latest
developments are also added. Not limited to this, the author also indicates
the frontier of research and suggests the next potential developments.
According to [2], \The thesis for a Doctorate is based upon independent
original research: upon an investigation in which the frontiers of knowledge
have been explored and extended". Inspired by this quote, the research
focused on publishing the largest number of articles, even on di erent topics.
This is at a premium, as interdisciplinarity is valuable in modern science [3].

1.2 Thesis structure

As indicated by the title, the two pillars of the thesis are applied electro-
magnetism (Pt. 1) and microwave engineering (Pt. 1I). On the one hand,
applied electromagnetism deals with the use of electromagnetism in applica-
tions such as antennas, lters, diplexers, and polarizers. The term \applied"
is used to di erentiate it from pure electromagnetism, which is usually used
by physicists in elds such as nuclear fusion, particle and nuclear physics,
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2 Introduction

or astrophysics. Classical books on pure electromagnetism are [4{6], while
popular books on applied electromagnetism are [7{9]. Of course, the border
between the two areas is indicative.

The subjects of research in applied electromagnetism are as follows:

Ch. 2 novel method for solving open scattering problems;
Ch. 3 new easy-to-implement application programming interfaces.

On the other hand, microwave engineering deals with microwave devices
and applications. Microwaves are electromagnetic waves comprised in the
spectrum between 300 MHz and 300GHz. Classical books on microwave
engineering are [8,10,11]. The thesis focuses on these topics:

Ch. 4 innovative compact microwave lters and diplexers;
Ch. 5 enhanced asymmetric open TEM cells;
Ch. 6 advanced analysis techniques for closed waveguide devices.

The topics relate to both design (Ch. 3, Ch. 4, and Ch. 5) and analysis
(Ch. 2, Ch. 3, Ch. 5, and Ch. 6). Eventually, Ch. 7 summarizes the main
ndings of the thesis and provides an outlook for future developments.

1.3 Selected journal articles

At least a journal article has been published for each topic analyzed in the
thesis. The list of publications on which the thesis is based is as follows. For
each manuscript, the contributions of the Ph.D. candidate according to the

CRediT taxonomy [12] are also listed:

Ch. 2 [13]G. Giannetti and L. Klinkenbusch, \A numerical alternative for
3D addition theorems based on the bilinear form of the dyadic Green's
function and the equivalence principle,"Advances in Radio Science
vol. 22, pp. 9{15, 2024.

Contributions of the Ph.D. candidate. Conceptualization Formal
Analysis, Methodology Software Validation, Visualization, Writing {
original draft, and Writing { review & editing ;



1.3 Selected journal articles 3

Ch. 3

Ch. 4

Ch. 5

[14]G. Giannetti , \Improved and easy-to-implement HFSS-MATLAB
interface without VBA scripts: an insightful application to the numeri-
cal design of patch antennas,The Applied Computational Electromag-
netics Society Journal vol. 38, no. 06, pp. 377{381, 2023.
Contributions of the Ph.D. candidate. Conceptualization Formal
Analysis, Methodology Project Administration, Software Supervision
Validation, Visualization, Writing { original draft , and Writing { re-
view & editing;

[15] E. Boni, G. Giannetti , S. Maddio, and G. Pelosi, \Comparison
of inductive and capacitive end couplings in the design of a combline
microwave cavity lter for the E1 Galileo band,” Advances in Radio
Science vol. 22, pp. 1{8, 2024

Contributions of the Ph.D. candidate. Investigation, Methodol-
ogy, Validation, Visualization, Writing { original draft , and Writing {
review & editing;

[16] G. Giannetti , S. Maddio, and E. Boni, \Compact all-metal in-
line combline coaxial cavity diplexer,"Journal of Telecommunications
and Information Technology pp. 9{14, Oct. 2024.

Contributions of the Ph.D. candidate. Investigation, Methodol-
ogy, Validation, Visualization, Writing { original draft , and Writing {
review & editing;

[17]G. Giannetti and S. Maddio, \Low-loss compact diplexer based
on complementary spiral resonators,Microwave and Optical Technol-
ogy Letters vol. 66, no. 6, 2024.

Contributions of the Ph.D. candidate. Data Curation, Investiga-
tion, Methodology Validation, Visualization, Writing { original draft ,
and Writing { review & editing ;

[18] G. Giannetti , S. Maddio, and S. Selleri, \A compact low-loss
single-layer vialess diplexer based on complementary microstrip spiral
resonators for satellite communications,Progress In Electromagnetics
Research Lettersvol. 122, pp. 45{51, 2024.

Contributions of the Ph.D. candidate. Data Curation, Investiga-
tion, Methodology Validation, Visualization, Writing { original draft ,
and Writing { review & editing ;

[19]G. Giannetti , C. Spindelberger, and H. Arthaber, \Simple semi-
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analytical septum design for improved matching in open TEM cells,"
IEEE Letters on Electromagnetic Compatibility Practice and Applica-
tions, vol. 6, no. 1, pp. 6{10, 2024.

Contributions of the Ph.D. candidate. Conceptualization Data
Curation, Formal Analysis, Methodology Software Validation, Visual-
ization, Writing { original draft , and Writing { review & editing ;

[20] G. G. Gentili, G. Giannetti , G. Pelosi, and S. Selleri, \Consid-
erations on boundary conditions in transformation optics for complete
eld computation in generic waveguides,'Microwave and Optical Tech-
nology Letters vol. 65, no. 1, pp. 373{380, 2023.

Contributions of the Ph.D. candidate. Conceptualization Formal
Analysis, Methodology Software Validation, Visualization, Writing {
original draft, and Writing { review & editing ;

[21] G. G. Gentili, G. Giannetti , G. Pelosi, and S. Selleri, \Transfor-
mation optics combined with line-integrals for fast and e cient mode
matching analysis of waveguide deviceslEEE Journal of Microwaves
vol. 3, no. 3, pp. 1051{1060, 2023.

Contributions of the Ph.D. candidate. Conceptualization Formal
Analysis, Methodology Software Validation, Visualization, Writing {
original draft, and Writing { review & editing ;

[22] G. Giannetti , S. Selleri, G. G. Gentili, G. Garcia-Contreras,
J. orcoles, and J. A. Ruiz-Cruz, \Advanced modeling of circular
waveguide-based devices with smooth pro les using transformation op-
tics and hierarchical model reduction,"IEEE Journal of Microwaves
vol. 4, no. 4, pp. 675{689, 2024.

Contributions of the Ph.D. candidate. Conceptualization Formal
Analysis, Methodology Software Validation, Visualization, Writing {
original draft, and Writing { review & editing .

1.4 Conventions

Throughout the text, a harmonic time factor & , with j the imaginary unit,
I the angular frequency, and the time, is assumed and suppressed, and the
following conventions for the nomenclature are adopted:

" Roman font for scalar nonphysical constants as the Euler's number e;



1.4 Conventions

italic for scalar physical quantities, e.g.g;

bold italic for physical vectors, e.g.E ;
uppercase with double bar for physical tensors;
bold lowercase for algebraic vectors, e.cg;

bold uppercase for algebraic matrices, e.d.
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Chapter 2

Novel method for solving open
scattering problems

2.1 Introduction

Open scattering problems are common in applied electromagnetism. In such
problems, an object or scatterer is illuminated by electromagnetic waves.
The illuminating eld may be radiated by an antenna or other sources. In-
stances are the waves radiated by a radar that impinge on an airplane or
the waves emitted by satellites for Earth observation purposes. The term
\open" indicates that the waves are not con ned within closed structures as
for guided waves [23], which are addressed in Ch. 6.

The open scattering problems are usually solved numerically since ana-
lytical solutions are available only for a few speci c cases. Computational
electromagnetics is the subject that deals with the numerical analysis of elec-
tromagnetic problems as are considered here. Recent reviews on this broad
topic are [24,25]. Unied and panoramic views are given in [26] and [27],
respectively. A recent book is [28], while older ones are [29{32].

The domain of open scattering problems is usually electrically large, that
is, the problem spans dozens of wavelengths or even more. To solve such
problems, domain decomposition [33{35] was introduced in the 1990s and
2000s. Domain decomposition is a technique used to split an electrically
large problem into smaller parts, called subdomains, that can be solved sep-
arately. The solutions to the subdomains are then joined together through
a suitable coupling scheme to solve the entire original problem. In addition,

9



10 Novel method for solving open scattering problems

domain decomposition adds a degree of exibility since each of the subdo-
mains can be solved with di erent methods, thus allowing us to choose the
best computational method for each subdomain.

Examples in which domain decomposition is applied are described. A
suitable numerical method for antenna analysis is the equivalence principle
algorithm [36,37]. The antenna is solved using the method of moments and
the scattering problem using the transmission matrix (T-matrix) method.

In [38,39], far elds impinging on scatterers are considered. These are en-
closed by spheres, and their interactions are solved using the T-matrix ap-
proach. On the other hand, in [40] a radiator is examined as well, but a single
scatterer is considered. Both the antenna and the scatterer are enclosed by
nonintersecting spheres and the elds from one subdomain to the other are
computed using the T-matrix method. However, the distance between ob-
jects is limited by the dimensions of the enclosing spheres, and this drawback
is more critical if the enclosed objects are elongated, as for a dipole antenna.

The matrix formulation of scattering, also known as the T-matrix method,
was introduced in [41] and a comprehensive review is given in [42]. The ma-
trix formulation is e cient since it relates the incident and re ected multipole
amplitude coe cients with a matrix, called transmission matrix. This can be
computed in di erent ways: analytically, for canonical shapes such as (lay-
ered) spheres using the null- eld method, also known as the extended bound-
ary condition method [41{43]; numerically, via, for example, the impedance
matrix from the method of moments formulation [40], or using far elds [44].

The fact that the spheres enclosing the objects, that is, the antenna and
scatterer, do not have to intersect is a drawback of the classical method.
This limits the minimum distance between either the scatterers or between
the radiator and the scatterer. As mentioned above, the limitation becomes
more pronounced when the antenna or scatterer displays a large aspect ratio,
such as with an electric dipole that is long in one dimension and short in the
other two. To overcome this drawback, a numerical method using the dyadic
Green's function alongside the equivalence principle is introduced in [13]
and described below. Two subdomains are considered: one with an antenna
and the other with a scatterer. An arbitrary Huygens surface encloses the
radiator. Hence, the method is more exible and reduces the minimum
allowed distance between subdomains. The scattered eld is then calculated
using the T-matrix method. The scatterer may have any geometry, but
the analysis becomes considerably simpler when dealing with a spherical
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scatterer, such as the model representing the human head [40]. In this case,
the scatterer is a layered dielectric sphere.

Preliminary work has been performed in [45], where the 2D problem (TE
polarization) is considered. As a further step, the 3D problem is addressed
in [13]. Research in [45] has been carried out during the stay of the author
at Kiel University and has been awarded the Young Scientist Award and the
Young Scientist Best Paper Award (2¢ place) at the Kleinheubach confer-
ence in 2023. As an extension to the 3D case, [13] has been published in the
journal Advances in Radio Science

The chapter is organized as follows. The statement of the scattering
problem, the proposed method, and the coupling between subdomains to
include multiple interactions are outlined in Sect. 2.2. The results of the
proposed method are presented and discussed in Sect. 2.3. Eventually, the
conclusion and future developments are described in Sect. 2.4.

2.2 Methods

2.2.1 Problem statement

The setting considered (Fig. 2.1) is composed of an antenna, reference system
ra = (ra; a;' a), and a scatterer, reference system® = (r% %' 9. The
latter is contained within a sphere of radiuRs. In the phasor domain, the
multipole expansions of the incident E') and scattered € ) electric elds

Figure 2.1: Problem setting: subdomain 1 (antenna) and subdomain 2 (scat-
terer) (Adapted from [13] Creative Commons Attribution 4.0 License).



12 Novel method for solving open scattering problems

in the reference system of the scatterer (subdomain 2 in Fig. 2.1) are [46]

: XX z XX
E'(r)= amN G (r)+ = BmM (9 (2.1a)
n=1 m= n n=1 m= n
S — S 2 Z X\I X 2 .
ES(r9= amN i (r)+ = FmM (9 (2.1b)
n=1 m= n J n=1 m= n

wherer %is the observation point, the summatian oven are truncated up to
n = N for a practical implementation, andZ = =" is the wave impedance,
with " and the permittivity and permeability of the background medium
(vacuum in this case), respectively. The coe cientsals and B, represent
the multipole coe cients of the incident (scattered) electromagnetic eld.
The vector spherical multipole functions (VSMFs)N rﬂqn)q (r9 and M r‘f‘%(r‘)

are de ned as [46]

M (B (r9) =z KrOm pm (59 (2.2a)
(9)
N I’g,qr?”l (r(b = Zn k(rkorc)n(n + 1) Yn;m( 0;' ()| o+ qu)(kr()nn;m( 0;' C):
(2.2b)
Here, w{® (kr9 = kLbO%) r%kr9 , i, is the unit vector in the radial

direction, and k = I ™ ™ is the wavenumber of the background medium.
The superscripts ) = (1) and ( g) = (2) indicate that the radial dependence
is given by spherical Bessel functions of the rst kindz(,(]l) = Jn) or spherical
Hankel functions of the second kindZ? = h$?), respectively. Note that
spherical Bessel functions of the rst kind are regular everywhere and must be
used to represent regular elds at the origin(°= 0), while at the given time
factor only Hankel functions of the second kind comply with the radiation
condition for r°! 1

The transverse spherical multipole functions (TSMFs ,m( %' 9 and
Nam( %' 9 are de ned as

L @¥n( %9, , @¥m(%9,

sin( 9 @ @°

@ (%9 | 1 @m(%9,
@° sin( 9 @" ’

wherei o andi- o are the unit vectors along ®and' ° respectively, and the

mn;m( O;' %:

0 (233)

Nnym ( G (3: (2.3b)
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surface spherical harmonic¥,. ( %' 9 are de ned by
s

Yon(8 9= (LTI R Cos( Y (24

whereP" (cos( 9) denotes an associated Legendre function of the rst kind.
The multipole expansions (2.1a) and (2.1b) are valid only outside the
scatterer, that is, forr®> R. Forr® Rg, the eld expansion is [46]

XX A &
£ = AN G0+ MO @5)

n=1l m= n n=1l m= n

whereal, and b, are the multipole coe cients and the hat indicates that
the medium is now di erent [Q and Z (2.5) replacek and Z in (2.1a)].

In the T-matrix approach, the transmission matrix T fully character-
izes the scatterer and relates the multipole coe cients of the impinging and
scattered waves. For the homogeneous isotropic dielectric sphere considered
here, matrix T is diagonal and relates the multipole coe cients as [42]

atm = Ta, i = T Vb (2.6)

where the diagonal entries of the scattering matrix, derived enforcing the
continuity of the transverse elds on the scatterer surface, are

(1) (2)
(kRs) W (kRs)
wi? (kRs) 1 2P (kRe) W (kR<)

(QRs) 1 ? 2(2) (kRs) W(1) (QRS)

T = (2.7)

From (2.7), note that T\ ’ =1 whenk = k and Z = Z.

2.2.2 Proposed technique

First, the equivalence principle is applied to replace the radiating antenna
with a Huygens surface enclosing the antenna (Fig. 2.1). The equivalent
currents on the equivalence surface are [7]

Jeg=1n H?() Me= in E?(); (2.8)

where is the Huygens surface, and, the unit vector directed outwards
(Fig. 2.1). The equivalent currents (2.8) are derived from the elds obtained
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using the method applied to solve the electromagnetic problem in subdomain
1, in this case the full-wave simulator (FWS) CST [47].
The electromagnetic eld outside of the equivalence surface is [7,36,48,49]

E(r9= jKZLfJIe(r%g Kf M eq(r%g (2.9a)

H(r9= jKYLfM eq(r%g+ KfJeq(r%g; (2.9b)
whereK and L are integral operators de ned by

Kfleq(r®g= ‘ rQrory  1eq(r®ds® (2.10a)

Lfleq(r®g= ’ G(ror% I eq(r%ds® (2.10b)

In (2.10a) and (2.10b),| ¢q is either M ¢4 Or Jeq, and r ®is the source point

in the scatterer reference system (Fig. 2.1). In (2.10a), the® operates on

r % the observation point. The free-space scalar Green's functigyr  r %y =

g(R), the free-space dyadic Green's functio(r % r °y and the termr %(r%r %9

in (2.10a) are well known and their expressions can be found in [13, 23, 50].
Evaluating (2.9a) and (2.9b) on the spherical surface enclosing the scat-

terer (r°= Rg), E'(r9 andH '(r9 are obtained and the multipole
ro=Rs ro=Rs

coe cients of the incident eld a!.,, and b, are calculated from their radial
components by using the orthogonality of the VSMFs and TSMFs [46]

R, R
kRs o 0 BT  iro¥pn (% 9sin( 9d U °

Pmm = n(n +1)]a(kRs)
RZ R i . . . .
kRs 0 o0 H (ro) r0= Rq IrOYn;m( S (53”"( %d 4 °

i = n(n + 1) (KRY) - @)

(2.11a)

where indicates the complex conjugate. For comparison, hereafter the
incident coe cients a..,, and b,.,, are computed using the incident electric
and magnetic elds in (2.11a) and (2.11) directly derived from a FWS.

2.2.3 Coupling between the two subdomains

So far, no interaction between the two subdomains has been considered.
Now, a possible way to perform this interaction and then solve the complete
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Figure 2.2: Pictorial representation of the generalized scattering problem.

scattering problem is described. This part is novel and has not yet been
published. It may be the subject of a future manuscript.

A schematic view of the interaction between the two subdomains is de-
picted in Fig. 2.2. In this, the antenna is characterized by a matriXS that
links the incident and radiated elds. Analogously, the scatterer is modeled
with the T-matrix method. Then, matrix T links the coe cients of the
impinging and scattered waves (2.6).

To solve the complete scattering problem, the e ects of the scatterer on
the antenna must be taken into account. Particularly, from Fig. 2.2 we have

jout = RjM + Yc'ne (2.12a)
c¢= Zi" + Scn° (2.12b)
bin® = P, cSC (2.12¢)
bs¢= Th ™M (2.12d)
c"® = P b (2.12e)

being 1 (2) the index for the antenna (scatterer) and

"~ b (bs) the vector containing the multipole coe cients of the wave
impinging on (scattered by) the scatterer;

c"® (c°) the vector containing the weights associated with basis func-
tions for both types of equivalent currents impinging on (scattered by)
the antenna;

i" the currents feeding the ports of the antenna. They are the source
of the problem;
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i°* the currents owing out from the ports;
T the T-matrix characterizing the scattering;

S the generalized scattering matrix of the antenna obtained, for in-
stance, by applying the equivalence principle algorithm [36]. It ac-
counts for the eld scattered by the antenna;

U the matrix accounting for the eld impinging on the antenna that
is converted into currents owing out from the ports;

R the matrix accounting for the re ected currents at ports;

Z the matrix accounting for the conversion into the elds radiated by
the antenna due to the currents feeding the ports of the antenna;

P21 (P 12) the transition matrix from the antenna to the scatterer (from
the scatterer to the antenna).

The formulation (2.12) can be solved iteratively or directly by inversion and
can be extended to an arbitrary number of scatterers and antennas.

For a prescribed port excitationi™ 6 0, ¢, ¢3¢, b"®, bs¢ and i°“ are
unknown. In a direct solution, the coe cients b are computed as

b= p,b SP,T ‘zi™ (2.13)
Note that (2.13) requires matrix inversion. Then, a preconditioning matrix
[51] may be needed. For an iterative solution, all unknowns are set to zero
in the rst step (i =0 with i anindex). The unknowns at the next step +1
can be computed from the unknowns at the previous stapas follows

(1) (i +1)= zi"™+ Sc"(i) (2.14a)
(2) b™(i +1) = P, (i +1) (2.14b)
(3) bS(i+1)= Tb™(i +1) (2.14c)
(4) c™(i+1) = PypbS(i +1); (2.14d)

Interestingly, the iterative solution does not require matrix inversion. Possi-
ble convergence criteria are

kd(i+1) d@)k (2.15)
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with d either b™, bs¢, ¢, ¢c5¢, or i°®, | an integer xing the norm and

a threshold. This criterion derives from (2.12). The conditions under which
(2.15) converges and the rate of convergence must be carefully analyzed and
will be the subject of further research.

The matricesS, U, Z, and R characterize the antenna and derive from
the discretization of integral equations. They then depend on the basis and
expansion functions used for the discretization (for instance, Rao-Wilton-
Glisson basis functions [52], or Dirac functions in the collocation or point
matching method [43]). The matrices mentioned above, together with the
matrix T, do not depend on the relative position of the scatterer and the
antenna. In contrast, matricesP,; and P 1, depend on the relative position
of the antenna and the scatterer. After a suitable discretization, they link
the weights associated with the basis functions on the equivalence surface
enclosing the antenna with the multipole coe cients impinging on the scatter
and vice versa. They also depend on the discretization used for the antenna.

2.3 Results and discussion

The antenna and its technical drawings are shown in Fig. 2.3. A single fre-
guencyfqg =2GHz ( 150 mm, being the wavelength atf o) is considered.
However, the method may be extended to a bandwidth in a straightforward
way by applying a model-based parameter extraction [53{55] and to the time
domain by applying a Fourier transform. The antenna is analyzed by the
commercial CST time-domain solver (20 cells per wavelength) and &ty
presents a return loss of 20 dB. The scatterer is a lossless isotropic sphere
with radius Rs = 30 mm and relative dielectric permittivity ", = 2:2.

The box for the equivalence principle and the sphere enclosing the an-
tenna are also shown in Fig. 2.3(a). The box is tighter to the antenna than
the sphere. Hence, the minimum distance between the antenna and the
scatterer is smaller when the box is used. The box has its sides orthog-
onal to either iyo, iyo, Or i, its center in the antenna reference system is
located at (X, = Omm;y, = 0mm;z, = 31mm) and the lengths of the
X-, y-, and z-sides of the box are 328 mm =2:17 , 2705mm = 1:80 , and
6920 mm = 4:62 , respectively. The integral operators are discretized using
the point matching method [43]. The distance between the matching points
is =20 7:5mm, and then the elds are exported over 1,822 points.

Two positions of the scatterer are considered:
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Figure 2.3: View of the problem and technical drawings of the antenna: (a)
3D view of the problem in CST; not-in-scale cross sections of the antenna
on (b) the yz-plane and (c) thexz-plane. The antenna is fed by a rectan-
gular WR430 waveguide. In (b) and (c), the dimensions are in millimeters
except for the taper angles that are in degrees (Adapted from [13] Creative
Commons Attribution 4.0 License).

® P1: O%= (15;30,700)mm, ro = 700:8 mm;

~ P2: 0%=(0;0;375)mm,ro = 375:0 mm,

whererg is the distance between the origins of the two reference systems
(Fig. 2.1). The electrical distanceskr, are 294 and 157 for P1 and P2,

respectively. For P1, both the proposed method and the classical method
based on the addition theorem for VSMFs are applicable. However, P2 can
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Figure 2.4: Maximum magnitude of the electric eld onx, = 0mm
(Fig. 2.3.b). The equivalence principle is applied in CST with the scat-
terer in P2. SC stands for scatterer and HS for Huygens' surface (Adapted
from [13] Creative Commons Attribution 4.0 License).

be analyzed only with the method proposed here since in this case the spheres
enclosing the antenna and the scatterer intersect.

To compare the proposed method and CST, the CST results are obtained
by loading the equivalent currents as near- eld sources and replacing the
antenna with the Huygens surface (Fig. 2.4). More details are given in [13].

For P1, the multipole coe cients of the incident electromagnetic eld
a.,, and (Z=))H,,, are shown in Fig. 2.5(P1a and P1b) while those of the
eld inside the scattererair?;m and (Z=j) kﬂm are shown in Fig. 2.5(P1aS and
P1bS). The results agree well, except for slight discrepancies between the
two methods that occur when the magnitude of the coe cients is less than
1vVm ! (1W rms input power), that is, it becomes less relevant.

Similarly, the results for P2 are depicted in Fig. 2.5(P2a and P2b) and
Fig. 2.5(P2aS and P2bS). For this case too, the results are accurate, even
if the magnitudes of the multipole coe cient decrease less with increasing
order due to the shorter distance between the scatterer and the antenna.

The error between the results from this technique (TT) and CST is [13]

0 (s) TT (s) CST 1
_ Ch:m Ch:m Fn
¢ = 20log,, @ = A (2.16)
MaXym  Com Fn
with Loq
Fn= p_ﬁ n ; (2.17)

wherec is eithera or b, and (s) is either (i) for the incident eld or (in) for
the eld inside the scatterer. In (2.16),n and m range from 1 toN and
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Figure 2.5: Coe cients and errors for expansions (2.1a) and (2.5). In the
labels, P1 or P2 species the scatterer position; a is for the magnitude,
b the phase, and c the error (2.16); with [without] letter S for scatterer,
(s) = () [(in)] and Z = Z [Z]. The legend of (P1a) [(P1c)] is the same for all
the graphs in the rst two [third] columns. Part of the data is from [13].

from n to n, respectively, as for the double summations in (2.1a). See [13]
for more details on the interpretation of error (2.16). The errors de ned
according to (2.16) are drawn in Fig. 2.5.

In Table 2.1, the maximum values for the error (2.16) are given. The
error increases if the scatterer is considered. This may be due to the surface
approximation made by CST in meshing the scatterer (Fig. 2.6). A sphere is
indeed di cult to mesh with hexahedrons as used by the CST time domain
solver. With (without) the scatterer, the error is greater (less) for P2 than
for P1. Without (with) scatterer, the error is larger for kjrm (a‘n;m).
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Table 2.1: Maximum errors overmn and m for the incident multipole coef-
cients. For all four combinations of scatterer and position, the coe cient
type that results in the largest error is marked in bold.

Scatterer a.(s)Pl B7S) a.(S)PZ O
max pm Max pm MaxX pm  Max nm

No (s) = (i) -30.5 -28.1 -47.8 -36.0

Yes (s) = (in) -25.2 -31.3 -22.9 -26.9

Figure 2.6: Mesh for the scatterer in CST simulations.

2.4 Conclusion and future developments

The proposed method, based on the dyadic Green's function and the equiv-
alence principle, is feasible even when the classical approach based on the
VSMF translation formulas is not applicable. This feature allows us to re-
duce the distance between the antenna and the scatterer. The proposed
method is compared with the numerical results provided by CST, showing
good agreement for the magnitude of the coe cients greater than 1V ni.

As the next step, it is of interest to solve the full scattering problem
by comprising the interaction between di erent subdomains. Although the
theoretical treatment is provided in Subsect. 2.2.3, it must be implemented
numerically and the accuracy must be veri ed. Eventually, it would be great
if the proposed method were integrated into a commercial electromagnetic
FWS. This would demonstrate the e ectiveness of the proposed method.
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Chapter 3

New easy-to-implement
application programming
Interfaces

3.1 Introduction

Application programming interfaces (APIs) are tools to interface programs
[56,57]. In particular, full-wave simulations are often used in applied electro-
magnetism and microwave engineering. On the one hand, these simulations
require dedicated software to deliver reliable results. On the other hand,
data analysis and processing are usually performed in a numeric computing
environment (NCE) such as MATLAB [58] and Python [59] since it is more
exible in handling data for post-processing. To smoothly interconnect a
NCE and a FWS, many APIs have been developed. MATLAB is interfaced
with HFSS [60] in [61{64] and with FEKO [65] in [56,57]. Python, which is
now widely used in the microwave community [66,67], is also used to launch
and control FWSs [68, 69].

Two common commercial FWSs, CST and HFSS, have recently added
built-in APIs with Python (Fig. 3.1), thus showing interest in seamless inte-
gration. Interface with CST is also possible through the OLE Automation
server. For ANSYS, the company owner and developer of HFSS, the in-
tegration of the API inside HFSS is part of a wide and ambitious project
called PyAnsys [70]. This provides Python interfaces also to other ANSYS
packages. Being open source, Python is preferred over MATLAB.

23
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Figure 3.1: Python interfaces in: (a) HFSS; (b) CST.

The above-mentioned APIs require the user to script each command of
the HFSS model in Python, IronPython, or visual basic for applications
(VBA) languages. This is painful because it is prone to error and, for each
operation, one must know the corresponding command and syntax, although
a function inside HFSS can register the actions executed by the user [62].
Not least, learning a new programming language may be tough [71].

To overcome this drawback, a new API has been developed [14], which
introduces a novel paradigm. According to this, the designer builds the
computer-aided design (CAD) model in HFSS and then this is madseript-
able that is, the variables can be updated, the model simulated and the
results exported directly in the NCE. In other words, the new paradigm is
based on the following steps: rst, the designer builds the model without
VBA scripts through the graphical user interface of the FWS; second, the
model variables are varied within any NCE and simulations are run. With
this novel paradigm, the designer does not need to know the correspondence
between the FWS commands and the scripting language, thus simplifying
the API.

The novel APl was introduced in [14]. However, that version still required
the designer to perform some steps manually, hence limiting the exibility
of the API itself. This drawback has been solved in [72,73] by automatically
recognizing the variables that de ne the model and substituting them with
placeholders. This truly reduces pain in the initial setting of the API. In the
following, the latest versions [74,75] of the API are described.

This chapter is organized as follows. The proposed API with the required
steps and les is described in Sect. 3.2. The application of the API to a design
example is reported in Sect. 3.3. Eventually, in Sect. 3.4 conclusion is drawn
and an outlook on future developments is given.
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3.2 Methods

The ow chart of the API is shown in Fig. 3.2. The les required by the API
and those created by the API itself are listed in Table 3.1 and 3.2, respec-
tively. The le HFSSAPI.py or HFSSAPL.m is run (according to the NCE
being used) as a rst step. The lebase.aedt is read as an ASCII le, and
the numerical variables that de ne the model are substituted with unique
placeholders (number-letter-number-letter in this case, but other composi-
tions are possible, provided that the uniqueness is guaranteed). The output
of this rst step is summarized in block 1 of the ow chart of Fig. 3.2. In
this preliminary step, even the le ExportToFile.py is created. When run,

it exports the results from HFSS.

As the next point, the updated variable combinations are generated in
the NCE (block 2) according to the design technique being considered, e.g.,
hierarchical optimization. Once the updated variable combination is avail-
able, the API reads thebase.txt le, substitutes the placeholder with the

Figure 3.2: Flow chart of the proposed API (Adapted from [14] Creative
Commons Attribution-Non Commercial 4.0 International).
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Table 3.1: Files needed to run the APIs.
Filename Description

HFESSAPIL.py Python script running the API
HFSSAPI.m  MATLAB script running the API
base.aedt Model to simulate

Table 3.2: Files generated by the APIs.

Filename Description

ExportToFile.py  Script for result exportation
base.txt Model with placeholders
modified.aedt Model with updated variables
ResultFile.csv Exported results

actual updated variable combination, writes the le modified.aedt , and
runs the simulation using the HFSS executable le. At this point, the NCE
waits to receive back the control once the simulation is nished. Then, the
le ExportToFile.py is run too, and the desired results are exported asv
les, e.g., ResultFile.csv  (block 3). At this point, the results are processed
in the NCE as dictated by the design strategy used (block 4). The three steps
in blocks 2, 3, and 4 are repeated until the design strategy is over. This is
indicated by the decision question in block 5.

For brevity, the MATLAB and Python commands implementing the
above steps are not reported. The interested reader nds them in [14,72,73].

3.3 Results and discussion

In Fig. 3.3, extracts of the lesbase.aedt and base.txt are reported. They
show the dierence before and after the substitution of the placeholders.
According to the internal use of HFSS, variables are subdivided into:

1. VariableProp for project variables;
2. VariableProp for design variables;

3. PostProcessingVariableProp for design variables.



3.3 Results and discussion 27

Figure 3.3: De nitions of the variables in the les de ning the HFSS model:
(a) before the substitution of placeholders irbase.aedt (nominal values);
(b) after the substitution of placeholders inbase.txt (Adapted from [72]
© 2024 IEEE).

Despite the di erent de nitions, the variables are treated without distinc-
tion by the API since all of them are de ned by a proposition ending with
VariableProp .

The API has been illustrated through the design of a patch antenna
in [14,72] and the design of a dual-band resonator in [73]. In addition to these
examples, the API has been widely used by the author in [18] to perform a
parametric sweep, in [15,76,77] for hierarchical optimization, in [78] to tune
patch antennas to resonance in a space mapping framework, and in [79] for
design optimization. Next, the example of the patch antenna is reported.

The patch antenna is shown in Fig. 3.4. The antenna parameters are
as follows. The width of the microstrip for a 50 -characteristic impedance
is M = 4:943mm. The distance between the patch and the sides of the
substrate isL, = 8 mm, and the length of the 50 -microstripis L, = 10 mm.

In the following, only the parametersa, b, ¢, W, andL are variable; the others
remain xed. To explore all the study casesd = M=2 bis a dependent
variable equal to half the width of the microstrip line entering the antenna
aty = L, + a. Hierarchical optimization has been carried out to make



28 New easy-to-implement application programming interfaces

Figure 3.4. Patch antenna with dimensions. The gray and green areas
represent the metallization and the substrate, respectively. The substrate-
metallization interface is located at the planez = 0. The planex =0 is a
plane of symmetry (Adapted from [14] Creative Commons Attribution-Non
Commercial 4.0 International).

the antenna resonate at the frequency of interest, Opt. (i), and improve
matching, Opt. (ii) (Opt. stands for optimization). The results are reported

in Fig. 3.5. At rst, a simple yet intuitive analytical design approach is
pursued based on analytical formulas [80]. However, the antenna does not
resonate at the intended frequency (blue curve). Then, the patch length
(Fig. 3.4) is varied to tune the antenna to the desired frequency. Eventually,
the other parameters,a, b, ¢, and W, are varied to improve the matching.
Formally, the two optimizations are

( .
min_(f, fg)? Opt. (i)

. o . (3.1)
MiNgp.cw JS12jm  Opt. (ii) ;
wherefy = 2 GHz is the design target frequency, and
f, = argfmin 1S11] (3.2a)
jS11jm = mfin jS11j = JSu(f)j: (3.2b)

The variable history for the hierarchical optimization is listed in Table 3.3.
After the start guess from analytical formulas, the antenna is rst tuned
to resonance, Opt. (i), and second the matching is improved, Opt. (ii).
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Figure 3.5: Magnitude ofS;; for the patch antenna. In the legend, Anal.
stands for analytical. Data from [14].

Table 3.3: Variable history for the hierarchical optimization (dimensions are
in millimeters, abbreviation a.a. stands for as above).

Variables
L w a b c
min 46 57 26 1.500 1.500
max 50 61 32 2.370 2.370
Anal. 49.830 59.290 28.510 2.070 2.070

Opt. (i) 48.472 a.a. a.a. aa. aa.
Opt. (i) a.a. 59.225 28.440 2.014 1.999

The improvement of the matching does not a ect the resonant frequency
and therefore is not required to re-tune the antenna to resonance after Opt.
(ii). If a re-tuning had been needed, then optimization Opt. (i) would
have been launched again. Notwithstanding the simplicity of the design
approach, in HFSS, no tool is available that performs the aforementioned
steps. Then, tedious and error-prone switches between HFSS and the NCE
would be required without an API.

After the antenna is designed, the feeding power is varied to perform
studies on the electric eld intensity. This analysis is performed in post-
processing, thus not requiring a new simulation of the model. It is par-
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Figure 3.6: Electric eld magnitude along the red line in Fig. 3.4. In the
z-direction, the distance from the substrate is 15 mm. The horizontal axis is
normalized to the length of the substrateL,, + a+ L + L. Data from [73].

ticularly useful for estimating the direction of arrival [81] and serves as a
comparison to near- eld measurement [82]. The magnitude of the electric
eld is reported in Fig. 3.6. The maxima of the electric eld intensity are at
the patch edges. Moreover, because of the linearity of the system, the curves
for the electric eld intensities are linearly scaled according to the square
root of the input power.

3.4 Conclusion and future developments

Novel APIs have been introduced and described through an example. The
APlIs are based on a novel paradigm in which the designer draws the CAD
model using the graphical user interface and the model is made scriptable.
This approach makes the proposed API fast to apply and user-friendly.

A next step would be to integrate the proposed API into commercial
FWSs. In addition, it is of interest to adapt the API to run simulations
in parallel to accelerate the design strategy. Eventually, it would be great
to extend the proposed approach to other software, even not encoded in
ASCII or not related to applied electromagnetism and microwave engineer-
ing. Regarding the latter point, the author applied this approach to the
general particle tracker software [83] within the framework of the research
activity [84].



Part ||

Microwave Engineering

31






Chapter 4

Innovative compact microwave
lters and diplexers

4.1 Introduction

Filters and diplexers are common in microwave networks [85{87]. They are
used to Iter and route guided signals according to their frequency spectrum.
Due to more stringent requirements in modern systems, it is always at a pre-
mium to improve lters and diplexers, for instance, in terms of compactness,
loss, and attenuation. Not least, the trend nowadays is to integrate the |I-
tering networks with other components, such as twists and bends [88] or
antennas (\ltennas") [89], and to avoid the use of isolators (re ection-less
Iters) [90]. A wider overview of past work and an insight into future trends
in microwave lters are given in [91{93].

Filter design is divided into two main areas: response synthesis [94{96]
and implementation [85,92]. Only the latter has been addressed. Implemen-
tation strongly depends on technology. Several technologies are available,
depending on the speci cations. Common ones are waveguide, dielectric res-
onator, coaxial, microstrip [85]. Research has focused on the last two tech-
nologies and deals with the analysis of innovative end couplings in coaxial
cavity lters and the design of compact low-loss diplexers.

The chapter organization follows. In Sect. 4.2, the designs of L-band
combline cavity Iter and diplexer and two microstrip diplexers are outlined.
The next Sect. 4.3 presents and discusses the results. Eventually, in Sect. 4.4
the conclusion is drawn and future developments are described.

33
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4.2 Methods

4.2.1 Coaxial

Coaxial Iters and diplexers support high power before breakdown and their
behavior is close to the synthesized Chebyshev responses. The typical un-
loaded quality factor of coaxial resonators is between 20 and 3 10° [97].
Coaxial Iters are narrow bandwidth usually, that is, fractional bandwidth
(FBW) up to about 20% [92, 98], but no precise limit is xed. They are
modeled with the coupling matrix approach [85] or, in the case of all-pole
responses, knowledge of the resonant frequencies of the resonators, the exter-
nal quality factor, and the coupling coe cient between adjacent resonators
is su cient [98]. The latter approach is a simpli ed case of the more general
one based on the coupling matrix.

The following Iter and diplexer are described next:

A

L-band Iter for E1 Galileo and Iridium;

" L-band diplexer for E1 Galileo and Iridium.

These devices are intended to equip LaBarchettaMagica, a driver to test an
autonomous ship for the VELA project [99]. The ship uses the E1 Galileo
signal (1559 1591 MHz, FBW 2 %) for tracking purposes. However, the
Iridium satellite communication system works at nearby frequencies (1616
16285 MHz). Since the two signals are close in the frequency spectrum, the
Iridium signal acts as interference for the receiver of the E1 Galileo signal.
Therefore, a Iter is needed to attenuate the unwanted signal. For this task,
a coaxial combline cavity Iter is chosen.

L-band lter for E1 Galileo and Iridium

The speci cations are bandwidth 1559 1591 MHz, minimum return loss
in passband 191 dB (corresponding to @05 dB ripple), and at least 40 dB-
attenuation in the Iridium frequency bandwidth. Considering a simple all-
pole Chebyshev response, the number of resonators to meet the speci cations
is N =5 and the derived topology is shown in Fig. 4.1(a). The normalized
coupling coe cients, m;;, i 6 j, are found with standard techniques, and
the interested reader can nd the details in [15].

From the synthesized response to the physical implementation, standard
formulas for the coaxial resonators are used [100]. The Iter model and its
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Figure 4.1. Topologies: (a) lter, (b) diplexer. The black (white) circles
indicate the resonators (ports). The numbers in red indicate the normalized
resonant frequenciesn;;, while those in blue indicate the normalized cou-
pling coe cients m;; . The white numbers identify the resonators (Adapted
from [16] Creative Commons Attribution 4.0 License).

dimensions are shown in Fig. 4.2. The technical drawings of the L-band
Iter are shown in App. B. These have been used for manufacturing by CNC
machining.

Research focused on the external coupling between the coaxial cable
and the end resonators [15, 76, 77,101]. In particular, right-angle coaxial-
to-rectangular waveguide transitions with inductive and capacitive coupling
are investigated (Fig. 4.3). Three right-angle coaxial-to-rectangular waveg-

Figure 4.2: Design of the lter: (a) 3D model simulated in CST; (b) technical
drawing with dimensions in millimeters. In (a), the extensions inside the
circles account for the thickness of the cavity. In (b), only half of the Iter

is depicted thanks to symmetry. The cavity width is 16 mm and the llet

radius is 4 mm (From [15] Creative Commons Attribution 4.0 License).
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Figure 4.3: Realized end couplings (Adapted from [15] Creative Commons
Attribution 4.0 License).

uide transitions with capacitive coupling are numerically investigated [101].
The inductive transition of the same type is instead analyzed numerically
in [77]. Transitions with capacitive coupling require neither soldering of the
pin nor conductive glue and hence they are easier to manufacture [102]. In
addition, the soldering or the use of the conductive glue impacts the realized
external quality factor, thus requiring post-manufacturing re nements.
The key parameter that characterizes the external coupling is the external
quality factor. In the lossless case, it relates to the group delay as
2f o 4
Qe = —,
wheref is the center frequency and 4 the group delay ofS;; at fo. The
expression (4.1) is valid if the external resonator is tuned to resonance, the
other resonators are detuned, and over-coupling occurs [15, 103].

: (4.1)

L-band diplexer for E1 Galileo and Iridium

The speci cations for the diplexer are similar to those of the Iter: bandwidth
1559 1591 MHz for the E1 Galileo channel, 16061638 MHz for the Iridium
channel, minimum return loss in passband 19dB for both channels. The
number of resonators per channel is set equal to 5. Considering a resonant
star junction to connect the two channels, the topology of the two-channel
diplexer is shown in Fig. 4.1(b), along with the nonzero elements;; of
the coupling matrix. To obtain the resonant frequencies and the coupling
bandwidths from the normalized values, the standard approach is used [104].
The reader is referred to [16] for their numerical values.
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Figure 4.4: Model of the diplexer: (a) perspective and (b) top views. The
dimensions in millimeters are: the coaxial resonator inner (outer) diameter
is 55 and 73; the screw diameter is 3; the coaxial cable inner and outer
diameters are 127 and 41. The other dimensions arev = 16, t = 4,
s=13:85,50 =34:6,s; =16:55,s, = 17:75,s3 = 17:7, s, = 15:6, s5 = 15.
The heights of the tap points from the bottom of the cavity are 185 for P1,
6:75 for P2, and 690 for P3. The radius of the llets is 4 (Adapted from [16]
Creative Commons Attribution 4.0 License).

The layout of the diplexer is reported in Fig. 4.4. It is similar to the
one for the lIter in Fig. 4.2 except for the resonant star junction. Unlike
the lIter, the external coupling is realized by in-line tap coupling. Since the
external quality factors for the three ports are di erent [16], the heights of the
coaxial connectors entering the cavity are also di erent. On the other hand,
the resonators of the two channels are identical, and the di erent resonant
frequencies are obtained by adjusting the tuning screws.

4.2.2 Microstrip

Microstrip technology is preferred in applications that require compactness
and lightweight [85]. The typical unloaded quality factor of the microstrip
resonators is between 510" and 2 1(? [97], thus they are lossier compared

to coaxial cavity resonators. Hence the quest for lower-loss microstrip res-
onators was pursued. Starting from the spiral resonators introduced in [105]
and further developed in [106], two diplexers based on complementary spiral
resonators have been investigated. Rectangular spiral elements are also used



38 Innovative compact microwave Iters and diplexers

in [107,108]. They can be used as defected ground structures [109]. How-
ever, a single-layer realization is sought because it is easier to realize. The
physical mechanisms behind the spiral resonators are explained in [110,111].

Two similar devices have been designed to cover di erent bandwidths:
\low" (0 :87 and 203 GHz), for satellite communications [18], and \high"
(2:02 and 361 GHz), for personal communications and 5G applications [17].

Regarding the \low" frequency diplexer, a lowpass spiral resonator has
been investigated. The technical drawing of this variation is depicted in
Fig. 4.5(a). Unlike the lowpass element for the \high" frequency diplexer
drawn in Fig. 4.5(b), in this one the spirals depart from two extensions of
the central disc, then having an additional degree of freedom. The parametric
analysis for this element is carried out in [18], where the physical dimensions
of the manufactured diplexer are also reported.

Figure 4.5: Diplexers based on complementary spiral resonators: (a) [(b)]
technical drawing for the \low" [\high"] frequency diplexer; (c) [(d)] real-
ized prototype for the \low" [\high"] frequency diplexer (Adapted from [17]

© 2024 Wiley Periodicals, LLC. and [18] Creative Commons Attribution 4.0
License).
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