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Preface
This ¯nal report collects the most signi¯cant results of my research activity
in the framework of the \Dottorato di Ricerca in Ingegneria Elettronica ed
Informatica", from November 1997 to October 2000. During this period, I
worked at the Microwave Lab, Department of Electronics of the University
of Pavia, Italy, in the research group headed by Prof. Giuseppe Conciauro.
The topics of my research concern the electromagnetic modeling and the
design of quasi{optical structures, operating in the mm and sub{mm wave
range. There is a growing interest in systems operating in this frequency
range, with the aim of using this part of the electromagnetic spectrum for
both space and commercial applications. Even if a lot of work has been
done, quasi{optics is not yet a mature technology, and many e®orts are still
required, in technological aspects as well as in theoretical modeling.
The results of my work can be divided in three parts, which correspond
to Chaps. 2, 3, and 4 of this report, respectively.
Chap. 2 describes a novel method for analysis of quasi{optical ¯lters
(also called `frequency selective surfaces'), and its application to the design
of ¯lters operating in the THz region and of dichroic mirrors in the microwave
region. This activity was performed in close cooperation with the University
of Erlangen{Nuerberg (Germany), the University of Freiburg (Germany),
and CSELT Turin (Italy).
Chap. 3 covers the second activity concerning the modeling of quasi{
optical frequency multipliers: a computer code was developed for the global
modeling of frequency multipliers embedded in a quasi{optical gaussian system. This activity was carried out in the framework of a European TMR
Project (\CAD and Veri¯cation of mm wave and Sub{mm wave Circuits"),
mainly in cooperation with the Darmstadt University of Technology (Germany). This research was the natural follow{up of my work at the Darmstadt University of Technology, where I spent ten months as a guest research
from December 1996 to September 1997.
Chap. 4 describes the third activity, which is strictly connected to the
second one and originated from it. The design of mm wave frequency multipliers requires fast and reliable nonlinear circuit simulators. To this aim, we
developed a novel method, based on the combination of a standard approach
5
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(Harmonic Balance) with the Genetic Algorithm. This method was used for
the investigation of mm{wave frequency triplers, in cooperation with the
Darmstadt University of Technology.
I would like to express my gratitude to Prof. Giuseppe Conciauro, my
scienti¯c advisor, for the continuous support and excellent guidance: an
example for people working in scienti¯c research.
Besides him, I am very grateful to Prof. Luca Perregrini, co{author of
many works (and not only of many papers!) done in these years, to Prof.
Paolo Arcioni and to Prof. Marco Bressan, for their helpful suggestions and
useful discussions.
Moreover, I wish to thank the IHFT group of the Darmstadt University
of Technology, in particular Prof. Hans Ludwig Hartnagel, Dr. Mohamed
Shaalan (now with Siemens Munich), and Dipl. Ing. Mustafa Saglam, for the
valuable and fruitful cooperation; Dipl. Ing. Jochen Weinzierl (University of
Erlangen{Nuerberg) and Dr. Carsten Winnewisser (University of Freiburg)
for the useful discussions on technological aspects of the frequency selective
surfaces, and for providing me with excellent experimental results; the group
of CSELT Turin, in particular Ing. Piermario Besso, for the valuable joint
activity in the analysis and design of dichroic mirrors.
Finally, I cannot avoid to mention all the friends of the Microwave Lab
of Pavia, and in particular Dr. Emanuela Bermani, who contributed to make
this work more pleasant.

Maurizio Bozzi

Chapter 1

An Overview of
Quasi{Optical Systems
Systems operating in the mm and sub{mm wave range (100 GHz{10 T Hz)
have been receiving particular attention in the last decade [1, 2, 3, 4, 5, 6,
7, 8]. This region of the electromagnetic spectrum, also called \terahertz region", lies at the boundary between electronics and photonics, and therefore
is of interest to both engineering and physics communities.
Even if a large number of applications require systems operating in the
THz region, the THz technology is not yet a mature science: in a sense, there
is a technological \gap" in the terahertz region. On the one hand, purely
electronic solid{state devices are limited to about 200 GHz (it depends on
physical reasons and operation principles, like transit time or similar issues).
On the other hand, laser technology can hardly be used at frequency lower
than 2 T Hz (it basically depends on the minimum energy state transition).
Therefore, in the frequency region which lies between the upper limit
of pure electronics and the lower limit of photonics, there is still need of
technological developments. Both compact, reliable, and powerful sources
are required, and e±cient passive components need to be carefully designed.
These tasks require a joint e®ort of experts working in micro{electronics,
solid{state physics, and numerical modeling of electromagnetic problems.

This Chapter provides a general overview of components for the THz
region, their features and the major issues connected with their design and
fabrication. A particular emphasis is given to quasi{optical gaussian systems, which are the core of the work presented in the following Chapters.
Their characteristics are discussed and the state{of{the{art is brie°y presented.
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Applications of mm and Sub{mm Wave Components

A wide range of scienti¯c applications, such as radio{astronomy, atmospheric
studies, remote sensing, and plasma diagnostic, require sources and receivers
from 100 GHz to 3 T Hz.
International space agencies (e.g., NASA, ESA) require sub{mm wave
devices for scienti¯c missions, aiming to earth observation, solar system
exploration and investigation of the formation of galaxies and stars.
For instance, the Far InfraRed and Submillimetre Telescope (FIRST) of
the ESA will perform high resolution spectroscopy spanning in the frequency
bands 480{1250, 1410{1910 and 2400{2700 GHz. It will be launched in
2007, and a lifetime of at least 3 years is estimated.
NASA and DLR (the German space agency) are working together to create SOFIA (Stratospheric Observatory for Infrared Astronomy): it consists
of a 2.5 meter re°ecting telescope, mounted on a Boeing 747 aircraft, for
earth observation from 190 GHz to the infrared region.
Also from the commercial point of view there is a growing interest in mm
and sub{mm wave devices, for broad{band communications and automotive
radars. The wide fractional bandwidth permits broad{band satellite communication systems, and the high atmospheric attenuation can be turned
into advantage to minimize interference between adjacent systems.
Navigation systems for cars and trucks are a quite mature application.
They are already commercially available and operate in the standard frequency band of 76 GHz.
Besides scienti¯c and commercial applications, mm wave systems are
also interesting for military applications, since they provide better resolution
than microwave systems and are less a®ected by atmospheric conditions than
infrared systems.

1.2

Technologies for the THz Region

In this frequency range, the use of waveguide components is still possible,
and the microwave technology can be scaled for obtaining components in
the THz region. Some examples of components operating at frequencies
up to 2:5 T Hz are reported in literature [9, 10, 11]. Nevertheless, the use
of waveguide components above 1 T Hz is often not convenient: in fact,
tight mechanical constrains are needed for high frequency components and,
consequently, the manufacturing costs are very high.
Conversely, the use of quasi{optical structures appear very promising
for components and systems operating in the mm and sub{mm wave range.
Quasi{optics deals with the propagation in free space of electromagnetic
beams, which are well collimated but have relatively small dimensions (when

9
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measured in wavelengths), transverse to the axis of propagation [12, 13].
Quasi{optical propagation is a very interesting method of propagation in
the mm and sub{mm wave region, which permits low power loss over very
broad bandwidths. Conversely, traditional waveguide systems (e.g., metallic waveguides, coaxial cables, microstrip lines) present high losses when
frequency increases, due to the ¯nite conductivity of metallic conductors
and the loss in dielectrics.
Quasi{optical components consist of planar arrays of antennas, monolithically integrated with active or nonlinear devices. Typically, they are
small and light, and therefore they are particularly suitable to space applications. Moreover, monolithically integrated components are easier to
fabricate than waveguide devices and less expensive in mass production.
A key{point of quasi{optical components is the concept of power combining [14]: if a single device is limited in power for a speci¯c application,
the combination of a large number of identical devices can easily overcome
this limitation.
Many experimental results on quasi{optical systems were published in
the literature. Quasi{optical frequency multipliers [15, 16, 17, 18], mixers [19, 20, 21, 22], ampli¯ers [23, 24, 25, 26, 27, 28], and oscillators [29, 30,
31] were proposed.

Figure 1.1: Example of a quasi{optical component: frequency tripler at
430 GHz, consisting of an array of apertures monolithically integrated with
active devices [32] (courtesy of Darmstadt University of Technology, Germany).
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Figure 1.2: A frequency multiplier embedded in a quasi{optical gaussian
system.

1.3

Quasi{Optical Gaussian Systems

The conventional setup of a quasi{optical system operating in the mm and
sub{mm wave range is shown in Fig. 1.2 [33].
The incoming radiation is typically a collimated beam, which has a gaussian distribution of ¯eld and power transverse to its axis of propagation.
The gaussian beam can be either the beam focused by a system of lenses or
mirrors, or the ¯eld radiated by a conical corrugated horn antenna (which
has 97%{98% coupling e±ciency to the zero{order gaussian mode [33]).
Therefore, the theory of gaussian optics can be applied for studying the
propagation of these beams. A complete description of the gaussian beam
propagation is reported in [12].
It is worthy observing that, in the propagation of gaussian beams, the
losses are very small, being practically limited to the interaction of the beam
with lenses and mirrors.
The core of the quasi{optical system is a planar array, located in the
focal plane of a collimating lens or mirror. The planar array comprises a
large number of aperture or patch antennas, integrated with active devices
(Schottky diodes or hetero{structure varactors in the case of frequency multipliers or mixers, HBTs or HEMTs in the case of power ampli¯ers).
The power coupling between the gaussian beam and the planar array is
a key{point in the e±ciency of the whole quasi{optical component. Since
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mm wave antennas are physically small, they have a small e®ective area for
collecting the incoming radiation. This is the reason for using large arrays of
antennas, which permit to obtain a good power coupling with the gaussian
beam.
Moreover, planar antennas su®er from poor radiation e±ciency, since a
(sometimes large) part of the power is not radiated and is trapped in the
substrate. Therefore, the dielectric characteristics of the substrate and its
thickness must be carefully chosen.
Another possible cause of loss is avoided in quasi{optical components,
due to the monolithic integration of antenna and active devices: losses connected with the power transmission between antenna and active device are
minimized.
Besides the antenna array, input and output dielectric layers and frequency selective surfaces are typically used. The dielectric layers permit
to improve the power coupling between the gaussian beam and the planar
array, and the frequency selective surfaces permit to select the proper input
and output frequency band.
As a ¯nal observation, let us consider the physical dimension of quasi{
optical components. Usually, the component is moderately large when measured in wavelengths. Therefore, on the one hand, the geometrical optics
is not applicable, since the hypothesis that the component is much larger
than the wavelength is not satis¯ed. On the other hand, the exact electromagnetic analysis of the whole component is quite heavy, due to its large
dimension.
In this case, the most suitable approach is based on the analysis of the
component under the in¯nite array approximation. In such a way, the computational e®ort is largely reduced, and a good estimation of the electrical
behaviour of the component can be obtained. As the reader will appreciate, the in¯nite array approximation is widely applied to the analysis of
quasi{optical components throughout the text.

Chapter 1. An Overview of Quasi{Optical Systems
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Chapter 2

Analysis and Design of
Frequency Selective Surfaces

Metal screens perforated periodically with apertures of various shapes are
widely used as frequency selective surfaces (FSSs) in the microwave, mm and
sub{mm wave range (Fig. 2.1) [34, 35, 36]. The shape and size of the apertures, their periodicity, and the thickness of the metal screen determine the
frequency response of the FSS. The most common apertures are rectangular
or circular; cross{shaped apertures are also used. More complicated shapes
and multi{screen con¯gurations are sometimes used, in order to achieve a
speci¯c performance or to satisfy very tight design specs. Some of these
con¯gurations are described in Sec. 2.1.
FSSs ¯nd many applications from the microwave to the THz region, for
both scienti¯c and commercial purposes, which span from antenna systems
for radio{astronomy research to the screen doors of the microwave ovens.
Some of the most relevant applications are brie°y outlined in Sec. 2.2.
Many numerical methods have been proposed in the last decades for the
simulation of FSSs, both in the hypothesis of in¯nitely thin metal screens
and by considering metal screens with ¯nite thickness. Among these methods, the most popular are based on the Finite Di®erence Time Domain
(FDTD) technique [37, 38], on the Finite Element Method (FEM) [39],
and on the Integral Equation Method (IEM), used in conjunction with the
Method of the Moments (MoM) [40, 41, 42].
The FDTD method and the FEM apply to arbitrary structures, but typically are quite slow. Conversely, the IEM/MoM is very e±cient when used
with entire domain basis functions, in both the case of thin and thick metal
screens. Its application, however, is usually limited to particular aperture
shapes (rectangular [41] and circular [42]), i.e., to cases where the entire
13
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Figure 2.1: A frequency selective surface with arbitrarily shaped apertures.
domain basis functions are known analytically. In the case of thin metal
screens, the extension of the IEM/MoM technique to FSSs with arbitrarily
shaped apertures can be achieved by using sub{domain basis functions (e.g.,
roof{tops), but this leads to long CPU time and large memory requirements
[43]. In the case of thick metal screens, the use of entire domain basis functions is mandatory, and they need to be calculated, for instance, by a FEM
technique [44]: also in this case, the extension of the IEM/MoM to arbitrary
shapes typically results in long CPU times.
The novel method we developed for the analysis of both thin [45] and
thick [46, 47] metal screens perforated with arbitrarily shaped apertures is
described in Secs. 2.3 and 2.4. Our method is based on the IEM/MoM
with entire domain basis functions (also in the case of arbitrarily shaped
apertures). The entire domain basis functions are e±ciently obtained by
the Boundary Integral{Resonant Mode Expansion (BI{RME) method [48,
49, 50]. Moreover, the matrices involved in the MoM problem are obtained
as a by{product of the BI{RME analysis. This approach resulted in a fast
and °exible computer code, which performs the wideband analysis of FSSs
with arbitrarily shaped apertures in tens of seconds on a standard PC. Due
to its peculiarity, this code can be e®ectively embedded in a CAD tool for
the analysis and optimization of FSSs.
Some validation results are reported in these Sections and compared with
theoretical analyses. Their aim is, on the one hand, to show the capabilities
of the method in cases of practical interest; on the other hand, to highlight
the rapidity and the accuracy of the simulation tool.
Secs. 2.5, 2.6 provide a short overview on technical issues, related to the
fabrication technologies and the measurement techniques of FSSs.
Various techniques have been experimented for the fabrication of FSSs,
the most suitable technique for a speci¯c application depending on the operation frequency and the required accuracy. The commonly used fabrication
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techniques both in the GHz and in the THz frequency range are outlined
and discussed in Sec. 2.5.
The problem of the electrical measurement of samples and prototypes is
discussed in Sec. 2.6, with regards to both GHz and THz regions.
Some applications of the code to FSS design and some experimental
results in the GHz and in the THz region are reported in Sec. 2.7.
The ¯rst example refers to the design of a dichroic mirror, which is to be
used in a beam{waveguide antenna of the ESA in Perth (Australia). This
antenna operates in the S{, X{, and Ka{band and is intended for deep space
observation: it will support the Rosetta mission of ESA, starting in January
2003.
Other examples refer to quasi{optical band{pass and high pass ¯lters,
operating in the range 100 GHz{2 T Hz: the analyses are reported and
compared with experimental data.

2.1

Typical FSS Con¯gurations

The most common con¯guration of FSS consists of a single metal layer, perforated periodically with apertures (Fig. 2.2). In many cases, the apertures
have canonical shapes, such as rectangular [40, 51] or circular [41, 43], due
to the easier electromagnetic modeling. On the other hand, more complicated shapes are useful for obtaining better performances, such as stability
of the resonance frequency with the incident angle, low cross{polarization
level, large bandwidth, small band separation. To this aim, crosses [52, 53],
Jerusalem crosses [43, 53], tripoles [52, 54], and Pyle shaped apertures [55]
have been used.
A multiple screen con¯guration is sometimes used [56, 57, 58]: it consists
of two or more perforated metal layers, which are properly stacked (Fig. 2.3).
Multi{screen FSS provides more degrees of freedom, thus enabling to meet
tight design requirements: on the one hand, multiple screen con¯guration
permits to obtain more selective frequency response, on the other hand, it
permits to better control both the re°ection and the transmission bands.
A double{band frequency response can be achieved by the use of FSSs
with multiple apertures per unit cell [59, 60] (Fig. 2.4). FSSs with multiple apertures within a periodic cell present some advantages. In fact, by
considering two apertures per unit cell, the FSS can operate in two (closely
spaced) frequency bands, and two orthogonal polarizations can be separately
adjusted.

Chapter 2. Analysis and Design of Frequency Selective Surfaces

16

Figure 2.2: Frequency selective surface consisting of a single layer with arbitrarily shapes apertures.

Figure 2.3: Frequency selective surface consisting of two layers with arbitrarily shapes apertures.

Figure 2.4: Frequency selective surface consisting of a single layer with more
apertures per unit cell.

Figure 2.5: Frequency selective surface consisting of a metal layer with
stepped apertures.
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Sometimes, metal plates perforated with stepped apertures are used (Fig.
2.5), especially for radio{astronomy applications [61, 62]: they permit to
obtain very steep transition from the stop{band to the pass{band, with
frequency ratio as small as 1:1.07 [61]. This is due to the additional ¯ltering
e®ect of the stepped aperture.

2.2

Applications of FSSs

FSSs have a number of applications in the GHz and in the THz region, for
both scienti¯c and commercial purposes.
In the GHz region, FSSs are used as dichroic mirrors in large re°ector antennas for radio-astronomy applications [63, 64, 65, 66]. The feeding network
of such antennas typically consists of beam{waveguide systems (Fig. 2.6):
beams generated by sources operating at di®erent frequencies are combined
by FSSs and focused on the main re°ector.
Another application of FSSs in the GHz region is the band{pass radome
[67, 68, 69]: at the operating frequency the signal passes through the radome
with minimum insertion loss, whereas at out{of{band frequencies the signal
is re°ected.
Moreover, FSSs ¯nd a wide commercial use in the screen door of microwave ovens: the perforated metal screen re°ects completely the microwave energy at 2.45 GHz, while allowing light to pass through (and,
therefore, it allows to see the food inside the oven).
In the THz region, FSSs are used as band{pass ¯lters in quasi{optical
systems [46, 70] (Fig. 2.7).
In quasi{optical frequency multipliers, FSSs guarantee the required unidirectional operation conditions [71, 72]; they may also be used to ¯lter the
beam emitted by sources in the millimeter and sub{millimeter wave range.
Other applications of these components in the THz region are in diplexers
[73], in laser cavities [74], and in Fabry{Perot interferometers [75].

Chapter 2. Analysis and Design of Frequency Selective Surfaces
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Figure 2.6: Example of application of FSSs in the beam waveguide of a large
re°ector antenna: the two beams at X{ and Ka{band are combined by an
FSS and focused on the main re°ector.
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Figure 2.7: Example of application of FSSs in quasi{optical systems: two
band{pass FSSs at f0 and nf0 permits to select the input and output frequencies of a quasi{optical frequency multiplier.
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2.3. Theoretical Analysis of Thin FSS

Theoretical Analysis of Thin FSS

This Section presents a method for the analysis of thin FSSs, where the
thickness of the metal screen is much smaller than the wavelength at the
frequencies of operation, and can be supposed zero. The apertures perforating the metal screen can be arbitrarily shaped.

2.3.1

MoM Analysis of Thin FSS

An e±cient algorithm for the analysis of thin{screen FSSs was introduced by
Chen in the 70's, and was applied to the particular cases of rectangular [40]
and circular [41] apertures. In this algorithm, the surface is assumed planar
and the periodicity is in¯nite. The excitation is considered to be a uniform
plane wave incident at an arbitrary angle and linearly polarized.
Due to the double periodicity of the structure (Fig. 2.8), the analysis
reduces to the investigation of a single unit cell (Fig. 2.9) [76]. The aim of
the analysis is the calculation of the transmitted and re°ected ¯elds: this
requires the determination of the tangential component of the electric ¯eld
over the aperture S.
To this end, we apply the equivalence theorem: the aperture S is closed
~ and
by a perfect conductor, and (unknown) magnetic current densities M
~
¡M are de¯ned over both sides of S (see Fig. 2.9). The choice of the
magnetic currents, equal in amplitude and opposite in phase, automatically
guarantees the continuity of the tangential component of the electric ¯eld
across S. Moreover, to ensure the continuity of the tangential component of
the magnetic ¯eld, the following equations must be satis¯ed [40]
L
R
~M
~M
~ inc + H
)£ ~uz = H
£ ~uz
(2H

on S

(2.1)

~ inc is the incident magnetic ¯eld, H
~ L and H
~ R are the re°ected
where H
M
M
and transmitted magnetic ¯elds, respectively, produced by the equivalent
~ R are related to the
~ L and H
magnetic currents. The magnetic ¯elds H
M
M
magnetic currents through a Green's integral, and can be expressed as a
combination of Floquet modes
L
~M
=¡
H

R
~M
=
H

X

m;n

X

m;n

~ mn
»mn H

~ mn
»mn H

Z

S

Z

S

¤
~ dS
~ mn
¢M
H

¤
~ dS
~ mn
¢M
H

(2.2)

(2.3)

~ mn and »mn stand for all types of Floquet modal vectors and modal
where H
0
0
00
00
~ mn
~ mn
and »mn
for TM modes, H
and »mn
for
admittances, respectively (H
0
0
~ mn and »mn for TEM modes, see Table 2.1).
TE modes, H
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Figure 2.8: Periodicity of the FSS: T~1 = a ~ux , T~2 = b= tan ® ~ux + b ~uy .
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Figure 2.9: Front view (left) and side view (right) of the unit cell of the
thin{screen FSS.
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p
Table
2.1: Expressions of the Floquet modes [76] (k0 = ! ²0 ¹0 ; ´0 =
p
¹0 =²0 ; ²0 and ¹0 are the electric and magnetic permittivities of the vacuum; rT = ~ux @=@x + ~uy @=@y).
TM

2
r2T Âmn + kmn
Âmn = 0

Helmholtz equation

Cuto® wavenumber

kxmn = k0 sin µ cos Á +

2¼m
a

kymn = k0 sin µ sin Á +

2¼n
b

kmn =

p

Propagation constant

kx2 mn + ky2mn

~ 0mn = ¡~
H
uz £

¡mn

rT Âmn
kmn

8 p
2
< k2 ¡ kmn
0
=
p
:
¡j

Modal admittance

¡

0
»mn
=

k10 = k01 = 0

2¼m
a tan ®

(m; n = 0; §1; : : :)

Âmn
00
~ mn
H
= ¡ rTkmn

2
kmn
¡ k02

k0
´0 ¡mn

(*) TEM Floquet modes refers to the only case µ = 0.

TEM (*)
r2T Â010 = r2T Â001 = 0

Âmn = ¡ pjab e¡j(kxmn x + kymn y)

Potential

Magnetic modal ¯eld

TE

if k0 > kmn

Â010 = ¡ pxab
Â001 = ¡ pyab
0
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H
= ¡~
uz £ rT Â010
0
~ 01
H
= ¡~
uz £ rT Â001

¡10 = ¡01 = k0

otherwise
00
»mn
=

¡mn
´0 k0

0
0
»10
= »01
=

1
´0
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The integral problem deriving from (2.1) is solved using the MoM. The
magnetic current is expressed as a combination of Q basis functions f~q
~ =
M

Q
X

Xq f~q

(2.4)

q=1

where Xq are unknown coe±cients. By using the MoM in the Galerkin form
(i.e., choosing f~r as test functions), we obtain the following matrix problem
[A][X] = [D]

(2.5)

where [X] is the column vector of the coe±cients Xq , and
[A]rq =

X

2 »mn

m;n

[D]r = 2

Z

S

Z

S

~ mn dS
f~r ¢ H

Z

S

¤
~ mn
f~q ¢ H
dS

~ inc dS
f~r ¢ H

(2.6)
(2.7)

where: r and q range from 1 to Q; the summation in (2.6) extends to all
types of Floquet modes (TM, TE and, possibly, TEM); »mn denotes the
modal admittance of the Floquet modes (see Table 2.1).
Two tasks need to be accomplished, in order to determine the matrix
entries: the former is the choice of the basis functions f~q , the latter is the
calculation of the coupling integrals between the basis functions f~q and the
~ mn .
Floquet magnetic modal ¯elds H

2.3.2

Entire{domain vs. Sub{domain Basis Functions

The choice of the basis functions is a key{point in the solution of MoM
problems. In fact, the dimension of the matrix problem is related to the
number of basis functions, used to represent the unknown quantity. Therefore, since the matrix problem (2.5) must be solved for each frequency point
in the band of interest, the number Q of basis functions considered in (2.4)
signi¯cantly a®ects the computing time. It is worthy observing that the
computing time needed for the solution of a matrix system increases with
the square of the order of the matrix (Q2 ).
In the case of thin{screen FSSs, there are two possible classes of basis
functions: sub{domain basis functions and entire{domain basis functions.
Many authors used general purpose sub{domain basis functions (e.g.,
roof{tops, Fig. 2.10) [34], which are suited to represent the unknown magnetic current, and permit to consider apertures of various shapes.
With this approach, the expressions of the coupling integrals appearing
in (2.6) and (2.7) are known analytically [34]. However, a large number
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x
y

Figure 2.10: Graphical representation of the roof{top basis functions used
in the expansion of the x and y components of the unknown magnetic cur~ . This coarse staircase representation of a cross shape with rounded
rent M
corners require as many as 200 roof{top basis functions.

of roof{top basis functions is typically needed, since the dimension of the
rectangular domains where they are de¯ned must be much smaller than the
wavelength (see Fig. 2.10). Beside this, a serious drawback of these basis
functions is the staircase approximation of the rounded parts of the aperture
shape, which gives rise to an inaccurate pattern of the geometry, as shown
in Fig. 2.10. Therefore, in many cases, the constrains due to the geometrical
representation lead to a mesh grid which is much ¯ner than the one required
by electrical constrains.
To reduce the number of basis functions, some authors proposed specialized basis functions (see, for instance, [43]). This approach leads to e±cient
codes, but it is absolutely not °exible, needing a customized implementation
of the algorithm for each di®erent shape.
A more interesting approach, which dramatically reduces the number
of basis functions without a®ecting the °exibility of the code is based on
the use of entire{domain basis functions, which span the entire domain and
satisfy the proper boundary conditions.
The most suited entire{domain basis functions are the magnetic modal
vectors ~hq of the TE and TM modes of a waveguide with a cross{section S.
In the case of canonical shapes, the analytical expressions of ~hq are available,
and their use in the analysis of rectangular and circular apertures was proposed by Chen [40, 41]. On the contrary, for arbitrarily shaped waveguides,
the expressions of ~hq must be numerically calculated. As well known, the
modal vectors are related to scalar potentials, which are the eigensolutions
of the Helmoltz equation, with Dirichlet or Neumann boundary conditions
(Table 2.2).
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Table 2.2: Expressions of the modes of a waveguide with a cross{section S.
TM

TE

2

2

r2T Ãq + ·0q Ãq = 0 in S

r2T Áq + ·00q Áq = 0 in S

Boundary condition

Ãq = 0 on @S

@Áq =@n = 0 on @S

Normalization

R

Helmoltz equation

Magnetic modal ¯eld
Propagation constant

S

~h0q = ¡~
uz £

8 p
< k2 ¡ ·0q 2
0
°q0 =
p 2
:
¡j

Modal admittance

R

Ãq2 dS = 1
1
·0q

·0q ¡ k02

yq0 =

k0
´0 °q0

rT Ãq
if k0 > ·0q
otherwise

S

Á2q dS = 1

~h00q = ¡

1

00

·q
8 p
< k2 ¡ ·00q 2
0
°q00 =
p 2
:

¡j

rT Áq
if k0 > ·00q

·00q ¡ k02

yq00 =

°q00

´0 k0

otherwise
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With this approach, a small number of basis functions permits to accu~ and, in the meantime, to exactly describe
rately represent the unknown M
the boundary of the aperture. For a given shape S the Helmoltz equation needs to be solved only once for the numerical determination of the
entire{domain basis functions. Provided that a reliable and e±cient code
is available, the e®ort for the solution of the Helmoltz equation is largely
compensated by the time saving in the solution of (2.5), which must be
performed for each frequency point.
In our approach, ¯rstly presented in [45], the solution of the Helmoltz
equation is e±ciently performed by the BI{RME method [48]. As discussed
in the following Section, the BI{RME method applies to arbitrarily shaped
domains and provides all the eigensolutions of the Helmoltz equation by
a single calculation, as the solution of a linear matrix eigenvalue problem.
Moreover, the coupling integrals appearing in (2.6) and (2.7) are obtained as
a by{product of the calculation of the mode spectrum, avoiding any further
computational e®ort.

2.3.3

Application of the BI{RME Method

Determination of the Waveguide Modes
The modes of the waveguide with a cross{section S are determined by the
BI{RME method [48]{[50], which is a modi¯ed version of the \Boundary
Element Method" (BEM). In the BEM approach, the unknowns are current
sheets de¯ned over the boundary @S (Fig. 2.8) and acting in free{space. On
the contrary, in the BI{RME method the same current sheets are embedded
in an exterior rectangular waveguide of cross{section − (Fig. 2.11).
The scalar potentials generating the waveguide modes (see Table 2.2)
are expressed in the form
TM modes:
Z
X
G(~r; ~r0 ) G(~r0 ) d`0 +
ai ªi (~r)
(2.8)
Ã(~r) =
| @S

{z

BI

}

|

i

{z

}

RM E

TE modes:
Á(~r) = ¡
|

Z

@S

µ

¶

@F0 (~r; ~r0 )
r; ~r0 )
2 @F1 (~
2X
+ ·00
F(~r0 ) d`0 + ·00
bi ©i (~r) (2.9)
0
0
@n
@n
i
{z

BI

}

|

{z

RM E

}

where: G, F0 , and F1 are frequency independent Green's functions reported
in [49], [50]; ªi and ©i are the TM and TE potentials of the rectangular
waveguide of cross{section −, respectively; ai and bi are auxiliary unknowns
coe±cients; G and F represent (apart from scale factors) the longitudinal
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Figure 2.11: The geometry considered for the application of the BI{RME
method: the cross{section S of the arbitrarily shaped waveguide is enclosed
in the external rectangular waveguide −.
current density of the TM modes and the transverse current density of the
TE modes at cuto®, respectively. Their approximated representations are
G(~r0 ) =

X

cp ®p (~r0 )

(2.10)

F(~r0 ) =

X

dp ¯p (~r0 )

(2.11)

p

p

where ®p and ¯p are suitable basis functions, whose choice is widely discussed
in [49], [50].
Expressions (2.8) and (2.9) of the potentials, consisting of a Boundary
Integral (BI) and a (transverse) Resonant Mode Expansion (RME), give rise
to the name of the BI{RME method.
The BI{RME method leads to two linear matrix eigenvalue problems,
whose solutions are the cuto® wavenumbers ·0 and ·00 , and the coe±cients
ai , bi , cp and dp .
Although (2.8) and (2.9) de¯ne the potentials in the domain −, the
eigenfunctions Ãq and Áq of the q{th mode, calculated by the BI{RME
method, practically vanish in − ¡ S. Moreover, they are automatically
normalized according to the condition reported in Table 2.2, and satisfy the
relationships
= G(q) =

X

cp(q) ®p

on @S

(2.12)

Áq = F(q) =

X

dp(q) ¯p

on @S

(2.13)

@Ãq
@n

p

p

where the subscript (q) denotes the q-th solution.
As an example, the potentials of the ¯rst TE and TM modes obtained
by the BI{RME method for a cross shaped domain with rounded corners
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(Fig. 2.10) are shown in Fig. 2.12. To give an idea of the e±ciency of the
BI{RME method, the computing time (on a PC Pentium II at 450 M Hz)
for calculating the ¯rst 15, 32 and 53 modes of the waveguide (without
exploiting the symmetries) are 10 sec, 20 sec, and 40 sec, respectively.
As it will be shown in the following Section, the evaluation of the potentials (2.8), (2.9) and of the corresponding modal vectors ~h can be avoided,
and the MoM matrices involved in the FSS problem can be obtained by
using directly (2.12) and (2.13). Therefore, they can be deduced from the
knowledge of cp(q) and dp(q) .

Calculation of the Coupling Integrals
The evaluation of (2.6) requires the calculation of the \coupling integrals"
Z

S

¤
~ mn
f~q ¢ H
dS =

Z

S

¤
~hq ¢ H
~ mn
dS

(2.14)

for all the six combinations of TE or TM modes of the waveguide with the
TE, TM or TEM Floquet modes. The other integral appearing in (2.6) is
the conjugate of (2.14).
~ inc in (2.7) can be expressed as a combiMoreover, the incident ¯eld H
~ 0 in case of normal
~ 0 and H
nation of two Floquet modal vectors, namely H
10
01
~ 00 , otherwise [42]. Thus, the integral in (2.7)
~ 0 and H
incidence (µ = 0) or H
00
00
can be reduced to a combination of integrals of the type (2.14).
Integral (2.14) could be calculated directly by a numerical surface integration, using the expression of the potentials (2.8) and (2.9) together with
the de¯nition of the magnetic modal ¯elds reported in Table 2.2. Nevertheless, a substantial improvement in computational e±ciency can be achieved
by transforming the surface integrals into contour integrals. In fact, as
shown in Appendix A, we have
Z

S

kmn
2 ¡ ·0 2 )
·0q (kmn
q

0¤
~h0 ¢ H
~ mn
dS =
q

Z

S

Z

S

(2.15)

00¤
~h0 ¢ H
~ mn
dS = 0
q

(2.16)
(2.17)

S

0¤
~h0 ¢ H
~ mn
dS = 0
q

0¤
~h00 ¢ H
~ mn
dS = ¡
q

00¤
~h00 ¢ H
~ mn
dS =
q

Z

@S

@Ãq ¤
Â d`
@n mn

S

Z
Z

Z

1
00
·q kmn

Z

@S

·00q
2 )
kmn (·00q 2 ¡ kmn

1
0¤
~h00 ¢ H
~ mn
dS = ¡ 00
q
·q
S

Z

@S

Áq
Z

Áq

@S

@Â¤mn
d`
@t
Áq

@Â¤mn
d`
@n

@Â0mn
d`
@t

(2.18)
(2.19)
(2.20)
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Figure 2.12: Example of entire domain basis functions calculated by the
BI{RME method: potential of the ¯rst four TE and four TM modes.
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In (2.18) and (2.20) the derivatives are taken with respect to the tangent
vector ~t indicated in Fig. 2.8.
The evident advantage of this transformation comes from the possibility
of calculating the coupling integrals by a one{dimensional numerical integration. Furthermore, the contour integrals involve @Ãq =@n and Áq , which are
given by (2.12) and (2.13), as a by{product of the BI{RME analysis. For this
reason, the use of the BI{RME method leads to a dramatic computational
advantage.
2 ,
Finally, it is worthy observing that, in the rare cases where ·2q = kmn
expression (2.15) and (2.19) are not applicable (indeterminate forms of the
type 0=0) and the surface integration is required.

2.3.4

Validation Test

As a validation test, the analysis of a ¯lter proposed by Mittra [43] is reported. The ¯lter consists of a free{standing array of patches, with Jerusalem{
cross shape.
This structure can be analyzed with the MoM/BI{RME method, by applying the Babinet's theorem. The complementary structure (i.e., an array
of apertures with Jerusalem{cross shape) is considered, and the resulting re°ection/transmission coe±cients are exchanged. Therefore, the calculated
transmission coe±cient represents the re°ection coe±cient of the array of
patches.
The dimensions of the Jerusalem{cross are in a ¯xed ratio, as shown in
Fig. 2.13. The array has a square unit cell, and the incident ¯eld is a plane
wave from the broadside direction.
The numerical analysis based on the MoM/BI{RME method required the
use of 30 entire domain basis functions and 320 Floquet modes for obtaining
the convergence of the algorithm. The computing time was 37 sec: on a
Sun Ultra 10 workstation for the calculation of the ¯lter response in 40
frequency points. Approximately 7 sec: were needed for the determination
of the entire domain basis functions (which are frequency independent), and
30 sec: for the frequency{by{frequency calculation of the ¯lter response.
Fig. 2.14 shows our results, which compare very well with the ones reported
in [43].
Due to the complicate shape of the patch elements, the advantage deriving from the use of entire domain basis functions is relevant. In fact, in our
approach, only 30 entire domain functions were used; conversely, as many as
584 sub{domain basis functions (roof{tops) were needed in [43]. It is noted
that the waveguide modes take into account, approximately, the singularity
of the ¯eld at the reentrant edges. On the contrary, using sub{domain basis
functions, the approximation of the singularity requires a dense (possibly
non uniform) mesh and, as a consequence, a large number of variables.
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Figure 2.13: Element shape of the Jerusalem cross FSS (a = 1:9 mm, A =
B = 15:2 mm).
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Figure 2.14: Magnitude of the re°ection coe±cient of the Jerusalem{cross
FSS: MoM/BI{RME analysis is compared with simulations in literature [43].
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Theoretical Analysis of Thick FSS

This Section presents the extension of the method described in Sec. 2.3 to
the analysis of thick{screen FSSs, where the thickness of the metal screen is
comparable with the wavelength at the frequencies of operation.
An e±cient method for the analysis of thick{screen FSSs is based on
the modal representation of the ¯elds, and is similar to one described for
thin{screen FSSs. It is widely described in [34], Chap. 5, and applied to the
analysis of FSS with rectangular and circular apertures. The extension of
the method to the case of arbitrarily shaped apertures, ¯rstly reported in
[47], is discussed in this Section.

2.4.1

MoM Analysis of Thick FSS

Let us consider a FSS (Fig. 2.1) consisting of a thick metal screen, perforated
periodically with apertures of arbitrary shape, illuminated by a uniform
plane wave incident from the direction (µ; Á). Due to the double periodicity
of the structure (Fig. 2.8), the analysis reduces to the investigation of a
single unit cell (Fig. 2.15) [76].
By applying the equivalence theorem, apertures S1 and S2 on both sides
of the screen (see Fig. 2.15) are closed by perfect conductors, and equivalent
~ 2 are de¯ned over them. In order to
~ 1 and M
magnetic current densities M
guarantee the continuity of the tangential component of the electric ¯eld,
we impose that the magnetic currents on both sides of S1 and S2 are equal
in amplitude and opposite in phase.
Moreover, to ensure the continuity of the tangential component of the
magnetic ¯eld, the following equations must be satis¯ed
8
>
>
~ L1 + H
~ L1 )£ ~uz = (H
~ R1 + H
~ R1 )£ ~uz
< (2H
inc
M1
M1
M2
>
>
~ L2 + H
~ L2 ) £ ~uz = H
~ R2 £ ~uz
: (H
M1
M2
M2

on S1

(2.21)

on S2

~ inc is the incident magnetic ¯eld, the subscripts refer to the source
where H
~ 1 and M
~ 2 ) and the
who generates the ¯eld (namely, the incident ¯eld, M
superscripts indicate the left and right sides of the pertinent aperture. The
~ R2 (in region I and III, respectively) are expressed
~ L1 and H
magnetic ¯elds H
M1
M2
~ mn (see Table 2.1), whereas in region
as a summation of Floquet modes H
R1
R1
L2
~
~
~ L2 are given as a summation of the
~
II the ¯elds HM1 , HM2 , HM1 and H
M2
normalized modal ¯elds ~hr (see Table 2.2) of the waveguide of cross-section
S (see Fig. 2.8).
The integral problem deriving from (2.21) is solved using the MoM. The
magnetic currents are expressed as combinations of the modal vectors of the
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Figure 2.15: Side view of the equivalent circuit of the unit cell. Region II is a
waveguide section of cross{section S, connected to Region I and III through
the apertures S1 and S2 , respectively.
¯rst Q waveguide modes
~1 =
M

Q
X

Xq ~hq

(2.22)

Q
X

Yq ~hq

(2.23)

q=1

~2 =
M

q=1

where Xq and Yq are unknown coe±cients. By using the MoM in the
Galerkin form (i.e., choosing ~hr as test functions), we obtain the following matrix problem
2

6 [A] + [B]
6
6
4

[C]

[C]

[A] + [B]

32

3

2

3

7 6 [X] 7 6 [D] 7
76
7 6
7
76
7=6
7
54
5 4
5

[Y ]

(2.24)

[0]

where [X] and [Y ] are the column vectors of the coe±cients Xq and Yq , [0]
is a null column vector of Q elements, and
[A]rq =

X

»mn

m;n

[B]rq =

[C]rq =

Z

S

~hr ¢ H
~ mn dS

8
>
>
< ¡j yr = tan(°r t)
>
>
: 0
8
>
>
< j yr = sin(°r t)
>
>
: 0
Z

[D]r = 2

S

Z

S

¤
~hq ¢ H
~ mn
dS

if r = q

(2.25)

(2.26)

otherwise
if r = q

(2.27)

otherwise
~hr ¢ H
~ inc dS

(2.28)
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where: r and q range from 1 to Q; the summation in (2.25) extends to
all types of Floquet modes (TM, TE and, possibly, TEM); »mn denotes
the modal admittance of the Floquet modes (see Table 2.1); yr and °r
are the modal admittance and the propagation constant of the waveguide
modes, respectively (see Table 2.2); t is the thickness of the metal screen
(see Fig. 2.15).
The solution of the matrix problem (2.24) yields the unknown coe±cients
Xq and Yq . Once these coe±cients have been calculated, the transmission
and the re°ection coe±cients can be determined, along the lines of [42].

2.4.2

Remarks on the Analysis Method

To summarize, the application of the MoM algorithm to the analysis of
thick{screen FSSs requires A) the evaluation of the modes of the waveguide
and B) the calculation of the integrals in (2.25) and (2.28). It is worthy
observing that these quantities are the same required for the analysis of
thin{screen FSSs (Sec. 2.3).
Therefore, when using the MoM with entire{domain basis functions, the
extension from the thin to the thick case is trivial. Conversely, when using
sub{domain basis functions, the extension of the algorithm to the analysis
of thick{screen FSSs is not easy, and requires some di®erent method for
representing ¯elds in region II (see Fig. 2.15).

2.4.3

Validation Test

In order to validate the computer code based on the theory presented above,
an example is reported. It refers to the analysis of the X{band dichroic ¯lter
reported in [64], consisting of a metal plate perforated with cross-shaped
apertures (Fig. 2.16). The analysis of the structure is very challenging, since
the plate thickness is comparable with the wavelength and the apertures are
tightly packed.
A possible approach to the analysis of dichroic plates perforated with
crosses, adopted in [64], is based on the hypothesis that the thickness w
(see Fig. 2.16) of the metal wall separating the apertures is zero. Under
this hypothesis, the currents on the front and back faces of the plate are
neglected, and the solution is found by an integral equation method, solved
by using the Method of Moments: rooftop basis and razor testing functions
are applied. This approach is limited, because the e®ect of the metal walls
is small but not negligible, and plays an important role in the resonance
frequencies. Moreover, the analysis is limited to cross{shaped holes de¯ned
by a sharp contour. It is not possible, for instance, to take into account the
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Figure 2.16: Schematic of the dichroic ¯lter reported in [64]. In the prototype, the wall thickness was w = 0:41 mm. The angle of incidence is
µ = 30± , Á = 0± .

unavoidable rounded corners due to the fabrication process (their e®ect will
be widely discussed in Sec. 2.7).
By using the MoM/BI-RME method, we performed the analysis of the
dichroic ¯lter, obtaining an excellent agreement with the data reported
in [64], both for TE and TM polarization (Figs. 2.17 and 2.18). We analyzed the structure by considering both in¯nitely thin and ¯nite metal
walls, comparing the former with the simulations and the latter with the
experimental results reported in [64].
In both cases, we used only 35 entire domain basis functions and 400 Floquet modes. The simulation required 92 sec: on a Sun Ultra 10 workstation
for the analysis in 50 frequency points.
It is noted that the unit cell of this FSS is de¯ned over three portions
of di®erent apertures (see [64], Fig. 3). Nevertheless, also in this case, by
using the periodicity of the Floquet modes, the calculation of the coupling
integrals can be reduced to line integrals, de¯ned over the boundary of a
single aperture. Thus, expressions (2.15){(2.20) are still valid.
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Figure 2.17: Analysis of the X{band dichroic ¯lter with in¯nitely thin metal
walls (w = 0): MoM/BI{RME analysis is compared with simulations reported in literature [64].
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Figure 2.18: Analysis of the X{band dichroic ¯lter with metal walls of ¯nite thickness (w = 0:41 mm): MoM/BI{RME analysis is compared with
measurements reported in literature [64].
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Fabrication Technologies

The technologies used for the fabrication of FSSs depend on the frequency
range of application and, consequently, on in the dimension of the structure
and the required accuracy.
In the fabrication of FSS for applications up to 100 GHz the required
mechanical accuracy is usually not extremely high. On the other hand, in
these frequency band the structures can be huge (up to some m2 ) and thick
(up to some cm) [65, 66]. For these reasons, standard mechanical machining
techniques (such as milling technique) are preferred. They are able to handle
large and thick metallic plates in a reasonable time, with good repeatability
and accuracy.
An interesting alternative to the milling technique is represented by the
water{jet cutting technique. In this technique, an abrasive powder (e.g., ¯ne
sand, garnet) is accelerated by means of a high{pressure jet of water and
then grinds its way through the material. The power potential required for
cutting is obtained by forcing a jet of water no thicker than a hair (approx.
0.1{0.8 mm) at high pressure through a sapphire nozzle (3000 bar and more).
The water{jet cutting technique presents many advantages over other
cutting methods. In fact, there is practically no mechanical heat induced
or chemical in°uence on the workpiece, and no transverse loads are caused.
This means that workpieces can be ¯nely processed: practically all types
of material can be cut with good quality of cutting surface. The overall
precision from the water{jet cutting is expected to be better than §100 ¹m
with a relatively high{speed process. This fabrication technique is typically
cheaper and faster than traditional milling technique.
The photograph of the prototype of an X{band FSS fabricated by the
water{jet cutting technique is shown in Fig. 2.19. This structure has been
designed by CSELT Turin (Italy) to be used in the beam waveguide of a large
re°ector antenna for deep space communications (see Fig. 2.6) [66]. These
low cost mechanical processes lead to unavoidable fabrication inaccuracies
(e.g., the rounding of the corners), which, however, can be accounted for
during the analysis based on the MoM/BI{RME method.
When considering higher frequencies (¸ 100 GHz) the typical dimensions of FSS become smaller and photolithographical approaches can be
used. As widely discussed in [46], the photolithographical etching process
proved to be usable for structures operating up to about 200 GHz. Beyond
this frequency, the under{etching e®ects lead to a strong deformation of the
contour of the apertures, even if the thickness of the metal foil is very small
(tens of ¹m).
A fabrication example of a quasi{optical band{pass ¯lter with cross
shaped apertures for 435 GHz center frequency is reported in [46]. A commercially available copper foil with a thickness of 30 ¹m was mounted on a

Chapter 2. Analysis and Design of Frequency Selective Surfaces

38

Figure 2.19: Photograph of a X{band dichroic mirror for radio{astronomy
applications, fabricated by water{jet cutting technique (courtesy of CSELT
Turin, Italy).

375 mm
Figure 2.20: Photograph of an etched band{pass ¯lter for 435 GHz center
frequency. The contour of the cross{shaped apertures can hardly be recognized, showing the not{suitability of the etching fabrication technique in
this frequency range (courtesy of University of Erlangen, Germany).
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frame to avoid damage during the numerous fabrication steps. This foil was
covered with photoresist and, after the exposition and development of the
resist, the etching process was started. Due to under{etching e®ects, the
reproduction of the contour of the small apertures in the etched copper foil
was extremely bad. The photograph of the ¯lter is shown in Fig. 2.20: the
cross shape can hardly be recognized.
To avoid the under{etching problem, a galvanizing growth process can be
used [46, 77]. In the galvanizing growth technique, the foils were grown on
a base substrate made of copper, partly covered with photoresist according
to the outline of the ¯lter apertures. In order to get a su±cient mechanical
stability of the foils, a thickness of minimum 6 ¹m of the grown copper
layer had to be realized. The thickness of the ¯xed photoresist was 25 ¹m.
The last step in this galvanizing fabrication process was the non destructive
removal of the grown copper foil from the substrate, which was a very critical
step. To solve this problem, an aluminum oxide coating on the copper
substrate was used, in order to reduce the adhesion of the grown copper
layer on the base substrate. Therefore, the perforated copper foils could be
removed from the substrate without any damage.
By using this technique, a 280 GHz band{pass ¯lter was fabricated
(Fig. 2.21). The high accuracy of the galvanizing growth procedure due
to the avoidance of under{etching can be observed. In Fig. 2.22 a microscope photograph of an element edge of the galvanized ¯lter shows the sharp
micro outline. Additionally, the surface roughness was measured using a
perthometer: the averaged roughness of the galvanized foils was lower than
1 ¹m, which should give rise to small additional ohmic losses. This fabrication technique is suitable to realize ¯lters for center frequencies up to
1 T Hz.
A micro{mechanical approach based on CNC milling machines can be
used to fabricate high{pass ¯lters for the THz region [46, 78]. These dichroic
¯lters typically consist of a thick metal plate composed of an equilateral
array of hexagonally close packed circular holes. They provide a sharp
frequency response, which is achieved when the length of the waveguide
l, the hole diameter d, and the spacing s, have a ratio of approximately
1 : 1:2 : 1:6 [15, 78].
This mechanical technique is limited by its nature to circular apertures
with minimum hole diameters due to the ¯nite size of feasible drills. Therefore, limitations are encountered in fabricating dichroic plates with cuto®
frequency above ¼ 2 T Hz. In this frequency range the thickness of the
metal plate is below ¼ 70 ¹m allowing the consideration of other fabrication
processes such as laser cutting.
An example of high{pass ¯lter with a cuto® frequency of 1:1 T Hz fabricated by using this technique is shown in Fig. 2.23.
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Figure 2.21: Photographs of a galvanized cross-shaped band{pass ¯lter with
a resonance frequency 280 GHz [46]. The parameter set of the cross-shaped
apertures is: mesh period G = 810 ¹m, slot length L = 570 ¹m, strap
width C = 650 ¹m, and foil thickness t = 10 ¹m (courtesy of University of
Erlangen, Germany).

41

2.5. Fabrication Technologies

Figure 2.22: Microscope photograph of a resonator edge of a galvanized
band{pass ¯lter (courtesy of University of Erlangen, Germany).

Figure 2.23: Microscope image of a segment of a dichroic ¯lter with a cuto®
frequency at 1.11 THz. The material consists of a brass plate (l = 153 ¹m)
with holes (d = 168 ¹m) drilled by a CNC milling machine in a hexagonal
array (s = 226 ¹m) (courtesy of University of Freiburg, Germany).
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Measurement Techniques

The measurement techniques used for the characterization of FSSs depends
on the frequency range.
In the microwave range, a widely used technique consists in the measurement of the near ¯eld transmitted or scattered by the FSS (Fig. 2.24).
The calculation of the far ¯eld is then obtained, by using standard transformation techniques [79, 80, 81, 82]. This approach permits the measurement
of large structures using reasonably small anechoic test sites.
In the THz region, a very accurate measurement technique is the THz{
Time Domain Spectroscopy (THz{TDS) [83, 84, 78, 85]. The THz{TDS is
based on the excitation of biased semiconductors or electro{optic crystals by
a femtosecond laser pulse. In the case of a biased photoconducting material
a transient current gives rise to the emission of an electromagnetic pulse
of typically less than 1 ps time duration. This electromagnetic pulse (THz
pulse) comprises a frequency spectrum ranging from a few GHz up to the
THz region. Optical sampling permits coherent detection of the electric ¯eld
strength of the THz pulse, thus enabling the measurement of both the real
and imaginary part of the dielectric function of materials.
A measurement setup, based on the THz{TDS technique, is presented
in Fig. 2.25. Pulses from a regenerative Ti:sapphire oscillator are divided
by a beam{splitter into a probe{ and a pump{beam. The latter illuminates
a GaAs wafer to generate the THz pulse, which is linearly polarized parallel
to the applied high voltage. The detection setup, consisting of an eo{crystal
between a pair of crossed polarizers, can be referred to as an ultrafast transverse eo{modulator, which allows to detect the electrical ¯eld strength of
the THz pulse as an intensity variation of the optical probe pulse. The
temporal shape of the THz pulse E(t) is recorded by varying the delay line
of the optical probe pulse. The FSS is placed halfway between the THz{
emitter and the high density polyethylene lens, in this way the THz pulse
reaches the FSS after 9 cm of free{space propagation at normal incidence as
a plane wave [86]. For further details on the measurement setup the reader
is referred to reference.
The electrical ¯eld strength of the THz pulse E(t) is recorded with and
without the FSS placed in the path of the THz beam. By taking the Fourier
transform of the time domain data E(t), one obtains the complex amplitude
~
spectrum E(º)
in the form of both magnitude E(º) and phase Á(º). The
power transmittance TP (º) is obtained by taking the square of the ratio
between the Fourier transformed sample and reference data
TP (º) =

µ

Esample (º)
Eref (º)

¶2

:

(2.29)

An em{wave transiting an FSS encounters a phase shift of ¢Á(º) = Ásample (º)¡
¡Áref (º) :
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Figure 2.24: Near ¯eld measurement setup of FSSs in the microwave range
(courtesy of CSELT Turin, Italy).

Figure 2.25: Setup of the THz time{domain spectrometer: BS: beam{
splitter; CH: Chopper; THz{Emitter: large aperture (¼ 1 cm2 ) antenna;
HV: applied high voltage; FSS: frequency selective surface; lens: high density polyethylene lens; PP: polarizing prisms; PBS: pellicle beam splitter;
eo{crystal: ZnTe crystal; SBC: Soleil{Babinet{compensator; PD: balanced
photodiodes; LIA: lock{in ampli¯er.
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Experimental and Simulation Results
Ka{band Dichroic Mirror for Beam Waveguide Antenna

The 35 m beam{waveguide antenna for Rosetta mission (Fig. 2.26), under
construction in Perth (Australia) by the European Space Operations Centre
(ESOC) of ESA, requires the use of a dichroic plate, operating as mirror in
the S{ and X{band and transparent in the Ka{band [65, 66].
The dichroic mirror consists of a single metal plate perforated periodically with apertures. The design of this structure is very challenging, due
to tight electrical and mechanical constrains.
In fact, the dichroic plate should operate in circular polarization; it
should present minimum insertion loss in the Ka{band (31:8 ¡ 32:3 GHz
and 34:2 ¡ 34:7 GHz); it should re°ect completely the circular polarization
in the S{band (2:025 ¡ 2:3 GHz) and X{band (7:145 ¡ 8:5 GHz); ¯nally, it
should guarantee a cross{polarization level lower than ¡25 dB. The electrical performance in the Ka{band should be guaranteed for an incidence
angle µ = 45± § 8± .

Figure 2.26: Artist impression of ESA's new Deep Space Antenna at New
Norcia, near Perth, Western Australia.
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With regards to mechanical issues, the plate is quite huge (3:2 m by
2:25 m, with a perforated area of 2:48 m by 1:75 m) and will be placed at
45± with respect to the horizontal position.

Three di®erent design solutions were investigated: cross{shaped apertures (Fig. 2.27), rectangular apertures (Fig. 2.28), pair of rectangular slots
(Fig. 2.29). (The simulation results are reported in the case of the nominal
incidence angle µ = 45± ).

Cross{shaped apertures
The ¯rst solution consists of a metal plate perforated with closely{packed
cross{shaped holes (Fig. 2.27). This structure presents a number of degrees
of freedom, which allow for a ¯ne{tuning of the electrical performances.
Moreover, the crosses can be tightly packed, and this permits to limit the
e®ect of the grating lobes. The optimized design permits to ful¯ll the requirements in insertion loss in the Ka{band (Fig. 2.30), and no problem
arises in the S{ and X{band. On the other hand, the cross{polar level in
the Ka{band down{link (31:8 ¡ 32:3 GHz, see Fig. 2.30) needs to be compensated by means, for instance, of a polarizer.

Rectangular apertures
The second solution is based on rectangular holes (Fig. 2.28). While this
approach has a small detrimental e®ect on the Ka{band insertion loss, it
permits to better compensate the phase shift of the transmitted TE and
TM modes in the Ka{band, thus reducing the cross{polar level (Fig. 2.31).
No problem arises in the S{ and X{band.

Pair of rectangular slots
The third solution is based on a pair of rectangular slots within a periodic cell
(Fig. 2.29). In line of principle, this approach should permit to separately
control the TE and TM modes, thus allowing °exibility in the minimization
of the cross{polarization level. In practice, the results are absolutely not
satisfactory, due to the narrow{band transmission amplitude and the lack
of phase equalization (Fig. 2.32). The resulting cross{polar discrimination
is very bad (Fig. 2.32).
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Figure 2.27: Geometry of the ¯rst Ka{band dichroic mirror: metal plate
perforated with cross{shaped apertures.

Figure 2.28: Geometry of the second Ka{band dichroic mirror: metal plate
perforated with rectangular apertures.

Figure 2.29: Geometry of the third Ka{band dichroic mirror: metal plate
perforated with a pair of rectangular slots.

47

2.7. Experimental and Simulation Results

transmittance [dB]

0.0

-0.5

-1.0

-1.5

TM mode
TE mode

-2.0
31

32

33

34

35

36

35

36

35

36

frequency [GHz]
180

TM mode
TE mode

phase shift [deg]

90

0

-90

-180
31

32

33

34

frequency [GHz]

0

XPD [dB]

-10

-20

-30

-40
31

32

33

34

frequency [dB]

Figure 2.30: Simulation of the dichroic mirror with cross{shaped apertures:
transmittance, phase shift, and cross{polar discrimination (XPD) in the
Ka{band.
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Figure 2.31: Simulation of the dichroic mirror with rectangular apertures:
transmittance, phase shift, and cross{polar discrimination (XPD) in the
Ka{band.

49

2.7. Experimental and Simulation Results

transmittance [dB]

0.0

-0.5

-1.0

-1.5

TM mode
TE mode

-2.0
31

32

33

34

35

36

35

36

35

36

frequency [GHz]
180

TM mode
TE mode

phase shift [deg]

90

0

-90

-180
31

32

33

34

frequency [GHz]
0

XPD [dB]

-10

-20

-30

-40
31

32

33

34

frequency [GHz]

Figure 2.32: Simulation of the dichroic mirror with a pair of rectangular
slots: transmittance, phase shift, and cross{polar discrimination (XPD) in
the Ka{band.

Chapter 2. Analysis and Design of Frequency Selective Surfaces

50

It is worthy observing that the e®ects of the fabrication technique were
taken into account in the simulations: the aperture boundaries, in fact, have
rounded corners and the radius depends on the manufacturing technique
(e.g., rounding of 0:4 mm by using a milling technique).
In these simulations, the phase shift is de¯ned as the di®erence of phase
between the two sides of the metal plate, and the cross{polar discrimination
includes both phase and amplitude error.
From the simulation results reported in Figs. 2.30, 2.31, and 2.32, which
refer to the nominal incidence angle µ = 45± , the metal plate perforated
with rectangular holes seems to be the most suitable solution. Nevertheless,
the dichroic mirror with cross{shaped holes presents a graceful degradation,
when considering the whole range of incidence angles µ = 45± § 8± (see
Figs. 2.33 and 2.34).
A mechanical investigation was also performed [65]. The major problems
concern the bending of the plate due to the mount at 45± and the risk of
mechanical resonance, due to the azimuth rotation of the mirror during the
operation. A FEM structural analysis permitted to estimate a maximum
de°ection of 4 mm in the case of cross{shaped apertures and of 3 mm in the
case of rectangular apertures, and to determine the (mechanical) resonance
frequencies of the structure.
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Figure 2.33: Simulation of the dichroic mirror with cross{shaped apertures:
comparison of the cross{polar discrimination (XPD) in the Ka{band, with
the incident angle µ = 37± , 45± , and 53± .
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Figure 2.34: Simulation of the dichroic mirror with rectangular apertures:
comparison of the cross{polar discrimination (XPD) in the Ka{band, with
the incident angle µ = 37± , 45± , and 53± .
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280 GHz Cross{Shaped Band{Pass Filter

A band{pass ¯lter, operating at 280 GHz, consists of a free{standing copper
foil with a thickness of 10 ¹m, perforated periodically with cross{shaped
apertures (see photographs in Fig. 2.21). The structure is intended for
application as input/output ¯lter in quasi{optical frequency multipliers [71].
The ¯lter was fabricated at the University of Erlangen (Germany) by galvanizing growth technique [77], as described in Sect. 2.5. The measurements
were performed at the University of Freiburg (Germany) by the Terahertz
Time{Domain Spectroscopy technique [84], presented in Sect. 2.6. The ¯lter
was excited by a uniform plane wave, incident from the broadside direction
(µ = 0) and linearly polarized along the y direction. The geometrical dimensions of the ¯lter are reported in Fig. 2.35.
As a ¯rst step, the analysis was performed up to 1:6 T Hz by considering the nominal values of the geometrical dimensions, i.e., considering the
sharp corners in the aperture boundary (Fig. 2.35a). The convergence of
the method was achieved with only 26 waveguide modes and 425 Floquet
modes. The overall computing time on a PC Pentium II 200 M Hz was 86
sec for the calculation of the frequency response in 150 frequency points. It
is worthy noting that the calculation of the waveguide mode spectrum (i.e.,
the set of entire domain basis functions) required only 10 sec.



8

8





a

b

Figure 2.35: Geometry of the aperture of the cross{shaped ¯lter: a) the
cross with sharp corners; b) the cross with rounded corners. The dimensions
of the aperture are: L = 570 ¹m, W = 160 ¹m, R = 40 ¹m; the spacing
between the apertures is 810 ¹m.

53

2.7. Experimental and Simulation Results

Fig. 2.36 shows the power transmittance and the phase shift versus the
frequency. The results obtained with the numerical code based on the
MoM/BI{RME method are compared to the measurement data. We observe a good agreement between theory and measurements, except for a
small shift of the resonance frequency, which is 11 GHz (about 4%) lower
than expected.
This frequency shift is due to the unavoidable smoothness of the aperture boundary, resulting from the fabrication process. From the microscope
photographs (see Fig. 2.21), it is possible to deduce that an arc of radius
R = 40 ¹m should be considered instead of the sharp corners.
Hence, the ¯lter was re{analyzed, considering the cross with smoothed
corners (Fig. 2.35b). The number of entire domain basis functions (waveguide modes) as well as of Floquet modes did not change with respect to the
previous simulation and, consequently, the computing time was identical.
However, the resonance frequency of the ¯lter shifted upward, getting closer
to the measured one (Fig. 2.37) and reducing the error to 0.7%. The agreement between the simulations and the experimental data is excellent in the
whole frequency band, both considering the magnitude and the phase.
Incidentally, the ¯lter was also analyzed using a commercial code, called
MAFIA (Maxwell's Finite Integration Algorithm). The analysis was performed in the frequency band 10{600 GHz and the simulation results are
reported in [87]. The computing time was extremely longer than with our
method|approximately two hours on the same workstation|and the agreement between MAFIA simulations and measurement data slightly worse. In
particular, the predicted 3 dB{bandwidth was 37% smaller than the measured one.
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Figure 2.36: Numerical results for the ¯lter considering the aperture shape
with sharp corners (Fig. 2.35a), compared with experimental data. The
transmittance phase is the di®erence between the phase measured with and
without the ¯lter.
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Figure 2.37: Numerical results for the ¯lter considering the aperture shape
with rounded corners (Fig. 2.35b), compared with experimental data.
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THz High{Pass Filters

High{pass ¯lters, operating in the sub{mm wave region, consist of metal
plates perforated with circular holes in an hexagonal array (Fig. 2.23). They
are intended for application as output ¯lters in quasi{optical frequency multipliers, to e®ectively reject lower harmonics.
A number of ¯lters with di®erent cuto® frequency were fabricated by
milling technique (see Sect. 2.5) and measured by the Terahertz Time{
Domain Spectroscopy technique at the University of Freiburg (Germany).
The characteristics of three of these ¯lters are de¯ned in Table 2.3.
The measured and simulated transmittances and phase shifts of D1 and
D2, which di®er only in the thickness of the metal plate, are reported in
Fig. 2.38 and Fig. 2.39. Also in these cases, the numerical results compare
very well with the experimental ones, and the CPU time is very short: 58 sec
both for the analysis of D1 and D2 in 100 frequency points on a PC Pentium
II 200 M Hz. The main di®erence between D1 and D2 is the slope of the
transition between the rejection band and the pass band: as expected the
¯lter D2 (the thicker dichroic) exhibits a faster transition across the cuto®
frequency. This is mainly due to the fact that the longer the waveguide
section the higher the attenuation of the fundamental mode just below its
cuto® frequency and, therefore, the terminal sections of the waveguide of
D2 become rapidly decoupled.
The dichroic D3 (see microscope photograph in Fig. 2.23) is very challenging, particularly for the mechanical structuring, since it is designed for
operating with a cuto® frequency of 1.1 T Hz. Its frequency response, both
measured and calculated, is reported in Fig. 2.40. The CPU time on a PC
Pentium II 200 M Hz is 66 sec for 200 frequency points. The good agreement
between measured data and numerical results points out the e®ectiveness of
the mechanical fabrication by CNC milling as well as the suitability of the
measurement setup up to so high frequencies.
Table 2.3: Characteristics of three dichroic ¯lters fabricated by a CNC
milling machine (see Fig. 2.23).
hole

hole

metal

3 dB cuto®

spacing (s)

diameter (d)

thickness (t)

frequency

D1

970 ¹m

740 ¹m

125 ¹m

228 GHz

D2

970 ¹m

740 ¹m

700 ¹m

242 GHz

D3

226 ¹m

168 ¹m

153 ¹m

1112 GHz
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Figure 2.38: Numerical results for the dichroic ¯lter D1, compared with
experimental data.
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Figure 2.39: Numerical results for the dichroic ¯lter D2, compared with
experimental data.
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Figure 2.40: Numerical results for the dichroic ¯lter D3, compared with
experimental data.
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Conclusions

This Chapter presented an overview of the activity carried out in the analysis
and design of frequency selective surfaces, operating in the microwave and
mm{wave region.
A novel method was developed for the analysis of both thin and thick
metal screens, perforated periodically with arbitrarily shaped apertures.
The method is based on the MoM with entire{domain basis functions, used
in conjunction with the BI{RME method. It was implemented in a fast and
accurate CAD tool. The theoretical basis of the method was outlined and
some validation examples were reported.
The second part of the Chapter described di®erent fabrication technologies (chemical etching, galvanizing growth, mechanical milling machining,
water{jet cutting) and measurements techniques (near{¯eld measurement,
THz Time{Domain Spectroscopy); their suitability at various frequencies is
also discussed.
Some applications and experimental results are reported, ranging from
the Ka{band to the THz region. The Ka{band FSS is to be used in a
beam{waveguide antenna for radio{astronomy applications. The 280 GHz
band{pass ¯lter and the high{pass ¯lters in the THz region are used in
quasi{optical frequency multipliers.

Chapter 3

Modeling of Quasi{Optical
Frequency Multipliers

A quasi{optical frequency multiplier (Fig. 1.2) consists of a large planar antenna array on a dielectric substrate, monolithically integrated with nonlinear devices (Schottky Diodes, Hetero{structure Barrier Varactors, etc.). The
antenna array is embedded in a quasi{optical gaussian system [12, 13, 33],
together with input/output ¯lters and dielectric matching slabs. A system
of mirrors is used to focus the input beam at the fundamental frequency
fIN onto the multiplier chip, and, similarly, to focus the output beam at
the output harmonic fOU T . The use of external ¯lters (FSS, see Chap. 2)
is required for unidirectional operation (Fig. 3.1). The input ¯lter is ideally
transparent at the fundamental frequency fIN , and prevents the propagation of the wave at its harmonics in the backward direction. On the contrary,
the output ¯lter is ideally transparent at the harmonic fOU T and blocks the
propagation of the wave at fIN and at all the other harmonics. Finally,
dielectric matching slabs are used to maximize the power coupling with the
input and output beam.
Many experimental results have been published on quasi{optical frequency multipliers [16, 17, 18]. In fact, a monolithic device which integrates
planar antenna and nonlinear elements is a very attractive solution in the
range of mm and sub{mm waves. Monolithically integrated frequency multipliers are easier to fabricate than waveguide devices and less expensive in
mass production; they are small and light, and therefore they are particularly suitable to space applications. Moreover, they present the advantages
of quasi{optical circuits, such as low losses and great power{handling capability [14], as discussed in Chap. 1
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Figure 3.1: Side view of the multiplier setup, showing the external band{
pass ¯lters and the dielectric matching slabs. Band{pass ¯lters guarantee
unidirectional operation, dielectric slabs maximize the power coupling with
the input and output beams.
The design of quasi{optical frequency multipliers requires the electromagnetic modeling of the structure shown in Fig. 1.2. In fact, the maximum
conversion e±ciency of the multiplier is obtained when the array provides
the nonlinear devices with proper values of impedance at the fundamental frequency as well as at all the harmonic frequencies. Moreover, a good
power coupling of the antenna array with the gaussian system is required,
in such a way as most of the incident power is available at the terminals of
the nonlinear devices. It is worthy observing that the array geometry, as
well as the presence of ¯lters and dielectric slabs, strongly a®ect both the
antenna input impedance and the power coupling. As a consequence, the
design of a quasi{optical frequency multiplier requires an overall analysis of
the whole structure, including the antenna array, the ¯lters, the slabs and
the nonlinear devices integrated on the array.
In this Chapter, two di®erent approaches to the modeling of quasi{
optical frequency multipliers are presented. Sec. 3.1 describes the former
method [71]: the frequency multiplier is modeled under the simplifying approximation of an in¯nite array, excited by a uniform plane wave incident
from the broadside direction. This hypothesis, which results reasonable in
many applications, is widely used [34] and leads to a very e±cient analysis
tool.
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The latter approach [89], described in Sec. 3.2, is more accurate: the
input beam is modeled not as a plane wave, but as a gaussian beam focused
on the multiplier. Therefore, the di®erent power level coupled to each nonlinear elements is accounted for. A signi¯cant improvement in accuracy is
achieved, while keeping a good computation e±ciency.
Both methods lead to a lumped{element equivalent circuit, whose analysis is widely discussed in Chap. 4.
These methods were implemented in computer codes. The former approach was also embedded in a completely automatic optimization routine,
which represents a useful CAD tool for the design of quasi{optical multipliers (Sec. 3.3).
The optimization code was applied to the design of a 100 element frequency tripler, based on HBVs and operating at 430 GHz. The design of
the tripler is reported in Sec. 3.4.

3.1

Analysis of an In¯nite Array Excite by a Uniform Plane Wave

Modeling the electromagnetic properties of quasi{optical components is a
di±cult yet essential task if quasi{optical circuits are to be reliably designed.
In fact, quasi{optical frequency multipliers typically consist of arrays with
one hundred or more elements; moreover, the external ¯lters and the dielectric slabs should be included in the analysis. A direct approach, which
requires the analysis of the whole circuit by the Method of Moments or the
Finite Element Method, is not applicable even for structures of moderate
size.
To make the problem more tractable, the approximation of an in¯nite
array is usually applied ([34], pp. 251{254). Under this hypothesis, the planar array is assumed in¯nite in extent, so that edge e®ects are ignored. The
incident beam is a uniform plane wave, incident from the normal direction
and linearly polarized (TEM wave).

3.1.1

Lumped Element Equivalent Circuit

Under these assumptions, the Floquet theorem applies [76] and the analysis
of the antenna array reduces to the investigation of a single unit cell of the
array (Fig. 3.2).
The unit cell consists of a rectangular waveguide with two electric walls
and two magnetic walls (according to the polarization of the incident electric ¯eld), ¯lled with a layered medium strati¯ed along the axial direction.
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Figure 3.2: Elementary unit cell of the quasi{optical frequency multiplier:
front view and side view.
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Figure 3.3: Lumped{element equivalent circuit, which models the unit cell
of the quasi{optical frequency multiplier.
This strati¯ed medium comprises a thin metal layer perforated with an arbitrarily shaped aperture S and, possibly, a number of dielectric substrates
and superstrates. Moreover, quasi{optical ¯lters (FSSs) can be included:
they are either supposed ideal (total transmission in the pass{band, total
re°ection in the stop{band) or characterized by the method described in
Chap. 2 (under the hypothesis that they are placed far enough from the
array, in such a way as to consider only the fundamental Floquet mode).
The nonlinear device, modeled by a lumped{element circuit, is connected
between terminals A and B.
The unit cell, in turn, can be modeled by the lumped{element circuit
sketched in Fig. 3.3. The antenna is represented by a Thevenin equivalent
circuit, including the open circuit voltage V0 generated by the input power
at the fundamental frequency fIN and the impedance ZL (f ) seen looking
into the terminals A{B in the absence of the incident wave. The diode is
represented by the nonlinear relation i(t) = ZN L (v(t)), which is a functional
expression relating the instantaneous voltage v(t) at the terminals A{B to
the instantaneous current i(t) °owing through the diode.
Therefore, the analysis of the multiplier requires: i) the modeling of the
antenna, i.e., the calculation of V0 and of ZL (f ) at the fundamental frequency and at its harmonics (i.e., for f = f0 ; 2f0 ; : : : ; nf0 ); ii) the electrical
characterization of the nonlinear device; iii) the analysis of the nonlinear
equivalent circuit, shown in Fig. 3.3.
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Figure 3.4: Magnetic current distribution in the waveguide containing a
layered medium, used in the calculation of the voltage V0 .

3.1.2

Modeling of the Antenna Array

The modeling of the antenna requires the calculation of the open circuit
voltage V0 , due to the incident ¯eld at the fundamental frequency fIN , and
of the linear impedance ZL (fn ), seen the the terminals A{B of the nonlinear
device, at all the harmonics of interest.
The antenna parameters are deduced from a full{wave analysis, which is
based on an integral representation of the ¯elds and on the Method of Moments (MoM). By using the equivalence theorem, the aperture S is replaced
by a metal sheet, with two unknown magnetic current distributions on the
opposite faces (Fig. 3.4). These currents, equal in amplitude and opposite in
~ and ¡M
~ ), ensure the continuity of the tangential component
phase (i.e., M
of the electric ¯eld across the aperture.
~ inside
The tangential component of the magnetic ¯eld produced by M
the waveguide is represented by a Green's integral
~ § (x; y; z) = §
H
T

Z

S

$§

~ (x0 ; y0 ) dS 0
GT (x; y; z; x0 ; y0 ; 0) ¢ M

(3.1)

where the sign + or ¡ applies to the regions z > 0 or z < 0, respectively
$§

and GT (x; y; z; x0 ; y 0 ; z 0 ) represents the Green's function of a rectangular
waveguide, with two electric and two magnetic walls, short-circuited in z =
0 and containing a layered medium strati¯ed in the z direction (see, for
instance, [90]). The expression of the Green's function is
GT (x; y; z; x0 ; y 0 ; z 0 ) =

X

~ 0 (x0 ; y0 ) y~0§ (z; z 0 )
~ 0 (x; y) h
h
pq
pq
pq

+

X

~ 00 (x0 ; y0 ) y~00§ (z; z 0 )
~ 00 (x; y) h
h
pq
pq
pq

$§

pq

pq

~ 0 (x0 ; y0 ) y~0§ (z; z 0 )
~ 0 (x; y) h
+ h

(3.2)
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Figure 3.5: De¯nition of the modal input admittance y~pq

~ 00 , and h
~ 0 are the magnetic modal ¯elds of the TM, TE or TEM
~0 , h
where h
pq
pq
modes, respectively, of a rectangular waveguide with two electric and two
magnetic walls, and with dimensions a and b. The analytical expressions
0§ , y
00§ , and y
~pq
~0§
of the modal ¯elds are reported in Table 3.1. Moreover, y~pq
represent the input admittances of the right and the left waveguide, ¯lled
with the layered medium, for TM, TE, and TEM modes (see Fig. 3.5).
It is worthy observing that both dielectric slabs and ¯lters are taken
into account by the Green's function through the admittance y~. The dielectric slabs are described by their physical characteristics (thickness, dielectric
constant and loss tangent), while the ¯lters are described by their transmission/re°ection coe±cients, calculated by the method described in Chap. 2.

Table 3.1: Modal Fields of a Rectangular Waveguide with Two Electric and
Two Magnetic Walls (±p0 = 1 if p = 0, 0 otherwise).
TM
TE
TEM

~ 0 (x; y) =
h
pq
~ 00 (x; y) =
h
pq

r

r

£q

2(2¡±p0 )ab
(pb)2 +(qa)2

2(2¡±p0 )ab
(pb)2 +(qa)2

b

q¼y
cos p¼x
ux +
a cos b ~

£

p
a

q¼y
sin p¼x
uy
a sin b ~

¤

q¼y
q¼y
¡ ap cos p¼x
ux + qb sin p¼x
uy
a cos b ~
a sin b ~

~ 0 (x; y) =
h

q

1
ab

~ux

¤
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Calculation of the Open Circuit Voltage
In order to determine the open circuit voltage V0 due to the input beam at
the fundamental frequency, we observe that no electric current °ows over the
aperture, when the terminals A and B are open. Therefore, the tangential
component of the magnetic ¯eld must be continuous across the aperture S,
thus resulting in
~ ¡ (x; y; 0¡ ) = H
~ + (x; y; 0+ )
~ Tinc (x; y; 0¡ ) + H
H
T
T

in S

(3.3)

~ ¡ are related to the equivalent source M
~ (V ) (i.e., the mag~ + and H
where H
T
T
netic current appearing in the calculation of the voltage, Fig. 3.4) through
~ inc is the (given) incident magnetic ¯eld. Since the incident wave
(3.1) and H
T
~ inc corresponds to the TEM
is approximated as a broadside plane wave, H
T
mode of the rectangular waveguide with two electric walls and two magnetic
walls (see Tab. 3.1)
~ 0 (x; y)
~ Tinc (x; y; 0¡ ) = H 0 h
H

(3.4)

The integral problem resulting from (3.1) and (3.3) is solved by using the
~ (V ) is represented as a
MoM in the Galerkin form. The magnetic current M
combination of roof{top basis functions f~j (see, for instance, [34], pp. 41{42)
~ (V ) (x; y; 0) =
M

X

Xj f~j (x; y)

(3.5)

j

The analytical expressions of the functions f~j are reported in App. B. By applying the Galerkin method, the problem is recast into the following matrix
form
[A][X] = [B]
(3.6)
where
[A]ij =

Z Z

S S
$¡

· $+

f~i (x; y) ¢ GT (x; y; 0+ ; x0 ; y 0 ; 0+ )+

[B]i =

S

0

0

¡

¸

GT (x; y; 0 ; x ; y ; 0 ) ¢ f~j (x; y) dS 0 dS

Z

¡

~ Tinc (x; y; 0¡ ) dS
f~i (x; y) ¢ H

(3.7)
(3.8)

and the unknown vector [X] contains the expansion coe±cients Xj of the
~ (V ) introduced in (3.5).
magnetic current M
It is worthy observing that, by following the same approach as in Chap. 2,
entire domain basis functions could be used in the application of the MoM.
Nevertheless, in this case, the use of roof{top basis functions is not critical, since the apertures have usually a regular shape (mostly rectangular),
and therefore few roof{tops are needed. Moreover, in frequency multiplier
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magnetic wall

magnetic wall

electric wall

A

J
B
electric wall

~ impressed on a narrow strip connectFigure 3.6: Electric current density J,
ing the terminals A and B, used in the calculation of the antenna impedance.
applications, the array is operated out of resonance, in order to provide
the nonlinear device with the proper embedding impedance, so that small
inaccuracies in the aperture shape are less relevant than in the analysis of
FSSs. The use of roof{top basis functions presents an advantage, since integrals appearing in (3.7) and (3.8) can be evaluated analytically, as shown
in App. B.
The solution of (3.6) yields the coe±cients Xj and, therefore, the mag~ (V ) , which allows for calculating the voltage V0 benetic current density M
tween the terminals A and B by the well{known relation
V0 =

Z

A
B

~ ¢ d~` =
E

Z

A
B

~ (V ) £ ~uz ¢ d~`
M

(3.9)

Calculation of the Antenna Impedance
To calculate the antenna impedance ZL (fn ), we impress a uniform electric
current density J~ on a narrow strip, connecting the terminals A and B, in
the absence of the incident wave (Fig. 3.6)
~ y; 0) =
J(x;

(

J0 ~uy

on the strip

0

otherwise.

(3.10)

Due to this electric current, the tangential component of the magnetic ¯eld
is discontinuous across the aperture and its discontinuity is given by
~ ¡ (x; y; 0¡ ) = J(x;
~ y; 0) £ ~uz
~ + (x; y; 0+ ) ¡ H
H
T
T

in S

(3.11)

~ ¡ are related
~ + and H
where J~ is the impressed electric current density and H
T
T
~ (Z) (i.e., the magnetic current appearing in the
to the equivalent source M
calculation of the impedance, Fig. 3.7) through (3.1).

Chapter 3. Modeling of Quasi{Optical Frequency Multipliers

J

A
M

70

9@:

-M 9@:
B

"

z

Figure 3.7: Magnetic current distribution in the waveguide containing a
layered medium, used in the calculation of the impedance ZL .
By introducing (3.1) into (3.11), and expanding the magnetic current
(Z)
~
on the same set of roof{top basis functions f~j used in (3.5)
M
~ (Z) (x; y; 0) =
M

X

Yj f~j (x; y)

(3.12)

j

we obtain
[A][Y ] = [C]

(3.13)

where [A] is de¯ned in (3.7), the unknown vector [Y ] contains the expansion
coe±cients Yj , and [C] is given by
[C]i =

Z

S

~ y; 0) £ ~uz dS
f~i (x; y) ¢ J(x;

(3.14)

Same as in (3.7) and (3.8), also integrals in (3.14) can be evaluated analytically, as shown in App. B.
The solution of (3.13) yields the coe±cients Yj and, therefore, the mag~ The
~ (Z) due to the impressed current density J.
netic current density M
(Z)
~
allows for determining the impedance ZL , by means of
knowledge of M
the following variational expression (see, for instance, [91], p. 348)
³R
A

ZL = R

B

S

´2

~ ¢ d~`
E

~ ¢ J~ dS
E

³R

= R

A ~ (Z)
B M

S

´2

£ ~uz ¢ d~`

~ (Z) £ ~uz ¢ J~ dS
M

(3.15)

This procedure for the calculation of ZL must be repeated at all the frequencies fn of interest. In such a way, all the quantities describing the linear part
of the circuit in Fig. 3.3 are determined.
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Modeling of the Nonlinear Devices

For multiplier applications, the most suitable nonlinear devices are Schottky
Diodes and Hetero{structure Barrier Varactors.
Schottky Diode is the most common nonlinear element used in frequency
multipliers operating in the mm and sub{mm wave range [18, 92, 93, 94, 95,
96].
A widely used equivalent circuit of a Schottky varactor (Fig. 3.8) includes
a series resistance RS and a junction capacitance Cj (v), in parallel with a
nonlinear conductance gj (v) (where v is the voltage across the junction).
The expression of the nonlinear capacitance is
Cj (v) =

C0
(1 ¡ v=Ábi )°

(3.16)

where C0 is the zero{bias capacitance, Ábi is the built{in potential, and ° is
a parameter related to the doping pro¯le. The expression of the nonlinear
conductance is
dIj
(3.17)
gj (v) =
dv
³

´

qv

Ij (v) = Isat e ´kT ¡ 1

(3.18)

where Isat is the diode saturation current, q is the charge of an electron, ´
is the ideality factor of the diode, k is the Boltzmann constant, and T is the
diode temperature.
The value of RS and the characteristics Cj = Cj (v) and Ij = Ij (v) can
be either extracted from the measured S{parameters of test structures [17]
or theoretically calculated using analytical models.

A

R

+

CA9v:

v

IA9v:

-

B
Figure 3.8: Lumped element equivalent circuit of a mm{wave nonlinear
device.
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HBVs were introduced by Kollberg and Rydberg in 1989 [97]. They
have been receiving particular attention in the last years for application
in mm{wave frequency multipliers [98, 99, 100, 32]. In fact, because of
their symmetric C(v) characteristic, HBVs suit very well for triplers and
quintupler, since they produce only odd harmonics. Therefore, there is no
need for idler circuits at the intermediate even harmonics. Moreover, HBVs
exhibit the best performance around zero voltage, and therefore no DC bias
circuitry is required.
The equivalent circuit of HBVs is similar to the circuit of Schottky diodes
(Fig. 3.8). Analytical expressions which ¯t very well the measured Cj (v) and
Ij (v) characteristics have been obtained
Cj (v) =

CM AX ¡ CM IN
+ CM IN
cosh(v=VC )

Ij (v) = I0 sinh(v=VI )

(3.19)
(3.20)

where CMAX and CMIN are the maximum capacitance (at v = 0) and the
minimum capacitance (at v > 12 [V ]), respectively; VC , VI , and I0 are
parameters deduced from measurements (the dimension of VC and VI is
Volt, the dimension of I0 is Ampere).
More sophisticated models can be obtained including second order effects, like electron velocity saturation [101] and edge e®ects [120].
Once the lumped{element equivalent circuit of the frequency multiplier
has been determined, another step is required for the determination of the
conversion e±ciency of the structure: a circuit simulator is needed, which
performs the analysis of the nonlinear equivalent circuit. A wider discussion
of the issues connected with the analysis of nonlinear circuits, along with a
novel algorithm we developed, is presented in Chap. 4.
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Figure 3.9: Planar array excited by a gaussian beam: T represents the
transverse dimension of the planar array, w0 is the waist of the beam.

3.2

Analysis of an Array Excited by a Gaussian
Beam

The algorithm presented in Sec. 3.1 is very e±cient from a computational
point of view, since the analysis of the whole system reduces to the investigation of a single unit cell of an in¯nite array, thus reducing dramatically
the computational dimension of the electromagnetic problem.
Nevertheless, some drawbacks are encountered, which can reduce the
accuracy of the analysis. In fact, under the assumption of an in¯nite array
excited by a uniform plane wave, only a coarse estimation can be obtained of
the power coupling between the antenna array and the quasi{optical system
(typically a gaussian system). Moreover, since all the array elements are
excited by the same power level, the nonlinear devices are fed by an identical
power. It results that a small error in the calculation of the feeding power
gives rise to a signi¯cant inaccuracy in the estimation of the performance
of the nonlinear system (for instance, the power conversion e±ciency in the
case of a frequency multiplier).
In order to overcome these drawbacks, this Section presents a novel approach for the accurate electromagnetic modeling of the linear part of quasi{
optical circuits. This approach is based on the hypothesis of a planar array
illuminated by a gaussian beam focused on the plane of the array (Fig. 3.9).
The dimension of the array is assumed to be su±ciently larger than the waist
of the gaussian beam (T > 4 ¥ 5w0 ), in such a way as to neglect the illumination at the array edges. This hypothesis well represents a typical setup
of quasi{optical structures, where the ¯eld radiated by a horn is focused on
the array by a system of mirrors [18].
For sake of simplicity, the theory presented in this Section is limited to
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Figure 3.10: Multi{port equivalent circuit of the quasi{optical system.
circuits, which comprise two{terminal devices (e.g., Schottky Diodes, HBVs,
Gunn diodes), thus allowing for the analysis of frequency multipliers, mixers,
and oscillators. The extension to three{terminal devices (e.g. MESFET,
HEMTs) can be derived along the lines of the theory presented here.

3.2.1

Multiport Equivalent Circuit

In this approach, the linear sub{circuit is modeled through a Thevenin{
like multi{port equivalent circuit (Fig. 3.10). The voltages v1 , v2 , . . . , vN
represent the voltages induced by the gaussian beam across the terminals
of the nonlinear devices (in the absence of these devices), and [Z] is the
impedance matrix of the planar array, as seen from the said terminals.
The calculation of both the voltages v1 , v2 , . . . , vN , and the impedance
matrix [Z] could be performed considering the entire array. In this case, the
numerical solution of the electromagnetic problem is typically very cumbersome. Even the use of commercial software may result not satisfactory,
due to the long computation time and, consequently, to a time{consuming
optimization process.
The novelty of our approach is that, by applying the superposition of
the e®ects, the solution of the electromagnetic problem is reduced (without
loss in accuracy) to the solution of a number of simpler problems, based on
the investigation of the unit cell of an in¯nite array.
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Calculation of the Open Circuit Voltages

Gaussian Beam Excitation
For the calculation of the voltages vn induced at the antenna terminals, we
consider an input beam with a gaussian transverse distribution on the plane
of the array (Fig. 3.9)
2 +y2
w2
0

¡x

~ inc (x; y; 0) = A e
E

(3.21)

~uy

where A is the amplitude of the incident gaussian ¯eld.
Even if the array has a ¯nite transverse dimension T (Fig. 3.9), the
incident ¯eld e®ectively illuminates only the central portion of the array: as
a consequence, from an engineering point of view, the edge e®ects can be
neglected and the array can be considered in¯nite.
Since the gaussian beam is practically con¯ned to a ¯nite region of space,
and its spectral components are also limited, it is possible to express the
gaussian beam as a combination of propagating plane waves. Therefore, the
gaussian beam can be regarded as the superposition of a continuous spectrum of uniform plane waves incident from all directions. In the region of
interest, the continuous spectrum can be approximated by a discrete one,
consisting of waves propagating along closely spaced directions. The hypotheses underlying this approximation as well as the requirements of its
application are detailed in [102, 103]: the basis concept is that a pseudo{
periodic excitation is obtained, by combining the actual beam with its spatially shifted replicas (Fig. 3.11). The pseudo{periodic excitation can be
represented as a discrete spectrum of plane wave, and nothing changes in
the region of interest, if the replicas are spaced enough.
Therefore, the incident electric ¯eld can be expressed as
~ inc (x; y; z) =
E

N
X

mn
~ inc
E
(x; y; z)

N
X

F~ mn e¡j(kxmn x+kymn y) e¡j¡mn z

m;n=¡N

=

(3.22)

m;n=¡N

where
A¼w02 ¡w2 (kx2 +ky2 )=4
e 0 mn mn
T2
2¼
m = k0 sin µ cos Á
=
T
2¼
n = k0 sin µ sin Á
=
T
q

F~ mn =
kxmn
kymn

¡mn =

k02 ¡ (ky2mn + ky2mn )

µ

ky
~uy + mn ~uz
¡mn

¶

(3.23)
(3.24)
(3.25)
(3.26)
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Figure 3.11: Pseudo{periodic excitation of the array, obtained by combining
the actual beam with its spatially shifted replicas.
Moreover, k0 is the wave{number at the operation frequency, and a and
b are the x{ and y{spacing between the array elements. From (3.24) and
(3.25), the direction of incidence (µmn ; Ámn ) of the (m; n){th plane wave can
be derived.
Expression of the Voltages
~ inc as a superposition of plane
By expressing the incident gaussian beam E
mn
~ , a non{periodic excitation (the gaussian beam) of a periodic
waves E
inc
array was transformed into the summation of periodic excitations (the plane
waves). Under these assumptions, the calculation of the voltage v®¯ induced
by the incident gaussian beam across the terminals of a generic array element
in the cell (®; ¯) (see Fig. 3.12) reduces to the calculation of the partial
mn induced on the same element by the (m; n){th plane wave in
voltage v®¯
(3.22)
v®¯ =

N
X

mn
v®¯

(3.27)

m;n=¡N

It is worthy observing that the voltages induced by the (m; n){th plane wave
on all the array elements have the same amplitude and a di®erent phase,
which depends on the position of the element and on the angle of incidence
mn due to the (m; n){th plane
of the plane wave. Therefore, the voltage v®¯
wave across the terminals of the generic element (®; ¯) can be expressed as
a function of the voltage induced by the (m; n){th plane wave on an array
element taken as a reference (say, the element (0; 0), see Fig. 3.12)
mn
mn ¡j(®akxmn +¯bkymn )
= v00
e
v®¯

(3.28)
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Figure 3.12: Front view of a planar array of arbitrarily shaped apertures.
By using (3.27) and (3.28), it results
v®¯ =

N
X

mn ¡j(®akxmn +¯bkymn )
v00
e

(3.29)

m;n=¡N

In such a way, the computational e®ort translates into the evaluation of the
mn , induced by (m; n){th plane wave at the terminals of the array
voltage v00
element (0; 0), taken as a reference. This calculation has to be repeated for
all plane waves.
Analysis of the Unit Cell
mn induced by a plane wave at the terminals
The calculation of the voltage v00
of the array element (0; 0) is performed by considering a single unit cell of
the in¯nite array. Due to the Floquet theorem [76], the elementary cell of
the array can be viewed as a rectangular volume with periodic boundary
conditions, similar to a rectangular waveguide (Fig. 3.13). The waveguide
includes a thin metal screen with an arbitrarily shaped aperture, and (possibly) a layered medium strati¯ed along with the z direction. The layered
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Figure 3.13: Elementary cell of the array used in the calculation of the open
circuit voltage.
medium inside the waveguide accounts for the presence of the band{pass
¯lters and of the dielectric slabs.
mn , we apply the equivalence theorem:
For the calculation of the voltage v00
the aperture S is replaced by a conductive screen and two magnetic current
~ (V ) are de¯ned over the two sides of the screen
~ (V ) and ¡M
densities M
(Fig. 3.4).
In such a way, the problem is divided in two parts, one concerning the
half{space z < 0, the other the half{space z > 0. Because of the choice
of the magnetic currents, the continuity of the tangential component of the
electric ¯eld is automatically guaranteed. The continuity of the tangential
component of the magnetic ¯eld across the aperture S is enforced by the
following relationship
~ ¡ (x; y; 0¡ ) = H
~ + (x; y; 0+ )
~ mn (x; y; 0¡ ) + H
H
inc(T )
T
T

in S

(3.30)

~ mn
where H
inc(T ) is the tangential component of the magnetic ¯eld of the
(m; n){th incident plane wave, and HT¡ and HT+ are the tangential com~ (V ) in
ponents of the magnetic ¯elds scattered by the unknown current M
the regions z < 0 and z > 0, respectively.
~ mn can be expressed as a combination of the modes
The incident ¯eld H
inc(T )
of the rectangular waveguide with periodic boundary conditions (i.e., Floquet modes, see [76]). More in details, we have
~ mn
H
inc(T )

=

(

0 H
~0 ;
I01
01

if m = n = 0

0 H
~ 0 + I 00 H
~ 00
I00
00
00 00 ; otherwise

(3.31)

~0 , H
~ 0 , and H
~ 00 are the magnetic modal ¯elds of the TEM, TM and
where H
01
00
00
TE modes (see Table 2.1) with the proper boundary condition (determined
0 , I 0 , and I 00 are modal amplitudes, and represent
by the plane wave); I01
00
00
the expansion coe±cients of the (m; n){th plane wave on the modal ¯elds.
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The magnetic ¯elds HT¡ and HT+ are represented by the following Green's
integral
Z $§
§
~ (V ) dS 0
~
(3.32)
H (x; y; z) = § GT (x; y; z; x0 ; y 0 ; 0) ¢ M
T

S

where the sign + or ¡ applies to the regions z > 0 or z < 0, respectively and
$

G represents the Green's function of a waveguide with periodic boundary
conditions and containing a layered medium. The complete eigenfunction
expansion of the Green's functions is given in [104].
In our approach, we are interested only in the transverse components
$§

GT of the dyadic Green's function
GT (x; y; z; x0 ; y 0 ; z 0 ) =

X
pq

0
0¤
0§
~ pq
~ pq
(x; y) H
(x0 ; y0 )Ypq
(z; z 0 )
H

+

X
pq

00
00¤ 0 0
00§
~ pq
~ pq
H
(x; y) H
(x ; y )Ypq
(z; z 0 )

$§

0§
0
0¤ 0 0
~ 10
~ 10
+ H
(x; y) H
(x ; y )Y10
(z; z 0 )

(3.33)

0 , H
00 , and H
~ pq
~ pq
~ 0 are the magnetic modal ¯elds of TM, TE, and
where H
10
TEM Floquet modes, respectively, of the periodically bounded waveguide
0§ , Y 0§ , and Y 0§ are related to the transmission
(Table 2.1). Moreover, Ypq
pq
pq
matrix of the layered medium for TM, TE, and TEM Floquet modes, respectively.
The integral problem resulting from (3.30) is solved using the MoM,
following the same approach as in Sect. 3.1.

This procedure must be repeated for all the plane waves used in the exmn has been
pansion of the incident ¯eld in (3.22). Once the partial voltage v00
calculated for all plane waves, the voltage across the terminals of any array
element can be determined through (3.27), with no additional computing
e®ort.

3.2.3

Calculation of the Impedance Matrix

Expression of Currents and Voltages
The method applied to the calculation of the impedance matrix is similar
to the one previously presented for the evaluation of the voltages.
The generic element of the impedance matrix is de¯ned as
Z®¯;»³

¯

v®¯ ¯¯
=
¯
i»³ ¯i

º¿ =0

(3.34)
8º¿ 6
=»³

where i»³ is the test current applied to the terminals of the (»³){th element
of the array|being all the other elements open circuited|and v®¯ is the
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Figure 3.14: The calculation of the impedance matrix requires the determination of the voltage v®¯ due to the current i»³ .
voltage induced by the same current on the (®¯){th element (Fig. 3.14).
The test current i»³ is de¯ned on a narrow strip, connecting the terminals
A{B.
We observe that the current impressed on (»; ³){th element causes a
signi¯cant voltage in a reasonably small region around the (»; ³){th element.
In the region of interest, it is possible to represent the ¯lament of current
on a single cell as a summation of a ¯nite number of periodic excitations
i»³ (x; y) =

N
X

imn
»³ (x; y) =

m;n=¡N

N
X

¡j(kxmn x+kymn y)
Gmn
»³ e

(3.35)

m;n=¡N

Each partial current imn
»³ is de¯ned on all the elements of the array and represents a periodic excitation of a periodic structure. Therefore, by applying
mn due to
the Floquet theorem [76], we deduce that the partial voltages v®¯
imn
»³ are periodic functions.
As in (3.27), the total voltage v®¯ across the terminals A{B of the (®; ¯){
th element can be obtained by the superposition of the e®ects
v®¯ =

N
X

mn
v®¯

(3.36)

m;n=¡N
mn can be expressed as a function of the
Moreover, the partial voltage v®¯
(m; n){th partial voltage across the terminal of the (»; ³){th element
mn
mn ¡j[(®¡»)akxmn +(¯¡³)bkymn ]
= v»³
e
v®¯

(3.37)

thus reducing the aim of the work to the determination of the partial voltage
mn due to the partial current imn , for all (m; n) contributions.
v»³
»³
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mn

Jxz

aperture S
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z

"
periodic boundary conditions

metal screen

Figure 3.15: Elementary cell of the array used in the calculation of the
impedance matrix.
Analysis of the Unit Cell
The analysis of the (»; ³){th unit cell of the array (Fig. 3.15) is based on the
approach already used in Sec. 3.1.
By applying the equivalence theorem, two magnetic current densities
~ (Z) are de¯ned (Fig. 3.7). In this case, the integral equation
~ (Z) and ¡M
M
to be solved is
mn
~ ¡ (x; y; 0¡ ) = J~»³
~ + (x; y; 0+ ) ¡ H
(x; y; 0) £ ~uz
H
T
T

in S

(3.38)

~ ¡ are given by a Green's integral
~ + and H
where H
T
T
~ § (x; y; z) = §
H
T

Z

S

$§

~ (Z) dS 0
GT (x; y; z; x0 ; y 0 ; 0) ¢ M

(3.39)

mn is the elecwhose kernel is the Green's function de¯ned in (3.33), and J~»³
tric current density on a narrow strip connecting the terminals A and B,
corresponding to the applied electric current imn
»³ .
The solution of (3.38) is based on the MoM in the Galerkin form, along
the lines of the theory used in Sec. 3.1.

It is worthy remarking that the method presented in this Section is rigorous and reasonably fast. In fact, both the di®erent power level coupled
to each nonlinear device and the mutual coupling between the array elements are accurately accounted for. Moreover, a good computing e±ciency
is maintained, since the analysis of the ¯nite array with non{uniform excitation is reduced to a number of \small" analyses, which are performed
under the in¯nite array approximation and, therefore, in a computationally
e±cient way.
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Automatic Optimization of Quasi{Optical Multipliers

On the basis of the analysis method presented in the Sec. 3.1, a specialized
computed code has been developed, for the analysis and the optimization of
quasi{optical frequency multipliers (Fig. 3.16).
The input data for the optimization routine are the available power per
unit cell at fIN , the antenna geometry and the layered structure, together
with the characteristics of the nonlinear devices.
The core of the algorithm is sketched in the shaded box of Fig. 3.16: for a
tentative antenna structure and input power, the electromagnetic modeling
is performed, in order to calculate the open{circuit voltage V0 by using (3.9)
and the impedances ZL (fn ) by using (3.15).
The knowledge of V0 , ZL (fn ) and the device characteristics provide all
the data required for the equivalent circuit modeling (Fig. 3.3).
The currents i(fn ) °owing through the nonlinear device at all the harmonics of interest is found by the nonlinear circuit simulator. The knowledge
of the current i(fOU T ) feeding the antenna at fOU T allows to calculate the
output power per cell POU T , thus leading to the calculation of the overall
e±ciency of the multiplier.
The analysis algorithm is embedded in an optimization routine, which is
able to adjust the antenna geometry, the position and characteristics of the
layers (layer thickness, dielectric constant, etc.), in order to maximize the
multiplier e±ciency.
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Figure 3.16: Block diagram of the computer code for the analysis and the
optimization of the multiplier.
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Figure 3.17: Structure of the HBV fabricated at the University of Darmstadt.

3.4

Design of a 100 Element 430 GHz Frequency
Tripler

The optimization code described in Sect. 3.3 was used for the design of a
quasi{optical frequency tripler, based on HBVs, operating at 430:5 GHz [32].
This Section presents the characterization and the analysis of the nonlinear device, based on the measurement of the scattering parameters of a
test structure. The design of the antenna array is then addressed, along
with the optimization of the embedding quasi{optical system, consisting of
¯lters and dielectric matching slabs.

3.4.1

Device Characterization and Analysis

Al0:7 Ga0:3 As/GaAs HBVs were fabricated and tested at the University of
Darmstadt (Germany) [105]. The layered wafer structure is shown in Fig. 3.17:
a total of four barriers were used in the device (see the SEM photograph in
Fig. 3.18). The diameter of the structure amounted to approx. 15 ¹m.
The device characteristics were measured, by using the test structure
shown in Fig. 3.19. The quasi{static Cj (v) and Ij (v) curves, reported in
Fig. 3.20, were obtained by ¯tting the measurement data. A series resistance
RS = 5 − was also measured.
The HBV behavior was deeply investigated, for the operation in the frequency tripler at 430:5 GHz. In the simulations, the equivalent circuit of
Fig. 3.3 was used, where fIN = 143:5 GHz represents the fundamental frequency. The device conversion e±ciency was calculated, versus the available
pump power PIN and versus the linear impedance ZL (fn ).
As expected, the ¯rst result was that the value of PIN has a strong
impact on the maximum conversion e±ciency (i.e., the conversion e±ciency
obtained with the optimal embedding impedance ZL at all the harmonic
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Figure 3.18:
SEM photograph of the single{column four{barrier
Al0:7 Ga0:3 As/GaAs HBV. The mesa at the bottom, the four{barrier pillar and the air{bridge at the top can be recognized (courtesy of Darmstadt
University of Technology, Germany).

Figure 3.19:
SEM photograph of the test structure for the
Al0:7 Ga0:3 As/GaAs HBVs (courtesy of Darmstadt University of Technology, Germany).
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Figure 3.20: Cj (v) and Ij (v) characteristics of the HBV, deduced from the
measurements of the scattering parameters.
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frequencies). Fig. 3.21 shows that the device conversion e±ciency is quite
poor at low pump power levels. Furthermore, di®erent impedance values are
required, in order to maximize the conversion e±ciency at di®erent pump
power levels (Fig. 3.22).
If the embedding impedance is not the required one, the performance of
the device deteriorates. Fig. 3.23 shows how the conversion e±ciency of the
multiplier changes, if a components of the impedance (resistance or reactance
at fIN , resistance or reactance at fOU T ) moves from its optimal value. With
a pump power PIN = 50 mW , the optimal embedding impedance ZL is
ZL (143:5 GHz)

=

(7:03 + j33:82) −

ZL (430:5 GHz)

=

(10:10 + j14:46) −

ZL (717:5 GHz)

=

(0:32 ¡ j12:61) −

(3.40)

and the maximum conversion e±ciency of the HBV is 18%. In the simulation
reported in Fig. 3.23, all the components of the impedance but one are kept
at the optimal value, shown in (3.40). The one which changes determines
the deterioration of the conversion e±ciency.
We found that the impedance ZL at the fundamental frequency is the
most critical, while the e±ciency has a minor sensitivity versus the impedance
at the output harmonic. We experienced that the impedance at higher harmonics has a negligible e®ect on the e±ciency up to large power levels.
These considerations led to the conclusion that the embedding circuit
(i.e., the antenna array and the quasi{optical system) should be designed,
carefully considering the total available pump power of the source PT OT
and the number of elements in the antenna array. In other words, since we
consider the approximation of the in¯nite array, the estimation of the available power per unit cell PIN is required. On the other hand, the number
of elements of the array should be large enough to allow for a good power
coupling with the quasi{optical gaussian beam and, at the same time, su±ciently limited to ensure an adequate power level to each nonlinear device.
These constrains determine the array size, and consequently the available
PIN , once the total power PT OT is ¯xed.
In our design, the source at 143:5 GHz was a BWO, providing the system
with about PT OT = 400 mW . We estimated that the most suitable number
of elements of the array was 100. As a consequence, the (average) available
power per unit cell was assessed PIN = 4 mW , at the best (i.e., if there is
no loss in the power coupling between the gaussian beam and the antenna
array).
With this power level, the maximum conversion e±ciency which can be
achieved is approx. 0:1% and the required impedance is
ZL (143:5 GHz)

=

(5:0 + j21:7) −

ZL (430:5 GHz)

=

(5:0 + j7:4) −:

(3.41)
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Figure 3.21: Optimal conversion e±ciency and output power of the HBV
versus pump power PIN at the fundamental frequency (fIN = 143:5 GHz).
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Figure 3.22: Optimal embedding impedance ZL of the HBV versus PIN at
fIN and at 3fIN .
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Figure 3.23: Sensitivity of the conversion e±ciency to the embedding
impedance ZL at fIN and at 3fIN , with a input power level PIN = 50 mW .
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Antenna Design

The design of the antenna array and of its embedding system aims at providing the nonlinear device with the required embedding impedance at all
the harmonic frequencies.
In our design, the antenna consisted in a 10 £ 10 slot array on a GaAs
substrate (²r = 12:9, tan ±E = 0:002). We used a t2 = 144 ¹m thick
substrate. The chosen thickness was a compromise between the electrical
requirements (thin substrates are more e®ective against the substrate wave
propagation) and the manufacturing issues (substrates thinner than 100 ¹m
are extremely fragile).
The optimal dimension of the slot antenna resulted 175 £ 20 ¹m2 , while
the array element spacing was 300 ¹m in both x{ and y{direction. The
tripler chip was fabricated at the University of Darmstadt (Fig. 3.24).
The complete measurement setup is sketched in Fig. 3.25. From the
simulations resulted that the input matching structure should consist of two
alumina slabs, with a relative dielectric permittivity ²r = 9 and a thickness
t1 = 170 ¹m; the optimal simulated spacing was d1 = 5:54 mm. Similarly,
the output matching structure consists of two alumina slabs, with a thickness
t3 = 56:7 ¹m, with a spacing of d6 = 4:94 mm.
For the input and output ¯lters (band{pass at 143:5 GHz and 430:5 GHz,
respectively), free{standing metal screens, perforated with cross{shaped holes,
were fabricated and measured at the University of Erlangen (Germany)
(Fig. 3.26). Their behaviour at the operation frequency can be approximated as the one of ideal ¯lters.
With the layer spacing reported in the caption of Fig. 3.25, we obtained
the following impedance ZL :
ZL (143:5 GHz)

=

(4:7 + j27:0) −

ZL (430:5 GHz)

=

(5:3 + j6:5) −:

(3.42)

These values are very close to the optimal ones, reported in (3.41). By
using these impedance values, the estimated e±ciency closely approached
the maximum theoretical e±ciency of the HBV (approx. 0:1%, with the
given power level).
When performing the optimization process, we found that the most important parameters that must be controlled to maximize the e±ciency were
the positions of the input matching layers and of the output ¯lter.
The measurement of the frequency multiplier performance was very critical, due to the low output power.
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Figure 3.24: Microscope photographs of the 10 £ 10 slot array (courtesy of
Darmstadt University of Technology, Germany).
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Figure 3.25: Optimized setup for the multiplier embedding system. Dimensions: d1 = 5:54 mm, d2 = 4:56 mm, d3 = 4:87 mm, d4 = 5:84 mm,
d5 = 4:39 mm, d6 = 4:94 mm, t1 = 170 ¹m, t2 = 144 ¹m, t3 = 56:7 ¹m.
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Figure 3.26: Measured transmittance of the quasi{optical band{pass ¯lter
at 143:5 GHz, fabricated and measured at the University of Erlangen.
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Possible Design Improvements

The main factor which limits the conversion performance of the presented
HBV frequency tripler is the low power PIN available at the terminals of
each nonlinear device.
In order to overcome this drawback, the obvious solution could be the
use of a more powerful source. Such a solution, nevertheless, leads to cumbersome feeding systems (e.g., free{electron lasers or gyrotrons), which are
not suitable to space{borne applications.
An other possibility is represented by the integration of nonlinear devices,
which exhibit a satisfactory conversion e±ciency even at low power level. In
fact, it is interesting to observe that di®erent devices, with the same cuto®
frequency (de¯ned like in [106]) but with di®erent Cj (v) characteristic, may
have very di®erent conversion e±ciency at low power levels.
A comparison of the conversion performance of three di®erent HBVs,
to be used in a frequency tripler at 430:5 GHz, is presented here. The
device named HBV#1 is the one fabricated at the Darmstadt University of
Technology, and previously discussed. The characteristics of HBV#2 and
HBV#3 are derived from theoretical considerations, by reducing the area
of the devices (Tab. 3.2). In a ¯rst{order approximation, a reduction of
the device area leads to a proportional decrease of the junction capacitance
Cj (v) and a corresponding increase of the series resistance RS (Fig. 3.27).
Fig. 3.28 shows the maximum conversion e±ciency for the three HBVs
versus PIN . It is apparent that reduced area devices are to be used when
PIN is small. Unfortunately, up to now, technological limitations prevented
us from fabricating, in a reliable and repetitive way, four{barrier HBVs with
diameter smaller than 10 ¹m.

Table 3.2: Comparison of the characteristics and conversion performance of
three di®erent HBVs, to be used in a frequency tripler at 430:5 GHz (pump
power PIN = 4 mW ).
diameter

RS

Cj (0)

e±ciency

HBV#1

15 ¹m

5−

53:0 f F

¡30:4 dB

HBV#2

10:6 ¹m

10 −

26:5 f F

¡23:8 dB

HBV#3

8 ¹m

17:6 −

15:0 f F

¡18:0 dB
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Figure 3.27: Capacitance vs. voltage characteristic of di®erent HBVs.
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Figure 3.28: Maximum conversion e±ciency vs. PIN for di®erent HBVs.
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3.5

3.5. Conclusions

Conclusions

This Chapter presented a method for the electromagnetic analysis of quasi{
optical frequency multipliers, consisting of a planar array of aperture slots
on a dielectric substrate, monolithically integrated with nonlinear devices.
Two di®erent approaches were followed for the analysis of quasi{optical
multipliers and were reported in this Chapter.
The former is based on the approximation of an in¯nite array illuminated
by a uniform plane wave incident from the broadside direction. It leads to
a very e±cient code, able to analyze the multiplier embedded in a quasi{
optical system in tens of seconds. Due to this peculiarity, this code was
embedded in an optimization routine, for the automatic design of frequency
multipliers.
The latter approach is based on a more accurate representation of the
incident ¯eld, which is approximated as a gaussian beam. In turn, the
gaussian beam can be expressed in the region of interest as a combination
of uniform plane waves incident from di®erent directions. In such a way,
the analysis reduces to a small number of analyses under the in¯nite array
approximation, and it is much more convenient than the analysis of the
structure as a whole.
In the last part of this Chapter, the design of 100 element frequency
tripler was reported. The tripler is based on AlGaAs/GaAs Hetero{structure
Barrier Varactors, and was intended for operation at 430.5 GHz. The characterization and optimization of the nonlinear element, as well as the design
of the antenna array was discussed.
With regards to the design of quasi{optical frequency multipliers, some
problems are still open, connected with the need of pump power of the nonlinear devices. In fact, an e®ective power combining requires a large number
of nonlinear elements. At the same time, using many devices means to divide
the total pump power among all of them, and the pump power per element
could be too small for obtaining high conversion e±ciency. The possible
solutions are: the use of more powerful and compact sources (i.e., avoiding
cumbersome system like Free{Electron Lasers or Gyrotrons, which are not
suitable to space applications); the optimization of the device structure and
the reduction in size (within the limit of the available technology).
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Chapter 4

Mm{wave Nonlinear Circuits

Frequency multipliers operating in the mm and sub{mm wave range, as
widely discussed in Chap. 3, can be modeled as the combination of a linear and a nonlinear sub{circuit (Fig. 4.1) [107]. The linear part consists
of a spatially distributed circuit and requires an electromagnetic analysis,
which allows for ¯nding the equivalent Thevenin model. The nonlinear part
comprises the active components, and requires the electrical characterization of the nonlinear devices and, possibly, their thermal analysis. Due to
their small dimensions, the nonlinear devices can be modeled by a lumped{
element circuit. This leads to a lumped{element modeling of the frequency
multiplier (Fig. 4.2).
Once the lumped{element model of the frequency multiplier has been
determined, the major problem concerns the analysis of the nonlinear circuit:
this analysis should provide the voltages across the nonlinear device and the
current °owing through it at the fundamental frequency and at the ¯rst
upper harmonic frequencies.
The reliability and the rapidity of the circuit simulator are key{points
in the design of mm{wave frequency multipliers.
In fact, the design of e±cient frequency multipliers requires an optimization process and, therefore, a large number of analyses. On the one hand,
the best ¯tting device must be chosen between the available ones, considering the operation frequency and the available pump power level. On the
other hand, the maximum conversion e±ciency must be achieved, by properly adjusting the embedding impedance ZL at the fundamental frequency
as well as at the ¯rst upper harmonics.
Moreover, when the code for the analysis of frequency multipliers is embedded in a fully automatic optimization routine, no human intervention
is possible. In these cases, the reliability of the circuit simulator is mandatory: in fact, a few failures of the circuit simulator could dramatically reduce
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the e®ectiveness of the design process. Nonetheless, the computing time required for each single analysis should be reasonably short, in order to obtain
a practical design tool.
Many methods for the analysis of nonlinear circuits in the microwave and
mm{wave range have been developed in the last decades (see [108] and [109]
for references). Most of these methods are based on the Harmonic Balance
(HB) technique [110, 111, 112], which is brie°y addressed in Sec. 4.1. These
methods lead to circuit simulators, which are very e±cient, but require the
tuning of a number of parameters for each speci¯c nonlinear device, or even
when varying the characteristics of the embedding (linear) circuit. In these
cases, some kind of human intervention is required, and these simulators can
hardly be used in a fully automatic optimization tool.
Recently, a genetic approach to the analysis of nonlinear circuits was
proposed [113]. The application of the genetic algorithm (GA) to the circuit
analysis sounds very interesting, since this algorithm is stable, is not device{
dependent and no \a{priori" information or initial guess are required. The
only drawback intrinsic in the nature of the GA is that the convergence rate
becomes slow when approaching the target, as we will show through some
examples in Sec. 4.2.
A novel method for the analysis of nonlinear circuits, derived from
the modeling of mm{wave frequency multipliers, was recently proposed
[114, 115]. It is based on a hybrid approach, which combines the standard HB technique with the GA. This method takes advantage from both
the reliability of the evolutionary approach and the rapidity of the HB technique. The basics of the method are described in Sec. 4.3, along with some
application examples.
This GA/HB method has been applied to the analysis and design of a
frequency tripler, operating at 255 GHz [116, 117]. The frequency tripler is
based on Hetero{structure Barrier Varactors (HBVs), fabricated and measured at the Technical University of Darmstadt. The optimization process
of the multiplier and its optimal performance are discussed in Sec. 4.4.
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Harmonic Balance Technique

The HB technique is a well{established iterative method for the analysis of
nonlinear circuits operating in the mm{wave range [108, 109, 110, 111, 112].
This technique is based on the splitting of the circuit into two parts, one
containing the nonlinear elements and the other only linear components,
modeled by a Thevenin equivalent circuit (Fig. 4.3). The analysis of the
linear sub{circuit is performed in the spectral domain, whereas a time{
domain analysis is applied to the nonlinear sub{circuit.
The aim of this analysis is the calculation of the voltage VN across the
terminals of the nonlinear device and of the current IN °owing through the
same device (Fig. 4.3). The source voltage V0 at the fundamental frequency
!0 and the linear impedance ZL are known, as well as the characteristics of
the nonlinear device.
In the HB analysis, a set of tentative voltages VN = (vN;1 ; :; vN;P ) at P
harmonic frequencies (!0 ; 2!0 ; : : : ; P !0 ) is arbitrarily chosen and applied to
the terminals A{B of the nonlinear sub{circuit. By using a time{domain
analysis and the Fourier transform, the set of currents IN = (iN;1 ; :::; iN;P )
entering the nonlinear sub{circuit is determined. The same current set
(apart from the sign) IL = ¡IN is applied to the linear sub{circuit, and
the set of voltages VL = (vL;1 ; :; vL;P ) is determined (through a spectral domain analysis). This set of voltages VL is compared with the set of tentative
voltages VN , and a residual error E is calculated as the Euclidean distance
between VL and VN
jVN ¡ VL j
(4.1)
E=
jVN j

Z
+

I

I
+

V"

V

V

Z


linear subcircuit



nonlinear
subcircuit

Figure 4.3: Simpli¯ed schematic of a mm{wave nonlinear circuit. ZN L represents the impedance of the nonlinear device.
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If the error E is larger than a prescribed value EM AX , the iteration proceeds with the estimation of a new VN , which is obtained as a weighted
summation of VL and the old VN .
VNnew = pVL + (1 ¡ p)VN

(4.2)

This weight p, called \convergence parameter," determines the convergence
rate and must be properly chosen.
The HB technique typically permits to obtain a rapidly converging algorithm, but presents some drawbacks: an initial guess of the voltage VN
is required, and the criterion for the choice of the convergence parameter
p is not easy. Moreover, the optimal convergence parameter is typically
device{dependent and the convergence often depends on the initial guess.
These drawbacks reduce the e®ectiveness of this method, especially when
the analysis code is embedded in an automatic routine for the optimization
of nonlinear circuits. In this case, the aim of the design is the determination
of the most suitable nonlinear device, for given operation frequency and
pump power level. Therefore, di®erent devices are considered, with di®erent
embedding impedance ZL . Since no human intervention is possible, the
analysis code must be reliable, so that the solution is found in any operation
condition.

4.2

Genetic Algorithm Approach

Recently, the use of the GA was proposed for the analysis of nonlinear circuits [113]. The application of the GA to the circuit analysis is conceptually
relevant, since this algorithm results very stable, is not device{dependent
and no initial guess must be provided.
In the GA [118], the basics of the human evolution are applied: the possible solutions of the problem are coded as chromosomes, and are subject to
an evolutionary process. The best chromosomes are selected for survival and
reproduction, the worst ones are discarded. New elements of the population (chromosomes) are created by crossover and mutation. After a number
of generations, the best ¯tting chromosome represents the solution of the
problem.
Following the lines of [113], we implemented a circuit simulator based on
the GA. In our approach, the chromosomes are coded as strings of 2P real
genes, each of them containing the real part or the imaginary part of the
voltages VN at all the harmonics of interest !p ; p = 1; : : : ; P (see Fig. 4.4).
The number C of chromosomes is related to the number P of harmonics
considered in the simulations: as a rule of thumb, we used C = 20 ¥ 30P .
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gene
ReMV9w":N ImMV9w":N ReMV9+w":NImMV9+w":N

ReMV9Pw":NImMV9Pw":N

Figure 4.4: The chromosomes are coded as strings of 2P real genes, each of
them containing the real part or the imaginary part of the voltages VN at
all the harmonics of interest !p ; p = 1; : : : ; P .
The initial value contained in the genes is randomly generated, typically in
the range §3V0 .
New generations of the population are then created: the evolution of
the population is based on the selection of the \best ¯tting" chromosomes
by a binary tournament, while new chromosomes are obtained by applying
both crossover and mutation [118]. The \¯tness" of a chromosome is related
to the Euclidean distance E between VN and VL , determined in the same
way as previously described for the HB technique (see (4.1)). Of course, the
lower is the value of E, the better the ¯tness of the chromosome.
The algorithm stops and the solution is found if a chromosome of the current population satis¯es the requirement in ¯tness (E < EM AX ); otherwise,
a new population is generated.
This algorithm was implemented in a computer code, based on the GA
library PGAPack [119]. The code was tested through di®erent nonlinear
devices, operating in the mm{wave range and typically used in frequency
multiplier circuits (e.g., Schottky Diodes, Single Barrier Varactors, Hetero{
structure Barrier Varactors). In all cases, the code reached the convergence,
without any need of human intervention for parameter tuning.
Two examples are reported here. In the ¯rst example, we present the
analysis of a Schottky Diode, operated in varactor mode, optimized for a
frequency tripler at 960 GHz [120]. The available pump power was 1:8 mW
at 320 GHz and the embedding impedance was ZL = (30 + j55) − at
320 GHz, ZL = j20 − at 640 GHz, and ZL = (20 + j10) − at 960 GHz.
In the GA analysis, C = 90 chromosomes and P = 3 harmonics were
considered. The initial population was randomly generated in the range
§3V0 (note that V0 can be easily determined once the available pump power
and ZL are known). Fig. 4.5 shows the value of E for the best ¯tting chromosome versus the number of generations. The convergence, ¯xed at the
value EM AX = 10¡4 , is reached after 4800 generations.
The second example refers to the analysis of a Single Barrier Varactor
used in a frequency tripler at 192 GHz [121]. The available pump power
was 20 mW at 64 GHz and the series resistance of the device was 15 −.
We considered the optimum embedding impedance reported in [121], i.e.,
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ZL = (20 + j75) − at 64 GHz and ZL = (21 + j23) − at 192 GHz. Due to
the characteristics of the Single Barrier Varactor, only the odd harmonics
were considered in the simulation.
In this case, C = 75 chromosomes, and the ¯rst P = 3 odd harmonics
were used. The initial population was randomly generated in the range
§3V0 . Fig. 4.6 shows the value of E for the best ¯tting chromosome versus
the number of generations. The convergence, ¯xed at the value EMAX =
10¡4 , is reached after 4500 generations.
From these examples, it is possible to draw some conclusions: ¯rst of all,
the reliability of the GA approach for the analysis of nonlinear circuits is
proved. Moreover, there is no need of human intervention and the algorithm
is not device{dependent. The only limitation, probably intrinsic in the nature of the GA, is that the convergence rate becomes slow when approaching
the target, as shown in Fig. 4.5 and Fig. 4.6.

4.3

Combined Genetic Algorithm/Harmonic Balance Method

With the aim of combining both the rapidity of the HB technique and the
reliability of the GA method, a novel hybrid method was recently developed [114, 115]. This method is based on the combination of the GA
approach described in Sec. 4.2 with a standard HB technique [110]. The
structure of the combined GA/HB method is sketched in the block diagram
of Fig. 4.7.
The algorithm starts with the GA, in a way similar to the one discussed
in Sec. 4.2. If the GA does not ¯nd the solution in a ¯xed number iMAX of
generations (say iMAX = 500¥1000), the code switches to the HB technique.
The best ¯tting chromosome of the last generation is taken as the initial
guess VN for the HB technique. Since the values of the best chromosome
are taken as initial guess, this typically represents a reasonably good choice;
moreover, the user is not required of providing any information. If the HB
fails to converge after a ¯xed number jM AX of iterations (say jMAX =
100 ¥ 200), the algorithm switches back again to the GA and proceeds
for additional generations. This procedure continues, repeatedly switching
between GA and HB, until the convergence is reached.
This method permits to take advantage both from the reliability of the
GA and from the rapidity of the HB technique. In fact, by means of the
combination, the problem of slow convergence of the GA and the need of
human intervention of many HB techniques are avoided.
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Figure 4.5: Value of E versus the number of generations in the GA analysis
of a Schottky Diode for a 960 GHz frequency tripler [120]. The convergence
limit, ¯xed at EMAX =10¡4 , was reached after 4800 generations.
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Figure 4.6: Value of E versus the number of generations in the GA analysis
of a Single Barrier Varactor for a 192 GHz frequency tripler [121]. The
convergence limit, ¯xed at EM AX =10¡4 , was reached after 4500 generations.
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circuit data
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V=best fitting
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NO
j=j
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solution
is found

Figure 4.7: Block diagram of the combined Genetic Algorithm/Harmonic
Balance technique.
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In order to test the e®ectiveness of the hybrid GA/HB approach, this
method was applied to the analysis of the Schottky Diode [120] and of the
Single Barrier Varactor [121], already introduced in Sec. 4.2.
In the ¯rst example, we consider the analysis of the Schottky Diode [120],
in the same conditions as in the previous section. The HB was repeatedly
inserted after 500 GA generations. In the ¯rst four attempts (i.e., after 500,
1000, 1500, 2000 GA generations) the HB was inserted but failed to converge,
whereas in the ¯fth (after 2500 GA iterations) it achieved the convergence
by 27 additional HB steps (see Fig. 4.8). In the previous section, we found
that the GA method reached the convergence after 4800 iterations.
In the second example, we consider the analysis of the Single Barrier
Varactor [121], in the same conditions as in the previous section. Also in
this case, the HB was repeatedly inserted after 500 GA generations. The HB
failed to converge in the ¯rst attempt (i.e., after 500 GA generations). The
convergence was achieved after 1000 iterations of the GA and 65 additional
HB steps. As shown in the previous section, 4500 iterations were required
when using the GA method.
These two examples highlight the peculiarity of the combined GA/HB
approach. The preliminary use of the GA permits to overcome the possible
failures of the HB method, thus leading to a reliable circuit simulator, where
the user is absolutely sure that the solution can be found without need of any
human intervention. Moreover, the repeated insertion of the HB technique,
after a ¯xed number of GA generations, allows for reducing the computing
time, and avoids the problem of the slow convergence when the algorithm is
approaching the solution.
Finally, it is worthy observing that, in the present work, the GA/HB
method has been applied to the analysis of the circuit shown in Fig. 4.2,
where V0 represents a sinusoidal voltage source at the frequency !0 , ZL
is a linear impedance, and the nonlinear device is modeled by a lumped{
element circuit (including, for instance, the series resistance RS , the junction
capacitance C(v) and the junction conductance I(v)). Anyway, the same
concept can be easily extended to multi{tone sources and more complicated
nonlinear circuits.
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Figure 4.8: Value of E versus the number of generations in the analysis of a
Schottky Diode for a 960 GHz frequency tripler [120]: the black line with
markers refers to the hybrid GA/HB method, the gray line refers to the
GA method. By using the GA/HB method, the convergence limit, ¯xed
at EM AX =10¡4 , was reached after 2500 generations and 27 additional HB
iterations.
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Figure 4.9: Value of E versus the number of generations in the GA analysis
of a Single Barrier Varactor for a 192 GHz frequency tripler [121]: the black
line with markers refers to the hybrid GA/HB method, the gray line refers
to the GA method. By using the GA/HB method, the convergence limit,
¯xed at EM AX =10¡4 , was reached after 1000 generations and 65 additional
HB iterations.
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Design of a 255 GHz HBV Frequency Tripler

The GA/HB analysis method presented in the previous section was applied
to the design of a frequency tripler, operating at 255 GHz and based on
Hetero{structure Barrier Varactors (HBVs).

4.4.1

Fabrication of the HBV

HBV diode is a suitable device for direct tripling since the C(v) characteristic
is evenly symmetric and I(v) characteristic is anti{symmetric, so that only
odd harmonics are generated [97]. One of the applications where HBV
diodes show a great potential is quasi{optical tripler arrays [122]: in fact,
these varactor devices require less design complexity compared to Schottky
Diode tripler circuits since no DC bias circuitry and no idler circuit at second
harmonic are required.
Al0:7 Ga0:3 As/GaAs HBV structures were grown with Molecular Beam
Epitaxy on SI GaAs substrate at the University of Darmstadt (Germany) [117].
The epitaxial design of the MBE grown HBV structure is reported in Table 4.1. HBVs with diameters of 10, 20 and 40 ¹m were fabricated in the
form of two columns with a total of four barriers; a SEM photograph is shown
in Fig. 4.10. The measured C(v) and I(v) characteristics of the HBVs are
reported in Fig. 4.11.

Figure 4.10:
SEM photograph of the two{column four{barrier
Al0:7 Ga0:3 As/GaAs HBVs (courtesy of Darmstadt University of Technology, Germany).
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Table 4.1: Epitaxial design of the Al0:7 Ga0:3 As/GaAs MBE grown HBV
structure [117].
Material

Thickness

Doping

GaAs

300 nm

5 £ 1018 cm¡3

GaAs

250 nm

8 £ 1016 cm¡3

GaAs

3.5 nm

undoped

Al0:7 Ga0:3 As

20 nm

undoped

GaAs

3.5 nm

undoped

GaAs

500 nm

8 £ 1016 cm¡3

GaAs

3.5 nm

undoped

Al0:7 Ga0:3 As

20 nm

undoped

GaAs

3.5 nm

undoped

GaAs

250 nm

8 £ 1016 cm¡3

GaAs

2000 nm

5 £ 1018 cm¡3

Al0:7 Ga0:3 As

500 nm

undoped

GaAs

50 nm

undoped

GaAs SI substrate
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Figure 4.11: The measured C(v) and I(v) characteristics of the
Al0:7 Ga0:3 As/GaAs HBVs.
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4.4.2

4.5. Conclusions

Optimization of the HBV Performance

The design of the frequency tripler requires the choice of the most suitable device among the available ones, and the determination of the optimal
embedding impedance, which depends on the pump power available at the
fundamental frequency.
In the analyses of the HBVs, the maximum conversion e±ciency of three
available devices (10, 20, and 40 ¹m diameter) was calculated, with the
pump power level at the fundamental frequency (85 GHz) ranging from 1 to
30 mW . For each pump power level, the optimal embedding impedance ZL
was determined at the fundamental frequency and at the output harmonic
(255 GHz).
From the optimization process resulted that the most suitable device in
the considered pump power range was the HBV with 10 ¹m diameter, which
achieved a conversion e±ciency better than 4% and an output power larger
than 1.2 mW (see Fig. 4.12). The optimal embedding impedance ZL at the
fundamental frequency (85 GHz) and at the output harmonic (255 GHz) is
reported in Fig. 4.13.

4.5

Conclusions

This Chapter presented the novel GA/HB method for the analysis and optimization of the nonlinear circuits operating as frequency multipliers in
the mm{wave region. This method, which is an hybrid between the HB
technique and the GA, proved very reliable and reasonably fast. The reliability of the algorithm is a key{point when the circuit simulator is embedded
in an optimization routine, where no human intervention is possible if the
simulator fails to converge.
The GA/HB method was applied to the analysis and design of 255 GHz
frequency triplers based on Al0:7 Ga0:3 As/GaAs HBVs with diameters ranging from 10 to 40 ¹m. The results showed that the HBV with the smallest
diameter exhibits the best conversion performance in the considered pump
power range (up to 30 mW ). Conversely, HBVs with large diameters are
not suitable for operation with limited pump power level.
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Figure 4.12: Maximum conversion e±ciency and output power at 255 GHz
of the 10 ¹m HBV versus the pump power level at the fundamental frequency
(85 GHz).
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Figure 4.13: Optimal embedding impedance of the 10 ¹m HBV vs. the pump
power level, at 85 GHz (fundamental frequency) and 255 GHz (output
frequency).
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Chapter 5

Conclusions
In this work, the electromagnetic modeling of quasi{optical components was
examined, with particular reference to frequency selective surfaces and frequency multipliers.
The use of frequency selective surfaces in quasi{optical systems was discussed in Chap. 2. The major contribution of this work was the development
of an original method, which allows for the analysis of thick metal screens
perforated periodically with arbitrarily shaped apertures. The method is
based on the MoM with entire{domain basis functions, used in conjunction
with the BI{RME method.
Many experimental results were reported, ranging from the microwave
to the THz region. The comparison between simulations and measurements
showed the accuracy and the e±ciency of the method. The design of a
Ka{band dichroic mirror, based on the code which implements this novel
method, was also reported.
We can conclude that, in the ¯eld of quasi{optical ¯lters, both the fabrication technology and the measurement techniques are well established. The
analysis algorithm we developed represents a powerful tool for the design of
frequency selective surfaces in the microwave and in the THz region.
The modeling of quasi{optical frequency multipliers was described in
Chap. 3. The electromagnetic analysis of a planar array, embedded in a
gaussian system, was discussed, both considering a plane wave illumination
and an incident gaussian beam.
The analysis code was applied to the design of a frequency tripler, based
on HBVs and operating at 430 GHz. The design as well as the fabrication
of the tripler were described.
Di®erently from the case of ¯lters, we have to conclude that the realization of quasi{optical frequency multipliers still presents some open problems.
In fact, the proper trade{o® must be found, considering the number of elements of the array, the design of the active devices, and the available pump
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power. On the one hand, a good power coupling between the array and the
gaussian system requires large arrays. On the other hand, considering many
elements means to reduce the available power per element, thus limiting the
conversion e±ciency of the multiplier. Devices operating with low pump
power level are feasible (by reducing the size of the device), but this is limited by technological reasons. Increasing the pump power is also feasible,
but powerful sources are typically cumbersome, and absolutely not suitable
to space applications. The development of powerful, compact, and possibly
e±cient sources (e.g., planar arrays of Gunn diodes) could be a solution of
this problem.
Finally, an ancillary topic was discussed in Chap. 4, which presented
the development of a novel nonlinear circuit simulator. The simulator was
based on a hybrid Genetic Algorithm/Harmonic Balance approach. With
respect to traditional methods, this approach showed higher reliability and
good computational e±ciency.
The code based on the Genetic Algorithm/Harmonic Balance approach
was a useful tool for the performance investigation of novel nonlinear devices.
Moreover, due to its features, the Genetic Algorithm/Harmonic Balance
approach represents the ideal candidate for a design tool which performs
the automatic optimization of quasi{optical frequency multipliers.

Appendix A

Modal Coupling Integrals
The coupling integrals between the waveguide modal vectors and the Floquet
modal vectors can be transformed into line integrals, as stated in Chap. 2.
This Appendix reports the transformation from surface to line integrals, in
all the possible cases (all combinations of TE and TM waveguide modes
with TE, TM, and TEM Floquet modes).
The transformation from surface to line integrals is based on the application of the Green's identity (see, for instance, [88], Appendix 2, Eq. 45)
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Derivation of (2.15)
The magnetic modal ¯elds are related to the potentials (see Tables 2.1 and
2.2), thus resulting
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~ = rT Â¤mn and B = Ãq , and substituting
By applying (A.1) to (A.2) with A
2
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~ = rT Ãq and B = Â¤mn , taking into account that
Moreover, by choosing A
2
2
0
rT Ãq = ¡·q Ãq , and applying (A.1) to (A.2), we have
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By substituting the surface integral in the r.h.s. of (A.4) into (A.3), consid2
= kmn
and that Ãq = 0 on @S, we ¯nally obtain (2.15).
ering ·0q 2 6

Derivation of (2.16) and (2.17)
From Tables 2.1 and 2.2 we have
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~ = ~uz £ rT Â¤mn and B = Ãq , we have
By applying (A.1) to (A.2) with A
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In the r.h.s. of (A.6), the line integral vanishes since Ãq = 0 on @S, whereas
the surface integral vanishes because
rT ¢ (~uz £ rT F) = 0

(A.7)

for any scalar function F (see, for instance, [88], Appendix 2, Eq. 38).
In a similar way we derive (2.17).

Derivation of (2.18)
From Table 2.1 and 2.2 we obtain
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By applying (A.1) to (A.8) with A
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The surface integral in the r.h.s. of (A.9) vanishes due to (A.7). Moreover, by considering that ~n ¢ ~uz £ rT Â¤mn = ¡@Â¤mn =@t (where ~t is de¯ned
in Fig. 2.8), we obtain (2.18).

Derivation of (2.19)
By substituting the magnetic modal ¯elds with their expression in terms of
scalar potentials (see Tables 2.1 and 2.2) we obtain
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Therefore, the derivation of (2.19) is similar to the one of (2.15), only taking into account the di®erent boundary condition of the waveguide scalar
potential.

Derivation of (2.20)
From Tables 2.1 and 2.2 we obtain
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0¤
~h00 ¢ H
~ mn
dS =
q

1
¡ 00
·q

Z

S

1
·00q

Z

@S

Áq ~n ¢ ~uz £ rT Â0¤
mn d`

Áq rT ¢ ~uz £ rT Â0¤
mn dS

(A.12)

In the r.h.s. of (A.12) the surface integral vanishes due to (A.7), and ~n ¢ ~uz £
0
rT Â0¤
mn = ¡@Âmn =@t. This proves (2.20).
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Appendix B

Analytical Calculation of the
MoM Matrices
As stated in Chap. 3, the entries of the MoM matrices can be expressed
in closed form, when using roof{top basis functions. In this Appendix,
we show how the integrals appearing in the application of the MoM with
roof{top basis functions reduce to straightforward expressions, which can be
analytically evaluated. In such a way, the analysis code results very e±cient
from a computational point of view.

Roof{top Basis Functions
The roof{tops are the most frequently used sub{domain basis functions in
the MoM (see [34], pp. 41{42). They are piece{wise linear functions, de¯ned
on a rectangular domain (Fig. B.1).
In the application of the MoM, we use roof{top basis functions f~x and
~
fy , oriented in the x and y direction, respectively. The basis functions are
de¯ned as follows
f~x (x; y) =

r

f~y (x; y) =

r

1
¤(x) ¦(y) ~ux
ab

(B.1)

1
¦(x) ¤(y) ~uy
ab

(B.2)

where a and b are the dimensions of the unit cell (Fig. 3.5), and

¤(» ¡ »0 ) =

8
1+
>
>
<

1¡
>
>
:

»¡»0
LS

if »0 ¡ LS · » · »0

»¡»0
LD

if »0 · » · »0 + LD

0

elsewhere
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Figure B.1: Roof{top basis function f~x , used in the application of the MoM.

¤(´ ¡ ´0 ) =

(

1 if ´0 ¡

L
2

· ´ · ´0 +

L
2

(B.4)

0 elsewhere

Analytical Derivation of Matrix A (3.7)
The entries of matrix A are de¯ned in (3.7)
Z Z

[A]ij =

S S
$¡

· $+

f~i (x; y) ¢ GT (x; y; 0+ ; x0 ; y 0 ; 0+ )+
¡

0

0

¡

¸

GT (x; y; 0 ; x ; y ; 0 ) ¢ f~j (x; y) dS 0 dS

(B.5)

$§

where GT (x; y; z; x0 ; y 0 ; z 0 ) represents the Green's function reported in (3.2)
$§

GT (x; y; z; x0 ; y0 ; z 0 ) =

X

~ pq (x0 ; y 0 ) y~§ (z; z 0 )
~ pq (x; y) h
h
pq

(B.6)

pq

By using (B.5) and (B.6), we obtain through some algebraic manipulations
[A]ij =

Xh
pq

£

Z

i

+
¡
y~pq
(z; z 0 ) + y~pq
(z; z 0 ) £

S

~ pq (x; y) dS
f~i (x; y) ¢ h

Z

S

~ pq (x0 ; y 0 ) dS 0 (B.7)
f~i (x0 ; y 0 ) ¢ h

In such a way, the problem reduces to the trivial integration, where the
integrand is the dot product of a linear function (f~i ) and a combination
~ pq , see Table 3.1). Hence, the analytical
of sine and cosine functions (h
expression can be easily found.
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Analytical Derivation of Vector B (3.8)
The entries of vector B are de¯ned in (3.8)
[B]i =

Z

S

~ Tinc (x; y; 0¡ ) dS
f~i (x; y) ¢ H

(B.8)

~ inc (x; y; 0¡ ) corresponds to the TEM mode of the rectangular wavegwhere H
T
uide with two electric walls and two magnetic walls (Table 3.1)
~ 0 (x; y)
~ Tinc (x; y; 0¡ ) = H 0 h
H

(B.9)

By using (B.8) and (B.9), we obtain through some algebraic manipulations

[B]i = H 0

Z

Z

H0
~ 0 (x; y) dS = p
f~i (x; y) ¢ h
ab
S

S

f~i (x; y) ¢ ~ux dS

(B.10)

The analytical integration of (B.10) is trivial.

Analytical Derivation of Vector C (3.14)
The entries of vector C are de¯ned in (3.14)
[C]i =

Z

S

~ y; 0) £ ~uz dS
f~i (x; y) ¢ J(x;

(B.11)

where J~ is a uniform electric current density, de¯ned on a narrow strip
connecting the antenna terminals A and B, in the absence of the incident
wave (Fig. 3.7)
~ y; 0) =
J(x;

(

J0 ~uy

on the strip

0

otherwise.

(B.12)

By using (B.11) and (B.12), we obtain through some algebraic manipulations

[C]i = J0

Z

strip

f~i (x; y) ¢ ~uy £ ~uz dS = J0

Z

strip

f~i (x; y) ¢ ~ux dS

Also in this case, the analytical integration of (B.13) is trivial.

(B.13)
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