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Ana Belén, Raúl, Diego, Elena, Asier,... gracias por vuestra paciencia, ya no
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Ya solo quedas tú, Ena... me has acompañado en este año tan complicado,
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Abstract

In this thesis the use of Electromagnetic Band Gap (EBG) structures in the
millimetre-wave range has been studied. These frequencies are very suitable
for imaging applications due to the different properties of the materials when
compared with optical frequencies. The use of planar antennas for these appli-
cations, which would be the preferred option in terms of cost and fabrication
complexity, can be limited by the losses due to the excitation of substrate
modes. These problems could be overcome by using EBG technology, since
these modes are inhibited in these periodic structures.

Although some preliminary demonstrations of the use of 3D EBG struc-
tures for antenna applications had already taken place, they can be consid-
ered mainly as proof-of-concepts. The aim of this thesis was to overcome this
initial status and to use configurations based on this technology in the de-
sign of receivers. In particular, several aspects related with the RF design of
millimetre-wave receivers implementing EBG technology have being studied.

First, the main features of EBG structures when used as substrates for
dipole antennas have been analysed. Two EBG structures have been con-
sidered, namely the woodpile and the Fan structure. With respect to the
dielectric materials used to build them, silicon and a high dielectric constant
ceramic, Zr/Sn Titanate (ZTT), where selected. The use of a high dielectric
constant material is of great interest, since it allows to reduce the size of the
EBG structures and increases their bandwidth. The input impedance and the
radiation pattern of the configurations have been studied for different positions
of a dipole antenna on top of the EBG structures. Both features have been
found to depend very strongly on the position and orientation of the dipole
with respect to the dielectric and air areas of the EBG surface. Our studies
also showed that the use of high dielectric constant ceramic materials does not
lead to a decrease of the size of the radiating elements.

Based on these results, several configurations have been studied in detail
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ii Abstract

when fed by a Coplanar Stripline (CPS). Only those configurations which
present high input impedance can be properly matched, since the CPS is a
high characteristic impedance line. The effect of the losses of the dielectric
materials has been studied and found to be negligible for these configurations.

In the previous results it became clear that it is difficult to find a config-
uration of dipole antenna on top of woodpile structure which presents simul-
taneously good matching and radiation features. Thus a modified woodpile
structure has been proposed which improves notably both the radiation pat-
tern and the matching of the initial configurations. The modification of the
woodpile is easy to implement, since it is based on the displacement of the
bars of the top most layer of the woodpile.

Finally, two receiver configurations implementing EBG technology have
been designed: a direct detector and a subharmonic mixer. In both cases
the radiating element consists of a dipole antenna placed on top of a silicon
woodpile and the perpendicular solid-solid symmetry position was the selected
radiating configuration due to its good radiation and matching features. For
the direct detector, the design aimed at achieving the best sensitivity, while
keeping a non-distorted radiation pattern. Prototypes of this configuration
were fabricated and measured which showed good agreement with the predic-
tions. With respect to the subharmonic mixer, it was designed to minimize
its noise temperature. In this case, the minimum measured noise temperature
was 950K, although some problems due to the presence of harmonic mixing
were detected.



Resumen

En esta tesis se ha estudiado el uso de estructuras Electromagnetic Bandgap
(EBG) para frecuencias en la banda de las millimétricas. Estas frecuencias
son muy apropiadas para aplicaciones de generación de imágenes (“imaging”)
debido a las diferentes propiedades de los materiales con respecto a las que
presentan a frecuencias ópticas. El uso de antenas planas para estas aplica-
ciones, el cual seŕıa la opción preferida en cuanto a coste y complejidad de
fabricación puede verse limitado debido a las pérdidas causadas por la ex-
citación de ondas de sustrato. Estos problemas se pueden superar mediante
el uso de la tecnoloǵıa EBG, dado que dichos modos son inhibidos en estas
estructuras periódicas.

A pesar de que algunas demostraciones preliminares del uso de la tec-
noloǵıa EBG para aplicaciones de antenas ya han tenido lugar, éstas pueden
considerarse como meras pruebas de concepto. El propósito de esta tesis ha
sido tratar de superar este estado inicial y utilizar configuraciones basadas en
esta tecnoloǵıa para el diseño de receptores. En particular, se han estudia-
do varios aspectos relacionados con el diseño de receptores a frecuencias de
milimétricas implementando tecnoloǵıa EBG.

Primeramente se han estudiado las caracteŕısticas principales de los sus-
tratos basados en tecnoloǵıa EBG. Para ello, se han considerado dos estruc-
turas EBG, el “woodpile” y la estructura de Fan. Con respecto a los materiales
dieléctricos utilizados para su construcción, se han utilizado silicio y Titanato
de Zr/Sn, ZTT. El uso de un material de elevada constante dieléctrica es de
gran interés, ya que permite la reducción del tamaño del EBG y el aumento de
su ancho de banda. Se han estudiado tanto la impedancia de entrada como el
diagrama de radiación de las configuraciones para las diferentes posiciones de
un dipolo sobre el substrato EBG. Se ha encontrado que ambas caracteŕısticas
dependen fuertemente de la posición y de la orientación del dipolo con res-
pecto de las zonas dieléctricas y de aire en la superficie de la estructura EBG.
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iv Resumen

Aśı mismo, nuestros estudios han mostrado que el uso de materiales de alta
constante dieléctrica no conlleva una disminución del tamaño de los elementos
radiantes.

Basándonos en estos resultados, varias configuraciones han sido estudia-
das con más detalle, siendo alimentadas por una ĺınea Coplanar Stripline
(CPS). Solamente aquellas configuraciones que presentan alta impedancia de
entrada pueden ser adaptadas apropiadamente, dado que la ĺınea CPS pre-
senta alta impedancia caracteŕıstica. Aśı mismo, el efecto de la las pérdidas
de los materiales ha sido estudiado para estas configuraciones, resultando ser
despreciables.

Los resultados anteriores mostraron que es dif́ıcil encontrar una configu-
ración de dipolo sobre “woodpile” que presente simultáneamente buenas car-
acteŕısticas de radiación y adaptación. Por tanto, se ha propuesto una modi-
ficación de esta estructura EBG que mejora notablemente tanto el diagrama
de radiación como la adaptación de la configuración inicial. Esta modificación
es fácil de implementar, dado que se basa en el desplazamiento de las barras
de la capa superior del woodpile.

Finalmente se han diseñado dos configuraciones de receptor implemen-
tando tecnoloǵıa EBG: un detector directo y un mezclador subharmónico. En
ambos casos el elemento radiante consiste en un dipolo colocado sobre un
“woodpile” de silicio. En el caso del detector directo, el diseño trató de con-
seguir la máxima sensibilidad, manteniendo al mismo tiempo un diagrama
de radiación no distorsionado. Se han fabricado diversos prototipos de estas
configuraciones cuyas medidas están de acuerdo con las predicciones. Con res-
pecto al mezclador subharmónico, se diseñó para minimizar su temperatura
de ruido. En este caso la mı́nima temperatura de ruido medida fueron 950K, a
pesar de que se detectaron ciertos problemas debido a la presencia de mezclado
harmónico.
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Chapter 1

Introduction

1.1 Background

Millimetre wave frequencies have long been recognised as potentially useful
frequencies for passive imaging purposes. Although the resolution that can be
achieved using these frequencies, given by its wavelength, is smaller than in the
visible or the infrared ranges, millimetre wave frequencies present interesting
properties which make them very suitable for imaging purposes [Yuj03].

First, the behaviour of most materials is different at millimetre frequencies
than it is in the visible range. For instance, many materials which are opaque
in the visible region of the spectrum, e.g. paper or clothes, become transparent
at this frequency range. Moreover, metallic objects have a very clear signature
when compared with dielectric objects. Based on these properties, passive
security systems, such as those used in airports, can be developed [Sin01],
which allow for the detection of concealed objects. Another application based
on these properties can be found in the medical field, since e.g. the response of
cancerous and healthy tissues is different [Woo03], which makes it possible to
identify them at an earlier stage than it is with other techniques. Also caries
could be detected by using this technology [Cra03].

Another advantage of the use of millimetre frequencies is related to the fact
that attenuation through fog and other low visibility conditions is much lower
for these frequencies than it is in the visible or the infrared region [Yuj03]. This
property allows for the development of imaging systems capable of working in
low visibility conditions. The applications of these systems in the automotive
industry or in aviation are clear.

The realisation of these passive imaging systems can be based on different
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2 Introduction

Figure 1.1: Focal plane imaging array configuration.

techniques [Let03] which according to the type of scanning technique can be
classified as optical or electronic. In the first case lenses and/or mirrors are
used to produce the scanning, whereas in the second one phased arrays or
leaky wave antennas can be used to perform the scanning by changing the
phase of the detecting elements or the frequency of operation.

In this thesis the first type of configuration will be considered. An schematic
of these systems is shown in Figure 1.1. In this case a lens is used to focus the
imaged object on the array of detectors placed at its focal plane. The design
of these detectors is the objective of this work.

Traditionally, the design of these arrays was based on metallic waveguide
technology [Tah83]. These components are expensive to manufacture and,
since they are individually fabricated, have to be assembled together, which
can be a source of errors and misalignments. These problems can be overcome
by using integrated antennas [Reb92; SIQ93], since they are cheaper and the
advances in photolithographic techniques allow for the fabrication of the whole
array on the same substrate.

However, planar antennas are printed on dielectric substrates which suf-
fer from substrate mode excitation when their thickness increases [Poz83].
In particular, at millimetre frequencies, it is difficult to find substrates thin
enough so as to not suffer from substrate modes losses. Moreover, according
to [Rut82], for a dipole antenna placed on top of a dielectric half-space the
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ratio of the power radiated into the dielectric to the power radiated into the
air scales as ǫ3/2. This means that if high dielectric constant materials, such as
Si or GaAs, are used as substrate for the antennas, what would be appropriate
for its integration with MMIC circuitry, the losses would be even higher. In
order to overcome this problem, integrated lens antennas [Rut82] can be used,
in which most of the radiation goes through the dielectric material. This ap-
proach has been extensively used with a variety of antennas: bow-tie [Rut82],
log-periodic [Büt93], Yagi-Uda [Ueh92] and double slots [Fil93; vdV99].

Another technology which can alleviate the problems related with sur-
face waves excitation is based on the use of EBG substrates [dM03; Ede03b;
Gon01], in which no electromagnetic radiation can propagate. If a planar an-
tenna is placed of top of the EBG substrate, it will act as a reflector and all
the power will be radiated into the air. Moreover, these configurations will
provide, in theory, the means to isolate individual pixels from their respec-
tive neighbours, which makes them appropriate for their use in imaging array
applications [Ede04].

1.2 Electromagnetic Band Gap technology

Electromagnetic Band Gap (EBG) technology is based on the use of peri-
odic structures in order to control the propagation of electromagnetic waves
[Joa95]. By properly choosing the dimensions, material and shape of the scat-
tering medium, configurations, where an electromagnetic wave cannot propa-
gate within certain frequency bands, named as the bandgap, can be realised.
Due to the analogy with the behaviour of electrons in semiconductors these
materials were initially refered to as Photonic Band Gap (PBG) materials or
Photonic Crystals (PC). Many people, especially in the microwave community,
rejected this name [Oli99] and therefore the term Electromagnetic Band Gap
material is now preferred and will be used in this dissertation.

Although the theory of periodic structures was already developed in the
40’s [Bri46], interest in them grew considerably in the late 80’s and beginning
of the 90’s after the demonstration of a tri-dimensional structure having a full
bandgap was carried out [Joh87]. Due to the inherent scalability of Maxwell’s
equations, many applications have been proposed in different frequency ranges,
from microwaves to optical frequencies.

However, the approaches followed to implement EBG structures in the
different frequency regions are different. For instance for optical applications,
the research is mainly focussed on the development of planar optical integrated
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circuits, based on 2-dimensional (or quasi 2-dimensional) structures [SIQ02].
Using these 2D configurations various components, such as waveguides, bends
and couplers have been developed.

Conversely, in the microwave regime, many implementations have been
based on planar technologies, mainly microstrip [SIE99a]. In this frequency
range EBGs have found its main use in the design of filters [Yan99] and an-
tennas [dM03; Gon99]. As it was mentioned, for antenna applications the use
of EBG technology brings advantages related to the suppression of substrate
modes, which can degrade the performance of the antennas and reduce their
efficiency [dM03; Gon99; Ede03a; Ede03b].

The use of microstrip technology in the millimetre and sub-millimetre
ranges is limited due to its high losses. Therefore, other alternative EBG
configurations have been proposed. In particular, for antenna applications,
three-dimensional EBG structures have been used. In these configurations
the antennas are placed on top of the EBG structure which acts as a reflector.

Several configurations combining planar antennas and three-dimensional
EBG structures have been studied, showing improvements in the radiation
features of the antenna, such as higher directivity and lower back-radiation
[Bro93; Bro94; Bro96; Sig96; Kes96; Sig97; Leu97; Smi99; Gon01; Bur04].
Although only [Gon01] and [Bur04] performed their study at millimetre fre-
quencies, the results at microwaves are scalable to higher frequencies. The
EBG structures used in these experiments are the woodpile or layer-by-layer
[Ho94; Söz94] and the Yablonovite [Yab91]. These structures, together with
those proposed by the MIT group are shown in Figure 1.2

Besides the abovementioned configurations, other more elaborated designs
have been proposed based on the use of resonant cavities [Bis01; The99;
Che02]. They allow to obtain larger directivities, but at the expense of a
more complex system. Based on them, new applications have been proposed,
such as the design of multibeam antennas with overlapping feeds [Cha04].

With respect to the fabrication of systems based on EBG technology in
the millimetre range, it may involve less processing steps than conventional
micro machined solutions while preserving system performance. It is also
foreseen that by using this technology it should be possible to make fully 3-
dimensional circuitry allowing one to build more complex systems [Man03b],
in which radiation, filtering, signal distribution and phase shifting may be
realised within the same medium, with negligible losses. An example of these
proposed configurations is shown in Figure 1.3, in which different types of
waveguiding architectures are shown.
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(a) Woodpile (b) Yablonovite

(c) [Fan94] (d) [Joh00]

Figure 1.2: Several three-dimensional EBG structures.

Another advantage of EBG technology is that it opens the possibility of
using high dielectric constant materials. As it was mentioned, the losses due
to surface waves excitation are very large in these materials. These losses can
be avoided by using EBG structures, allowing for the design of more compact
components based on these materials.

1.3 Framework of the research

This Ph.D. research has been carried out within the framework of an Euro-
pean Space Agency (ESA) contract entitled “Photonic Antenna Front-Ends:
Photonic Crystals: Material selection and fabrication. RF design of a Pho-
tonic BandGap Antenna” (ESTEC Contract N 15632/01/NL/JA) in close
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Figure 1.3: Schematic showing an integrated EBG system.

collaboration with the Rutherford Appleton Laboratory (RAL), UK, and the
Eindhoven University of Technology (TU/e), The Netherlands.

This contract is a continuation of the contracts “Submm-wave Hetero-
dyne Receiver and Integrated Antenna Technology Development, CCN5 and
CCN6”, in which the first demonstration of the improvements in the radia-
tion pattern of a dipole antenna when placed on top of an EBG structure at
millimetre wave frequencies was performed [Gon01].

In those proof-of-concept projects the sensitivity of the detectors was not
optimised. Now, in this project the goal is to develop optimised detectors in
terms of sensitivity, based on EBG technology. These detectors will be used
to design an imaging array in the millimetre range (500 GHz).

Therefore, the project covers all the developments required to design this
imaging array:

• development of modelling tools to predict the performance of EBG struc-
tures and of antennas placed on top of them;

• study and optimisation in terms of bandwidth of the different EBG struc-
tures suitable for application in the millimetre range;

• assessment of high dielectric constant materials;
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• assessment of different fabrication technologies for the different EBG
structures and materials;

• modelling of the properties of planar antennas placed on top of EBG
structures;

• modelling of the properties and optimisation of the sensitivity of configu-
rations based on the combination of planar antennas on EBG substrates
and diode detectors;

• design and experimental verification of an 8 element imaging array im-
plementing EBG technology.

In this contract the Universidad Pública de Navarra is the prime contractor
of the project and responsible for the modelling and RF design, TU/e for
the development of modelling tools and RAL for the manufacturing of EBG
structures and circuits.

1.4 Scope of the thesis and survey of its contents

This thesis deals with the use of EBG technology for millimetre wave applica-
tions. In particular, the use of dipole antennas placed on top of EBG structures
is studied in terms of matching and radiation features. Based on these results
different detecting configurations are designed using the combination of dipole
antennas and EBGs as radiating elements.

Configurations similar to those studied in this thesis, i.e. planar antennas
placed on top of EBG structures, have been already presented [Bro93; Bro94;
Bro96; Sig96; Kes96; Sig97; Leu97; Smi99; Gon01; Bur04]. However, in most
cases the antennas used were ideal dipoles, not being printed on a substrate, as
they would be the case in any real configuration. Moreover, in most cases only
the radiation features were studied and when the matching was investigated,
either the antennas were ideal [Sig97] or just the change in return loss was
reported [Bur04]. Therefore, to our understanding, there was a lack on com-
plete characterisation of this type of configurations that limited its use in any
real application. This thesis will try to gain some insight into the behaviour
of the combination of dipole antennas and EBG structures and based on it,
use them to build detecting configurations which could be an alternative to
the conventional front ends used in this frequency range.
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With respect to the EBG structures, beside the woodpile, which has al-
ready been used as substrate for planar antennas, the Fan structure will be
considered for the first time for this application. Moreover, the use of high
dielectric constant ceramic materials to manufacture these EBG structures
and its impact on the dipole performance will be studied. These materials,
although very appealing due to the reduction in size that could be achieved
by their use, have been hardly explored in the millimetre wave range due to
the losses caused by the excitation of substrate modes. This problem does
not exist for the EBG structures constructed out of these materials, since the
excitation of substrate modes is inhibited in them. Besides, a modified wood-
pile will be proposed, which improves both the matching and the radiation
features of a dipole placed on top of it.

The main contents of the thesis are organised as follows:

First, in Chapter 2 the main features of EBG structures when used as
substrates for dipole antennas are studied. In this case, and as an initial stage
dipoles without feeding lines printed on quartz substrates have been consid-
ered. Three different EBG structures have been studied: silicon and ceramic
woodpile and so-called “Fan” structure. Firstly, the symmetry positions of
each EBG structure have been identified, so that a dipole antenna could be
placed at them keeping the symmetry of the radiation pattern. Dipole an-
tennas have been placed at these positions and the input impedance and the
radiation pattern obtained with each configuration have been investigated.
The behaviour of the configurations has been found to depend very strongly
on the dipole orientation with respect to the dielectric areas. In particular,
some configurations have been found to be nearly “short-circuited” by the
reflection at the EBG surface, being very difficult to match.

Based on the results obtained in Chapter 2, the matching of dipole anten-
nas fed by Coplanar Striplines placed on top of EBG structures is studied in
Chapter 3. Since Coplanar Striplines present high characteristic impedance
only those dipole configurations which have a large enough input resistance can
be easily matched. Examples of those configurations are given showing also
the effect of the feeding lines on the radiation pattern of the configurations.

Since the radiation and matching features of a dipole antenna on top of
an EBG structure depend very strongly on its position, a modified woodpile
is proposed in Chapter 4, which allows obtaining simultaneously an improved
radiation pattern and better matching. The modification proposed is easy to
implement since it only affects to the first layer of bars.
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A detector configuration using a Schottky diode as detecting element and
a dipole placed on top of a silicon woodpile as antenna has been designed.
The dipole was placed at the “perpendicular solid-solid” symmetry position,
which showed the best compromise between radiation and matching features.
The design process, together with the characterisation of the configuration in
terms of radiation pattern and sensitivity are presented in Chapter 5.

A step forward is given in Chapter 6, focused on the design of an im-
proved detecting configuration consisting of a subharmonic mixer using EBG
technology. A dipole antenna placed on top of the woodpile is used to im-
plement the radiating part of the receiver. The mixer design, fabrication and
characterisation in terms of noise temperature and conversion loss are fully
described.

Finally, in Chapter 7 the main results of this thesis are summarised and
some guidelines for future research are given.



10 Introduction



Chapter 2

Features of a dipole antenna
on top of an EBG structure

2.1 Introduction

One of the proposed applications of EBG structures is their use as substrates
for planar antennas. Since EBG structures do not allow the propagation of
any electromagnetic wave if the operating frequency is inside the gap of the
structure, they will act as a perfect reflector, avoiding the losses due to the
excitation of substrate modes.

This chapter deals with the evaluation of the performance of a dipole
antenna placed on top of different EBG structure. In particular the input
impedance of the dipole and the resulting radiation pattern will be stud-
ied. The combination of planar antennas and 3-dimensional EBG struc-
tures has already shown to improve the radiation features of a dipole antenna
[Bro93; Bro94; Bro96; Sig96; Kes96; Sig97; Leu97; Smi99; Gon01; Bur04]. In
these references two different EBG structures were used, namely the woodpile
structure [Ho94; Söz94] and the so-called Yablonovite [Yab91]. Due to their
simplicity, dipole antennas were the preferred radiating elements, although
slots [Leu97; Bur04] and bow-tie [Bro93] antennas have also been employed.
Most of these studies were focussed on the radiation features of the configura-
tions. In all cases, the directivity of the configurations increased with respect
to the isolated radiating element and the back radiation was reduced.

However, in most of these studies the radiating configurations were ideal,
i.e. dipole or slot antennas without substrate or feeding lines, instead of more

11
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real configurations, based on printed antennas. In [Bur04] a slot antenna
printed on silicon is studied, but only the change of the antenna matching
when it is placed on top of the EBG is observed. In the other cases in which
the input impedance of the antenna was analysed [Sig99; Smi99], the studies
considered ideal configurations in which the dipole was at a certain height
over the EBG structure, without a substrate to support it. Therefore, to our
understanding, there was a lack of complete studies of the radiating features
of configurations consisting of a printed antenna on top of an EBG.

In this chapter and as an inital stage towards the study of dipoles fed by
Coplanar Striplines, dipole antennas printed on quartz substrates and placed
on top of EBG structures will be analysed. Since in our case the matching
performance of the antennas is very important in order to improve the effi-
ciency of the detectors, a study will be carried out, focussing not only on the
radiation features but also on their input impedance. In particular, since the
characteristic impedance of a Coplanar Stripline is quite high we would be
interested in finding configurations which comply with this feature.

2.1.1 EBG structures

As it was mentioned in Chapter 1, this thesis focuses on three-dimensional
EBG structures. In particular, two different EBG structures have been consid-
ered, the woodpile or layer-by-layer [Ho94; Söz94] and Fan’s structure [Fan94].
The names woodpile and Fan structure will be used along this thesis to make
reference to them.

For the sake of compactness, both of them will be constructed out of a
very high dielectric constant material. In particular, Zr/Sn Titanate, ZTT,
with ǫr = 37 [HB03] will be the selected ceramic material. In the case of the
woodpile structure, also silicon will be used, since its fabrication procedures
can be relatively simple [Gon02].

Increasing the dielectric constant of the constituents of an EBG structure
has two effects on its performance. First, the width of the band gap increases
provided that the dielectric contrast is larger. Second, the normalised fre-
quency of the gap decreases. This means that the dimensions of the resulting
configuration are smaller. Both effects are of great interest since more com-
pact, broader band devices can be designed using these materials.

In the case of the three EBG structures considered, this effect can be
observed in Figure 2.1 and Table 2.1. The size of the woodpile structure has
been greatly reduced by the use of the high dielectric constant material and
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Figure 2.1: Band diagram of the used EBG structures.
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Figure 2.2: Transmission through 3 periods of the used EBG structures.

its bandwidth has also increased. Regarding Fan structure, its bandwidth is
similar to that of the ZTT woodpile [Mar04]. However, its bandgap takes place
at a much higher normalised frequency, very close to that of the Si woodpile.
Thus, the dimensions of both EBG structures are similar.

A comparison between the performance of the three EBG structures is
presented in Figure 2.2, where transmission through 3 periods of the structures
is shown. The lowest transmission corresponds to the ZTT woodpile, which
at 500 GHz is lower than -85 dB. For the Fan structure and the Si woodpile
values of -60 dB and -45 dB are respectively achived.

Photographs of manufatured prototypes of the three EBG structures with
central frequency of the gap at 500 GHz are shown in Figure 2.3. For each of
the EBG structures, its symmetries will be discussed, since they are important
in order to achieve symmetric radiating configurations. Once the symmetry
positions of each structure have been identified, a planar dipole will be placed

EBG Normalised Fractional a (µm)

frequency bandwidth (%)

Si woodpile 0.3882 21.0 232.9

ZTT woodpile 0.2350 32.8 141.0

ZTT Fan 0.3692 32.5 221.5

Table 2.1: Normalised frequency of the gap, fractional bandwidth and size of the used
EBG structures.



2.1 Introduction 15

(a) Si woodpile, top view (b) Si woodpile

(c) ZTT woodpile, top view (d) ZTT woodpile, lateral view

(e) ZTT Fan, top view (f) ZTT Fan, lateral view

Figure 2.3: Photographs of different prototypes of EBG structures in the millimetre
range.



16 Features of a dipole antenna on top of an EBG structure

0.1 0.2 0.3 0.4 0.5

−400

−200

0

200

400

Dipole length/λ
0

In
p

u
t 

re
si

st
an

ce
 (

Ω
)

HFSS
MoM

Figure 2.4: Comparison between the input impedance (Ri + jXi) obtained with HFSS
and using the Method of Moments [vdV99]. The solid line represents the input resis-
tance (Ri) and the dashed line the input reactance (Xi).

on top of the EBG structures in each of these positions and both the input
impedance and its radiation features will be studied.

2.1.2 HFSS validation

In order to validate the input impedance results obtained with Ansoft HFSS,
a planar dipole antenna on top of a semi-infinite dielectric substrate was anal-
ysed. The dielectric constant of the substrate was 12.8. The dipole width
was 0.02L, where L is the dipole length. The results obtained are compared
with those obtained using the Method of Moments (MoM) [vdV99]. The first
resonant length and the input impedance at resonance obtained in both cases
are compared in Table 2.2. Although there is a small shift in the resonant
length, both results are in good agreement.

lr/λ0 Ri (Ω))

HFSS 0.175 34.1

MoM 0.185 27.0

Table 2.2: Resonant lengths (lr) and input resistance at resonance (Ri) of a the test
configuration obtained with HFSS and the Method of Moments (MoM).
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Figure 2.5: Dimensions of the printed dipole configuration. The grey area represents
the substrate.

2.2 Dipole printed on quartz glass

The aim of this chapter is to study the performance of a dipole antenna printed
onto a quartz substrate when placed on top of different EBG structures. For
the sake of comparison, first the results obtained for a dipole antenna printed
on a quartz substrate and without EBG structure will be shown. The dipole
is fed by a lumped gap source (Z0 = 170Ω) placed between the dipole arms.
The gap between the arms of the dipole is 20 microns, which corresponds
to the gap between the strips of a Coplanar Stripline with approximately
the characteristic impedance used in the lumped gap source. The dielectric
constant of the quartz glass has been taken as 3.78. Finally, the width of the
dipole, w, was taken arbitrarily as 10 microns. See Figure 2.5 for a description
of the dipole parameters.

Configurations using different thickness of the quartz substrate were anal-
ysed, namely 20, 30 and 40 microns and an infinitely thick substrate. For
each of them the dipole length was varied and the input impedance and the
radiation pattern at 500 GHz where computed using Ansoft HFSS.

2.2.1 Input impedance

The effect of the substrate thickness and the dipole length on the input
impedance of the dipole is shown in Figure 2.6. The input impedance de-
pends very strongly on its length. The lengths corresponding to the first
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Figure 2.6: Input impedance (Ri + jXi) of a dipole printed on a quartz substrate as
a function of its length and of the substrate thickness, h.(a) Real part; (b) Imaginary
part.

two resonances are shown in Table 2.3. As it was expected the resonance
length decreases when the thickness of the quartz substrate increases, due to
the higher effective dielectric constant. This holds for both the first and the
second resonances.

Since the configurations we are analysing are rather simple, approximated
analytical solutions can be used to further check the accuracy of our results. In
particular, the resonant length of a dipole antenna printed on a semi-infinite
substrate can be calculated as 0.48Aλ0 [Kra88],where the correction factor A
for a flat element of width w and length L on a dielectric interface is A =

1√
1+ǫe(1+w/L)

and ǫe =
1+ǫr,quartz

2 , and ǫr,quartz is the dielectric constant of

quartz. Using these expressions a resonant length of 183 microns was obtained,

h (µm) lr,1 (µm) Ri,1 (Ω) lr,2 (µm) Ri,2 (Ω)

20 192.2 50.7 339 564

30 186.4 50.9 330 511

40 183.8 50.5 329 485

inf 176.1 51.2 328 537

Table 2.3: Resonant lengths (lr) and input resistance at resonance (Ri) of a dipole
antenna printed on a quartz substrate.
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Figure 2.7: Input impedance (Ri + jXi) of a dipole printed on a 20 microns thick
quartz substrate as a function of its length and width.(a) Real part; (b) Imaginary
part.

not far from the result obtained in our simulations.
The results above were obtained using a 10 microns wide dipole. If the

width of the dipole is different the input impedance changes as it is shown in
Figure 2.7. These results correspond to a dipole printed onto a 20 microns
substrate. They agree with the results obtained for a cylindrical dipole as
the peak at the parallel resonance becomes less pronounced when the width
of the dipole increases [Bal97]. Since the change in impedance is smaller, the
bandwidth increases. Also the reactance curves cross when the dipole is half
a wavelength, as it happens for cylindrical dipoles [Bal97].

2.2.2 Radiation features

The radiation patterns obtained for dipoles of different lengths printed onto
quartz substrates of different thickness are presented in Figure 2.8. If the
substrate is finite, the radiation patterns are similar to the radiation pattern
of an ideal dipole, although the H-plane is not a perfect circle due to the
substrate influence. This asymmetry causes the radiation pattern to be more
directive in the endfire direction than at boresight. As it was mentioned in the
introduction, for an infinitely thick substrate the dipole radiates mainly in the
substrate. In theory, this effect should increase with its dielectric constant.

The effect of the change in the length of the dipole on its radiation pattern
is quite small. For lengths smaller than the dipole first resonance, the radiation
pattern slightly changes. If the dipole is longer than half a wavelength, the
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Figure 2.8: Radiation pattern of a dipole printed on a quartz substrate as a function
of its length and of the substrate thickness, h. f = 500 GHz.
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Figure 2.9: Geometry of the woodpile structure.

radiation pattern starts to be more directive. These results agree with the basic
antenna theory that states that for dipoles shorter than half a wavelength the
radiation pattern hardly changes [Bal97].

2.3 Dipole on top of a silicon woodpile structure

2.3.1 Description of the woodpile structure and symmetry con-
siderations

The first structure that will be studied is the silicon woodpile. This structure
is a good candidate for this frequency range, since it is robust and the manu-
facturing processes involved in its fabrication using silicon are well-known and
can be relatively straightforward [Gon02; Azc03]. The parameters that define
the woodpile structure are shown in Figure 2.9. They can be optimize in order
to achieve the largest bandwidth, which for silicon is 21% [Mar04].

Taking into account the woodpile symmetries, there are 8 different posi-
tions that will keep the symmetry of the radiation pattern of a dipole antenna
placed on top of this type of EBG structure, see Figure 2.10. These symmetry
positions can be classified according to the dipole orientation with respect to
the top layer of bars, i.e. “parallel” or “perpendicular”, and to the position
of the centre of the dipole with respect to the bars of the two upper layers of
the woodpile. In the last case the positions are labelled as “void” if the dipole
centre is on air or “solid” in case it is on a dielectric bar.
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(a) Par. solid-solid (b) Par. solid-void (c) Par. void-solid (d) Par. void-void

(e) Per. solid-solid (f) Per. solid-void (g) Per. void-solid (h) Per. void-void

Figure 2.10: Dipole antenna placed at the symmetry positions of a woodpile structure.
The red and green bars correspond to the bars in the first and second layer of the
woodpile respectively.

Due to the large number of symmetry positions, carrying out a complete
analysis and discussion of the results obtained for all of them would be te-
dious. Therefore, the following sections will be mainly focussed on the results
obtained with two of these configurations, namely the “parallel void-void” and
“perpendicular solid-solid”. The reason for choosing them is that they repre-
sent both orientations and extreme cases in terms of position. For the sake of
completeness, the full set of results for all the configurations is presented in
Appendix A.

2.3.2 Optimized woodpile

The woodpile parameters can be optimised in order to maximize its fractional
bandwidth, defined as BW/f0, where BW is the bandwidth of the bandgap
and f0 is its central frequency. For the square bars case woodpile these opti-
mum values are ca = 1.22 and d1 = d2 = ca

4 [Mar04]. Using these values, the
dimensions for a central frequency of the gap of 500 GHz are: a = 233µm,
ca = 284.1µm and d = d1 = d2 = 71µm. The band diagram corresponding to
these dimensions is shown in Figure 2.1(a). As it was mentioned, the bandwith
obtained with this configuration is 21%.
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Figure 2.11: Input impedance (Ri + jXi) of a printed dipole placed on top of the opti-
mized silicon woodpile as a function of its length and the number of periods considered
in the analysis. The solid line represents Ri and the dashed line Xi.

Input impedance

A dipole printed on a quartz substrate was placed on top of a silicon woodpile.
The dipole width, w, was arbitrarily taken as 10 microns and it was fed by a
lumped gap source (Z0 = 170Ω). The size of the used woodpile was 4 woodpile
periods in the x− and y−directions and 2 periods in the stacking direction
(z). Although this number of periods is small and would not be sufficient in
order to characterize the radiation features of these configurations it is enough
in order to compute the input impedance of the dipoles. An example of this
is given Figure 2.11 where the input impedance obtained using 4 × 4 × 2 and
6× 6× 3 periods woodpiles are compared. The results obtained in both cases
for lengths around the first resonance are identical.

Both the dipole length and the thickness of the quartz substrate were
swept. The results obtained are shown in Figure 2.12 for the “parallel void-
void” and “perpendicular solid-solid” configurations.

The impedance curves of both configurations are very different, being the
second resonance of the “parallel void-void” more steep. This fact is common
to all the “parallel” and “perpendicular” configurations, as can be seen in
Figure A.1 and A.2 (Appendix A).

Moreover, within the “parallel” configurations the input impedance is
mainly determined by the position of the dipole with respect to the first layer
of bars. In particular, the “parallel solid-solid” and “parallel solid-void” con-
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Figure 2.12: Input impedance (Ri + jXi) of a printed dipole placed on top of the
optimized silicon woodpile in the “parallel void-void” and “perpendicular solid-solid”
symmetry positions as a function of its length and of the substrate thickness, h. f =
500 GHz.

figurations present very similar input impedance. In both cases, the second
resonance of the dipole is very close for the different thicknesses of the sub-
strate. For the other “parallel” configurations, i.e. “parallel void-void” and
“parallel void-solid”, the input impedance is different, being the second reso-
nance for the different thicknesses of the substrate more separated.

This difference can be explained by the fact that the if the dipole is placed
on top of a bar, it “sees” the bar mainly as a load, whereas if it is in between
two bars it “sees” them as scatterers and therefore the influence of the distance,
given by the thickness of the substrate is larger.

To clarify this issue a dipole has been placed on top of a layer of silicon
bars parallel to it. Two cases were analysed: the dipole placed on one of the
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Figure 2.13: Input impedance (Ri+jXi) of a printed dipole placed on a layer of silicon
bars parallel to it as a function of its length and the substrate thickness, h. f = 500
GHz. (a) and (b) Dipole on one bar; (c) and (d) Dipole in between two bars.

bars, as if it were in a “parallel solid” configuration or in between two of the
bars, similar to the “parallel void” configurations. The results obtained are
presented in Figure 2.13. They are similar to those previously presented: if
the dipole is on the bar, (a) and (b), the input impedance hardly depends
on the substrate thickness, but if the dipole is between the bars, (c) and
(d), the difference between the input impedances is larger. However, there
is a difference between these results and those obtained using the woodpile
structure: the input resistance at resonance is much lower if the woodpile is
used. This effect is due to the reflection caused by the periodicity.

The “perpendicular” configurations behave similarly. In this case, the in-
put impedance is very similar for the “solid-void” and “void-void” configura-
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h = 20 µm h = 30 µm h = 40 µm

Symmetry lr Ri lr Ri lr Ri

position (µm) (Ω) (µm) (Ω) (µm) (Ω)

Par. solid-solid 151.6 8.7 151.5 17.6 151.5 31.9

Par. solid-void 169.7 5.3 168.2 7.4 165.1 13.1

Par. void-solid 167.7 13.9 156.7 22.6 149.1 39.1

Par. void-void 170.5 10.8 159.5 17.9 151.8 30.9

Per. solid-solid 182.3 36.6 184.7 43.9 185 44.0

Per. solid-void 179.0 67.9 214.8 141.9 - -

Per. void-solid 181.9 131.5 233.8 197.5 208.3 99.6

Per. void-void 175.7 158.9 - - - -

Table 2.4: Resonant lengths (lr) and input resistance at resonance (Ri) of a printed
dipole antenna printed on a quartz substrate placed on top of the optimized silicon
woodpile. f = 500 GHz.

tions, but the other two configurations have two different types of curves. This
agrees with the previous results since what determines the input impedance
is the bars parallel to the dipole. In the “void-solid” and “solid-solid” cases,
there is a bar parallel to the dipole under it, which acts as a load. In the
“void-solid” case the load is separated from the dipole by air, whereas in the
“solid-solid” there is another silicon bar in between them. Thus, the load is
different in the two cases and so is the input impedance.

The resonant lengths and the input resistance at resonance are presented
in Table 2.4 for the different substrate thicknesses and configurations. For
the “parallel” configurations the input resistance is very low for a 20 microns
substrate, with values between 5 and 14 Ω. If the thickness of the substrate
is increased, the impedance increases as well, but the values are still quite
low. With respect to the resonant lengths, they decrease with the thickness of
the substrate. In the “perpendicular” configurations the input resistance at
resonance is higher and also increases when the substrate is thicker. For some
configurations, namely the “perpendicular void-void” with 30 and 40 microns
substrate and the “perpendicular void-solid” with 40 microns substrate, there
is not a resonance. In those cases the input impedance is always capacitive.

If the phase of the wave reflected by a silicon woodpile EBG structure is
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Figure 2.14: Phase of the reflected wave when a plane wave impinges normally on the
optimised silicon woodpile.

computed it can be seen that for a perpendicularly polarised incident wave, i.e.
E-field perpendicular to the silicon bars, the phase of the reflection coefficient
is close to 0 deg, see Figure 2.14, which is similar to the behaviour of an
Artificial Magnetic Conductor (AMC) [Mar04]. Conversely, for the parallel
polarised incident wave, i.e. E-field parallel to the woodpile bars, the phase of
the reflected wave is close to 180 deg. This could explain the different input
impedance that a dipole antenna presents when is placed at these symmetry
positions.

The “parallel” configurations are nearly short-circuited by the EBG sub-
strate, what agrees with the very low input impedance of these configurations.
The effect of the thickness of the quartz substrate was also predicted by the
phase of the reflection coefficient, since if a quartz substrate is considered on
top of the woodpile, the phase moves towards 0 deg as the substrate becomess
thicker [Mar04]. However, although the phase helps to understand the general
behaviour, the differences in terms of input impedance between the configura-
tions make clear that the influence of the relative position of the dipole with
respect to the surface of the EBG must also be taken into account.

With respect to the resonant lengths obtained with the different config-
urations, they are slightly shorter than if no woodpile is considered. If the
woodpile is taken as an effective medium, its average dielectric constant is
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Figure 2.15: Radiation patterns of a printed dipole placed on top of the optimized
silicon woodpile in the “parallel void-void” and “perpendicular solid-solid” symmetry
positions as a function of the thickness of the quartz substrate, h. l = 250 microns;
f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.

4.41, which is quite close to the dielectric constant of quartz, 3.78. This could
explain the small change in resonant lengths.

To summarize the results obtained in this section, it can be concluded
that the input impedance of a dipole antenna on top of the optimised silicon
woodpile is mainly determined by its orientation with respect to the bars
in the first layer. The “parallel” symmetry positions have a very low input
impedance, which can be attributed to the short-circuiting effect of the EBG.
Conversely, the “perpendicular” configurations have higher impedance and
could be more easily matched.

Radiation features

The radiation patterns of a dipole antenna placed on top of a woodpile in the
different symmetry positions at 500 GHz were computed using Ansof HFSS.
First, a 250µm long dipole printed on a 2a×2a (where a is the lattice constant
of the woodpile structure) quartz substrate was used as radiating element.
This dipole length was chosen arbitrarly and will be modified later on in order
to determine its influence on the radiation pattern of the configuration. As in
the previous cases, the dipole was fed by a lumped gap source ( Z0 = 170Ω)
placed between the dipole arms. The radiation pattern using a 12 × 12 × 3
periods woodpile structure was computed for the same substrate thicknesses
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(a) Par. void-void (b) Per. solid-solid

Figure 2.16: Electric field distribution when a printed dipole is placed on top of the
optimized silicon woodpile.

considered in the input impedance analysis: 20 microns, 30 microns and 40
microns. The results obtained for the “parallel void-void” and “perpendicular
solid-solid” configurations are presented in Figure 2.15. The results for the
rest of the configurations can be found in Figure A.3.

The radiation patterns of the configurations are very different due to the
interference patterns created by the EBG structures. The perpendicular con-
figurations are more affected, and the radiation patterns present larger ripples.
For most of the configurations there is hardly any difference between the re-
sults obtained with the different thicknesses. Only in the “parallel void-solid”
and “parallel void-void” symmetry position the E-plane is slightly affected by
the change of thickness, becoming narrower in the endfire direction for thin-
ner substrates. In the “perpendicular solid-void” case, the behaviour is the
opposite, the radiation pattern being more directive in the endfire direction
when the substrate is thinner.

The directivity of the configurations has also increased and it is larger in
the “parallel” configurations. The boresight directivities obtained ranged from
2.76 dBi in the “perpendicular void-void” case to 7.42 dBi in the “parallel void-
void” configuration. In general, the “perpendicular” configurations do not
have its maximum at boresight due to the interference pattern. For this reason,
the pattern on the “parallel” configurations is generally more symmetric.

In all cases the radiation patterns shows a large reduction of the back radi-
ation due to the presence of the EBG. This reduction is larger in the “parallel”
configurations. The reason for this is the different amount of power diffracted
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Figure 2.17: Radiation patterns of a printed dipole placed on top of the optimized
silicon woodpile in the “parallel void-void” and “perpendicular solid-solid” symmetry
positions as a funtion of number of periods of the woodpile structure. l = 250 µm;
h = 20 µm; f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.

at the woodpile edges. In the “parallel” configurations the field in the H-Plane
is attenuated due to the bars of the top layer, which are perpendicular to this
plane. In the “perpendicular” configurations, the fields in the H-Plane are
less attenuated and reach the edges of the woodpile, getting diffracted. This
effect can be seen in Figure 2.16 where the field distributions for the “parallel
void-void” and the “perpendicular solid-solid” are compared. In the first case
the field is confined in the region close to the dipole, whereas in the other case
the field reaches the edge of the woodpile, especially in the H-plane direction.

It is interesting to note in the field distribution of the “parallel void-void”
configuration that the scattering mainly takes place at the bars closer to the
dipole. This effect will be used in Chapter 4 to improve the radiation features
of this configuration.

If the number of periods of the woodpile structure is changed, the results
shown in Figure 2.17 are obtained. In this case only the 20 microns thick
substrate has been considered. When the number of periods is increased from
8 × 8 to 12 × 12 there is quite a large change in the radiation patterns. If the
number of periods is further increased up to 16 × 16 periods, the results tend
to stabilize for the “parallel void-void” configuration. For the “perpendicular
solid-solid” the results still change, due to the previously mentioned diffraction
effect. However, the difference between these two cases is smaller than with the
8× 8 case, showing that the pattern tends to stabilize also in this case. These
effects are common to all the “parallel” and “perpendicular” configurations as
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Figure 2.18: Radiation patterns of a printed dipole placed on top of the optimized
silicon woodpile structure for different lengths of the dipole. h = 20 µm; f = 500
GHz.

can be seen in in Figure A.4.

In the previous results, the length of the dipole was set to 250 microns. If
this length is different the patterns remain unchanged, even for dipoles longer
than λ0/2, see Figure 2.18. For the sake of comparison the radiation pattern of
the resonant dipoles, i.e. 151 microns for the “parallel void-void” configuration
and 181 for the “perpendicular solid-solid”, has also been included in the plots.
They are also similar to the other radiation patterns, showing that also for a
dipole on top of a woodpile the radiation pattern does not change very much
with the dipole length. These results are in agreement with those obtained for
a dipole without EBG substrate.
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Frequency dependence of the input impedance and radiation pattern

The previous results were computed at 500 GHz, what is the central frequency
of the bandgap of the woodpile considered. In this section, the changes of the
input impedance and the radiation pattern with frequency will be analysed.
To carry out this analysis only a 20 microns thick substrate was considered.
The width of the dipole was 10 microns and its length was swept at each
frequency.

With respect to the input impedance, the results obtained for the “parallel
void-void” and “perpendicular solid-solid” configurations are shown in Figure
2.19. In both cases, the shape of the curves is similar to those obtained previ-
ously. The dependence on the frequency is larger for the “parallel void-void”
configuration, that losses the sharp resonance when the frequency increases.
The “perpendicular solid-solid” configuration is less affected and the change
in impedance is smaller.

The resonant lengths and the input resistance at resonance are summarised
in Table 2.5. As it would be expected, the resonant length decreases with
frequency. However, this change is different for the two configurations, as can
be seen in Figure 2.20, the reason being the different interaction of the dipole
radiation with the EBG structure.

With respect to the input resistance at resonance, the behaviour of both
configurations is also different. In the “parallel void-void” configuration the
input resistance increases with frequency, whereas in the “perpendicular solid-
solid” it remains nearly constant. This can also be explained by the phase
curve, shown in Figure 2.14, since the phase of the “parallel” polarisation
moves further away from 180 deg when the frequency increases. This leads to
the increase of the input impedance, which changes from 5Ω to 30.5Ω. For the
“perpendicular solid-solid” configuration the change frequency does not affect
the inpedance so much. The oscilatory behaviour is similar to the change in
the impedance of a dipole when placed close to a metallic plane at a distance
close to λ/4 [Mar04].

The influence of the phase in the matching of a dipole antenna on top
of an EBG structure of the “mushroom” type [Sie99b] has been studied in
[Yan03]. In this case the optimum frequency range, determined in terms of
the matching to a 50Ω impedance, was that where the phase of the reflected
wave was 90 ± 45 deg. Although a further study is still required, in our case
the results seem to be different, since the optimum phase is closer to 0 deg.
Also the influence of the position of the dipole with respect to the structure
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Figure 2.19: Input impedance (Ri + jXi) of a printed dipole placed on top of the
optimized silicon woodpile when the analysis frequency is changed. h = 20 µm

Parallel void-void Perpendicular solid-solid

fc (GHz) lr (µm) Ri (Ω) lr (µm) Ri (Ω)

460 197 5.0 198 36.5

470 190 6.0 194 41.0

480 183 7.3 193 41.0

490 177 7.85 188 42.0

500 170.5 10.8 182 36.6

510 165 13.6 182 43.0

520 159 17.0 178 40.0

530 152 22.0 175 37.3

540 145 30.5 169 34.7

Table 2.5: Resonant length (lr) and input resistance at resonance (Ri) of a dipole
antenna printed on a h=20 microns substrate placed on top of the optimized silicon
woodpile as a function of frequency.
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Figure 2.20: Resonant length vs. frequency of a dipole antenna printed on a quartz
substrate and placed on top of the optimized silicon woodpile in the “parallel void-void”
and “perpendicular solid-solid” symmetry positions. h = 20 µm

seems to be larger in our case.
Regarding the radiation patterns, the results obtained for a 250 microns

dipole on a 20 microns substrate are presented in Figure 2.21. The woodpile
dimensions considered are 12 × 12 × 3 periods. For the “parallel void-void”
configurations the directivity is slightly higher for frequencies lower than 500
GHz than for higher frequencies. This also agrees with the reflected phase
being closer to 180 for these frequencies, since in this case the directivity
should be maximum [Bal97]. For the “perpendicular solid-solid” configuration
the radiation patterns are also more directive at lower frequencies. Note that
the pattern at 540 GHz is quite distorted due to the fact that this frequency
lies very close to the end of the gap.

2.3.3 Dependence with woodpile parameters

In the previous results the dimensions of the woodpile that was used corre-
sponded to the optimized design in terms of fractional bandgap. However,
there are many combinations of woodpile parameters that create a bandgap,
although not as large as this one. It could be the case that the performance
of a non optimum (in terms of bandwidth) woodpile were better than the per-
formance of the optimum one. Therefore, in this section, the influence of the
woodpile dimensions on the performance of a dipole antenna will be studied.
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Figure 2.21: Radiation patterns of a printed dipole placed on top of the optimised
silicon woodpile EBG structure when the frequency is changed. l = 250 microns;
h = 20 microns.

The modification of the woodpile is based on the change of the parameter
c, keeping the bars square, i.e. d1 = d2 = ca/4. For each c, the central
frequency of the gap changes and the lattice constant, a, was chosen, so that
the gap was centred at 500 GHz. With these restrictions the bandgap is a
maximum for c = 1.22, which was the value that was previously used. The
values of a used in each case along with the bandgap obtained can be found
in Table 2.6. Only values of c larger than 0.8 have been considered, since for
lower values the gap closes very rapidly.

As in the frequency dependence study, only the ”parallel void-void” and
the ”perpendicular solid-solid” configurations will be considered.
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c a (µm) Bandgap (%)

0.8 302.9 10.0

0.9 282.7 15.9

1.0 266.2 19.9

1.1 250.7 20.2

1.3 223.4 20.3

1.4 214.6 19.7

1.5 202.4 18.9

Table 2.6: Dimensions of the woodpile structure for different values of c. The central
frequency of the gap is 500 GHz.

Input impedance

The results obtained for the different woodpile dimensions are presented in
Figure 2.22. In both cases the second resonance is more affected than the
first one. If we focus on the first resonance, the resonant lengths and input
resistances obtained are shown in Table 2.7. For the “parallel void-void” con-
figuration the resonant length increases with c and at the same time the input
resistance is lower. The change in resonant length is very small, from 167.2
microns at c = 0.8 to 171.3 at c = 1.5. In these two limit cases the input
impedance takes values of 21.7Ω and 11.3Ω respectively. In the case of the
“perpendicular void-void” configuration the resonance length also increases
with c, from 181.5 to 188.8 microns, whereas the input impedance gets higher.
The change in input impedance is larger in this case, varying from 17.9Ω to
55.3Ω. The relation of these results with the phase of the reflected wave in
the different configurations has not been investigated yet.

Radiation features

The radiation patterns obtained with these configurations, using a 250 microns
long dipole printed on a 20 microns thick substrate and placed on top a 12 ×
12 × 3 periods woodpile are presented in Figure 2.23.

For the “parallel void-void” configuration, the directivity increases with c.
This change in the directivity is caused by the change of the lattice constant of
the woodpile, a, which makes the bars be closer to the dipole when c increases.
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Figure 2.22: Input impedance (Ri + jXi) of a printed dipole placed on top of a silicon
woodpile for different values of c. h = 20 microns; f = 500 GHz.

Parallel void-void Perpendicular solid-solid

c lr (µm) Ri (Ω) lr (µm) Ri (Ω)

0.8 167.2 21.7 181.5 17.9

0.9 167.6 17.2 181.7 24.7

1.0 168.2 14.7 182.1 31.1

1.1 169.2 12.3 183.2 37.2

1.3 171.4 10.0 185.3 47.7

1.4 170.6 11.4 188.0 52.2

1.5 171.3 11.3 188.8 55.3

Table 2.7: Resonant lengths (lr) and input impedance at resonance (Ri) of a dipole
antenna printed on a quartz substrate placed on top of a silicon woodpile for different
values of c. h = 20 microns; f = 500 GHz.
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Figure 2.23: Radiation patterns of a dipole placed on top of a silicon woodpile EBG
structure for different values of c. l = 250 µm; h = 20 µm; f = 500 GHz.

With respect to the “perpendicular solid-solid” symmetry position, there is a
slight change in directivity, which also becomes larger when c decreases.

2.4 Dipole on top of ZTT woodpile structure

2.4.1 Description of the EBG structure and symmetry consid-
erations

As it was mentioned, by increasing the dielectric constant the width of the
band gap of an EBG structure can be widen and its physical size can be
reduced. In this case, the ZTT ceramic material (ǫr = 37) will be used to
create the woodpile structure. The dispersion diagram of the optimised in
terms of bandwidth ZTT woodpile can be seen in Figure 2.1(b). In this case
the dimensions of the woodpile are (see Figure 2.9 for a description of the
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woodpile parameters): a = 141µm, ca = 172µm and d1 = d2 = 43µm. With
these dimensions a fractional bandwidth of 32.8% is achieved.

Since we are dealing with the same EBG structure, the same symmetry
positions that were explained for the silicon woodpile apply in this case. Also
in this case we will focus on the “parallel void-void” and “perpendicular solid-
solid” configurations, the full set of results being showed in Appendix B.

2.4.2 Input impedance

A similar study as for the silicon woodpile was carried out for the ceramic
woodpile. A planar dipole, printed on a quartz substrate was placed on top
of the ceramic woodpile at the different symmetry positions and the input
impedance of the dipole was determined. In this case the dipole was sur-
rounded by 6 woodpile periods in both x and y directions and 2 periods in the
stacking direction, z. A larger number of periods is used in this case so that
the total area of the configuration is similar to that in the case of the silicon
woodpile. Both the dipole length and the thickness of the quartz substrate
were swept. The results obtained for the “paralell void-void” and “perpen-
dicular solid-solid” configurations are shown in Figure 2.24. The results for
the rest of the “parallel” and “perpendicular” configurations are presented in
Figure B.1 and Figure B.2 (Appendix B) respectively.

The behaviour for the “parallel” configurations is the same as in the case of
the silicon woodpile. The input impedance depends mainly on the position of
the dipole with respect to the first row of bars, which are parallel to the dipole.
The input resistance in this case is even lower than for the silicon woodpile,
see Table 2.25. This effect can be related to the phase of the reflected wave
under normal incidence as it was pointed out in the silicon woodpile section,
since also in this case the phase of the reflected wave is close to 180 deg for
this polarisation [Mar04].

In the “perpendicular” configurations the results are quite different from
the silicon case, especially in the “perpendicular void-solid” and the “perpen-
dicular void-void” configurations. The reason for this behaviour is that the
lattice constant is smaller than the dipole and thus there is a bar under the
dipole which distorts the current distributions and that creates a resonance.
In the “perpendicular void-solid” case, and for h = 40 microns this effect is
even stronger, as can be seen in Figure 2.26. In this plot, the field distri-
bution for the different “perpendicular” polarisations is compared, showing a
completely different behaviour in the case of the “perpendicular void-solid”
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Figure 2.24: Input impedance (Ri + jXi) of a printed dipole placed on top of a ZTT
woodpile in the “parallel void-void” and “perpendicular solid-solid” symmetry posi-
tions as a function of its length and of the substrate thickness, h. w = 10 µm; f = 500
GHz.

h = 20 µm h = 30 µm h = 40 µm

Symmetry lr Ri lr Ri lr Ri

position (µm) (Ω) (µm) (Ω) (µm) (Ω)

Par. solid-solid 158.8 3.9 159.0 8.9 157.0 17.0

Par. solid-void 166.3 4.1 160.2 20.2 163.5 9.8

Par. void-solid 175.7 5.5 166.0 10.2 160.6 17.8

Par. void-void 176.1 5.6 166.9 10.6 161.4 18.2

Per. solid-solid 170.7 58.2 175.8 86.1 187.2 107.3

Per. solid-void 171.9 70.7 181.2 93.3 185.7 92.1

Per. void-solid 134.0 57.1 131.0 67.6 - -

Per. void-void 133.0 76.5 136.2 84.1 262.1 309.0

Figure 2.25: Resonant lengths (lr) and input resistance at resonance (Ri) of a dipole
antenna printed on a quartz substrate and placed on top of a ZTT woodpile. w =
10 µm; f = 500 GHz.
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(a) Perp. solid-solid (b) Perp. solid-void

(c) Perp. void-solid (d) Perp. void-void

Figure 2.26: Electric field distributions of a dipole placed on top of the ZTT woodpile
EBG structure. h = 40 µm; l = 250 µm; f = 500 GHz.

configurations. However, the input impedance at resonance is also higher for
these symmetry positions, which can also be related with the reflected phase,
close to 0 deg.

The resonant lengths in these configurations are slightly shorter than for
the silicon woodpile. In this case the effective dielectric constant of the wood-
pile is 12, what would justify a larger decrease of the resonant length. This
indicates that the effective medium theory is not applicable for this kind of
configurations.

2.4.3 Radiation pattern

The radiation patterns of a dipole antenna placed on top of a woodpile in
the different symmetry positions at 500 GHz have been obtained, using the
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Figure 2.27: Radiation patterns of a printed dipole placed on top of the optimised ZTT
woodpile as a function of the substrate thickness. 12 × 12 × 2 periods; l = 250 µm;
f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.
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Figure 2.28: Radiation patterns of a printed dipole placed on top of the optimised ZTT
woodpile as a function of the number of periods of the EBG structure. l = 250 µm;
h = 20 µm; f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.

same configuration as for the silicon woodpile. The woodpile consisted of
12× 12× 2 periods and the dipole width and length were 10 and 250 microns
respectively. Three different substrate thickness are compared, namely 20, 30
and 40 microns.

First, the radiation patterns obtained in the “parallel void-void” and “per-
pendicular solid-solid” configurations are shown in Figure 2.27. In these two
cases there is hardly no difference in the radiation patterns when the thickness
of the substrate is changed. The radiation pattern obtained with the rest of



2.4 Dipole on top of ZTT woodpile structure 43

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

l = 100 µm

l = 200 µm

l = 300 µm

l = 400 µm

(a) Par. void-void, E-Plane

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

l = 100 µm

l = 200 µm

l = 300 µm

l = 400 µm

(b) Par. void-void, H-Plane

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

l = 100 µm

l = 200 µm

l = 300 µm

l = 400 µm

(c) Perp. solid-solid, E-Plane

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

l = 100 µm

l = 200 µm

l = 300 µm

l = 400 µm

(d) Perp. solid-solid, H-Plane

Figure 2.29: Radiation patterns of a printed dipole placed on top of the optimised
ZTT woodpile for different lengths of the dipole. h = 20 µm; f = 500 GHz.

the configurations are presented in Figure B.3. In these cases, only for the
“perpendicular void-solid” and “void-void” configurations there is a different
pattern when the 40 microns thick substrate is used. As it was already pointed
out when the input impedance was studied, in both cases there is a resonance
for this thickness which also creates a very different radiation pattern.

As it was the case in the silicon woodpile, the “parallel” configurations
show lower levels of back-radiation. The reason is the same as in the previous
case: the field in the “perpendicular” polarisations can arrive more easily to
the edge of the woodpile, getting diffracted and increasing the back-radiation.

The results obtained when the number of woodpile periods was changed are
presented in Figure 2.28 for the “parallel void-void” and “perpendicular solid-
solid” configurations and in Figure B.4 for the rest of them. In this case, the
dependence on the size of the EBG structure is larger than for the Si woodpile
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and only the “parallel void-solid” and “void-void” configurations seem to have
converged to the pattern corresponding to the infinite configuration. In the
rest of the configurations the patterns show larger difference between plots.
According to these results, the number of periods required for a stabilised
radiation pattern is larger for the ceramic woodpile than for the silicon one.
Since this effect is related with the diffraction at the edges of the EBG, it
depends on the real size of the structure and not on the number of periods.
As the period of the ceramic woodpile is smaller than the period of the silicon
woodpile, the number of periods required in order to have the same physical
dimensions is larger.

In the previous results, the length of the dipole was set to 250 microns. If
this length is varied the patterns remain unchanged for the shortest dipoles,
see Figure 2.29. In the case of the longest dipole considered, i.e. l = 400
microns, the pattern is slightly different from the other ones.

2.5 Dipole on top of ZTT Fan EBG structure

The Fan EBG structure was proposed in 1994 [Fan94]. To the best of our
knowledge, since then little work has been carried out on its use in any practical
application. In particular, in the field of antennas, it seems that it has not
examined yet as substrate. In this section its performance when combined
with printed dipole antennas will be studied.

2.5.1 Description of the EBG structure and symmetry consid-
erations

This section describes the implementation of Fan’s EBG structure that has
been considered in the simulations. As in the woodpile case, its dimensions can
be optimised in order to obtain the largest bandgap. However, the dimensions
of the optimum structure for a central frequency of 500 GHz and using ZTT as
dielectric material are quite difficult to manufacture due to the tight tolerances
required. These are particularly demanding for the spacing between cylinders
[Azc03; Mar04].

Therefore, the dimension that have been used in this study, do not cor-
respond to the optimum structure in terms of bandwidth but to the op-
timum if a trade-off is carried between manufacturability and performance
[Azc03]. The dimensions of this particular Fan structure are (see Figure 2.30):
a = 221.51µm, r = 50.95µm, w = 79.74µm, d = 112.97µm, b = 157.27µm,
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Figure 2.30: Geometry of Fan EBG structure. The grey and white areas represent the
dielectric material and the air regions respectively.

h = 77.53µm. With these parameters a gap of 32.5% is achieved as it is shown
in its band diagram, Figure 2.1(c). Note that in this case, as it was previously
mentioned, although a high dielectric constant material has been used, the
size of the EBG structure is similar to the size of the silicon woodpile.

With respect to the determination of its symmetry positions, this structure
is more complicated than the woodpile. If the structure is cut by a plane that
is perpendicular to the axis of the air cylinders, such as the top plane in Figure
2.30, there is only one symmetry plane, which is perpendicular to the square
holes and cuts the centre of the circles. These planes are represented by the
dashed lines in Figure 2.31. Since there is only one symmetry plane, only one
of symmetry planes of the dipole will coincide with it and the symmetry of
the radiation pattern of the dipole will be lost.

Taking this into account, the symmetry positions that have been identified
are presented in Figure 2.31, showing the two different dipole orientations.
The different configurations can be classified in two groups. The first group is
formed by the configurations in which the dipole is perpendicular to the sym-
metry plane and thus parallel to the dielectric areas of the top layer (“parallel”
configurations from here on, see Figure 2.31.a)). Those configurations in which
the dipole is parallel to the symmetry plane and thus perpendicular to the di-
electric regions will be named as “perpendicular” configurations, see Figure
2.31.b) and c). This definition of the dipole orientations is similar to that used
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(a) “Parallel” configurations (b) “Perpendicular” configurations

(c) “Perpendicular” configurations

Figure 2.31: Dipole placed on the symmetry positions of Fan EBG structure. The
black rectangles are the two arms of the dipole. The shaded regions correspond to any
dielectric material and the white ones to air. The dashed line represents a symmetry
plane.

for the woodpile structure.

Inside these two groups there are no real symmetry positions and some
positions on top of the structure have been selected, based on a combination
of the symmetry positions of the hexagonal lattice and the areas of air and
high dielectric constant material. Although this set of positions is arbitrary,
their features will give a good insight into the performance of Fan structure
as substrate for dipole antennas.

As in the previous EBG structures, in the following sections we will con-
centrate on two of the symmetry positions, namely the “parallel #1” and the
“perpendicular #1”. Again, the reason for choosing them is that they repre-
sent both orientations and extreme cases in terms of position. The full set of
results obtained for all the configurations can be found in Appendix C.
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Figure 2.32: Input impedance (Ri + jXi) of a printed dipole placed on top of a ZTT
Fan EBG structure, ǫr = 37, in the “parallel #1” and “perpendicular #1” symmetry
positions as a function of its length and of the substrate thickness. w = 10 µm;
f = 500 GHz.

2.5.2 Input impedance

As for the previous EBG structures, the input impedance of a dipole antenna
when placed on top of Fan structure has been studied. Also in this case the
dipole antenna was also fed by a lumped gap port (Z0 = 170Ω) and its width
was arbitrarily set to 10 microns.

The variation with the length of the input impedance of the dipole for
the two selected configurations is presented in Figure 2.32. As it happened in
the previously studied EBG structures, in this case the behaviour of the two
polarisations is also very different. The “perpendicular” configurations present
high input impedance, whereas the “parallel” ones are nearly short-circuited.
The reason can also be found in the phase of the reflected wave, since it is
close to 180 deg for the “parallel” configurations, whereas it is closer to 0 deg
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h = 20 µm h = 30 µm h = 40 µm

Symmetry lr Ri lr Ri lr Ri

position (µm) (Ω) (µm) (Ω) (µm) (Ω)

Par. #1 170.7 2.8 162.3 4.1 156.4 6.5

Par. #2 211.8 0.6 196.1 1.0 185.1 2.5

Par. #3 159.6 0.8 158.3 1.3 158.3 2.6

Par. #4 184.0 1.0 174.4 1.4 167.4 2.6

Perp. #1 144.8 149.7 146.3 191.5 155.8 297.6

Perp. #2 181.0 35.6 174.1 51.5 172.2 87.5

Perp. #3 159.6 90.0 158.6 122.0 187.5 269.8

Perp. #4 147.8 132.2 149.0 175.7 155.8 261.2

Table 2.8: Resonant length (lr) and input resistance at resonance (Ri) of a printed
dipole on top of a ZTT Fan EBG structure. w = 10 µm; f = 500 GHz.

for the “perpendicular” ones [Mar04].

The resonant lengths and the input resistance values at resonance are given
in Table 2.8. With respect to the resonant lengths, they are not shorter than
those of the dipole without EBG. This result also shows that the effective
medium can not be used in this configuration, since in this case the effective
dielectric constant for this structure is 10.7, but the dipole size is not reduced
accordingly.

The input resistance at resonance is very low for the “parallel” polarisations
whereas it is higher for the “perpendicular” ones. As for the previous EBG
structures it increases when the quartz substrate is thicker.

2.5.3 Radiation patterns vs. symmetry position

In order to check the radiation properties of a dipole on top of Fan EBG
structure the same configuration used for the input impedance analysis has
been used. Initially, the dipole length has been set arbitrarly to 250µm and
the substrate thickness has been varied. The results corresponding to the
“parallel #1” and “perpendicular #1” symmetry positions are presented in
Figure 2.33. The dimensions of the EBG structure were 6 × 6 × 2 periods
in the x−, y− and z−directions. The reason for using a smaller number of
periods than in the woodpile case is that the structure is more intricate than
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Figure 2.33: Radiation pattern of a printed dipole dipole placed on top of a ZTT Fan
EBG structure at the “parallel #1” and “perpendicular #1” symmetry positions as a
function of the thickness of the quartz substrate. l = 250 µm; f = 500 GHz. Solid
line: E-Plane; Dashed line: H-Plane.

the woodpile, what makes its analysis more difficult due to the large memory
requirements.

Both configurations present very different radiation pattern, which are
similar in the rest of the the “perpendicular” and “parallel” configurations, as
can be seen in Figure C.3. According to these results, the radiation patterns
depend mainly on the orientation of the dipole with respect to the symmetry
plane and not on its position with respect to the dielectric and air regions.

Dipoles placed in “perpendicular” symmetry positions show a very broad
E-Plane, whereas their H-plane is rather narrow. For these configurations the
maximum directivity does not correspond to boresight, but to approximately
60 deg. The patterns are not very dependent on the thickness of the quartz
substrate, except in the position “perpendicular #3” in which the pattern
becomes more asymmetric when the thickness of the substrate increases.

The radiation patterns corresponding to the “parallel” symmetry positions
have a more symmetric and directive radiation pattern. However, for some of
these configurations there is a null at boresight, depending on the thickness of
the quartz substrate. These configurations are more sensitive to the substrate
thickness than the “perpendicular” ones.

The reason for the changes of the radiation pattern can be understood
by inspecting Figure 2.34, where the field distributions for the configurations
“perpendicular #3” is shown. In this plot it can be seen that the field distri-
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(a) h = 20 microns (b) h = 30 microns

(c) h = 40 microns

Figure 2.34: Electric field distributions corresponding to the “perpendicular #3” sym-
metry position for different thickness of the quartz substrate.

bution depends very strongly on the thickness of the substrate, what justifies
the changes in the radiation pattern.

The back radiation levels are lower in the “parallel” polarisations. This
fact is similar to the behaviour of a dipole on top of a woodpile. In Fan struc-
ture dipoles placed at “perpendicular” configurations are perpendicular to the
dielectric areas and their radiation in the H-Plane “sees” less discontinuities
than the H-Plane radiation of the “parallel” configurations. Therefore, the
field arrives more easily to the edge of the EBG substrate, contributing to the
back-radiation.

With respect to the influence of number of periods of the EBG structure,
a comparison between the results with 6× 6× 2 periods and 8× 8× 2 can be
found in Figure 2.35. For the two studied configurations the results are very
similar in both cases. However, the difference between curves is larger in the
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Figure 2.35: Radiation pattern of a printed dipole placed on top of a ZTT Fan EBG
structure at the “parallel #1” and “perpendicular #1” as function of the number of
periods of the EBG structure. h = 20 µm; f = 500 GHz. Solid line: E-Plane; Dashed
line: H-Plane.

“perpendicular” configuration, being related with the orientation of the dipole
with respect to the dielectric areas, as it was just discussed.

Although the number of periods used is much smaller than the number of
periods used with the woodpile structure, the results seem to have converged.
This fact can be related with the intricate surface of this particular EBG
structure, which has discontinuities in all directions and does not allow the
field to propagate easily on the surface. With respect to the number of periods
in the “stacking direction”, two periods have been shown to be enough for all
the configurations.

If the length of the dipole antenna is varied, a similar effect to that ob-
served with the woodpile structure can be found (see Figure 2.36). For both
configurations the dipole length has no influence on the radiation pattern,
provided the dipole length is shorter than λ0. The rest of the configurations
behave similarly, except the “perpendicular #3” and “#4” configurations, see
Figure C.6, in which the radiation pattern changes. In both cases there is a
null at broadside depending on the dipole length. Since for these configura-
tions the radiation pattern also changed with the substrate thickness, it seems
that the interaction of the radiated field with the EBG surface is responsible
for these results.
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Figure 2.36: Radiation pattern of a printed dipole placed on top of a ZTT Fan EBG
structure at the “parallel #1” and “perpendicular #1” symmetry positions as function
of the length of the dipole. h = 20 µm; f = 500 GHz.

2.6 Comparison between the different configurations

In the results presented above some similarities can be found between the
results obtained with the different EBG structures which are now discussed.

With respect to the input impedance of the dipoles, all the EBG struc-
tures studied behave similarly. In all cases the input impedance is mainly
determined by the orientation of the dipole with respect the dielectric bars in
the top layer of the EBG. As a consequence, “parallel” configurations present
very low input resistance. Conversely, “perpendicular” configurations show
much higher input resistance. The difference between both orientations seems
to be linked to the phase of the reflected wave under normal incidence. This
phase is close to 180 deg for the “parallel” configurations, what justifies its
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low input resistance.
The phase of the reflected wave under normal incidence can be used as a

design tool in order to identify the orientations of the dipole which will have
very low input impedance. If the phase is close to 180 deg, the EBG structure
will short-circuit the antenna and reduce its input impedance. These config-
urations will be difficult to match using a high characteristic impedance line,
such as the Coplanar Stripline. However, although the phase helps to under-
stand the general behaviour, there are differences in terms of input impedance
between configurations which have the same orientation. This indicates that
the influence of the relative position of the dipole with respect to the surface
of the EBG must also be taken into account.

Also for both EBG structures the use of a high dielectric constant material
does not lead to a significant reduction of the size of the dipoles. Therefore, the
increase of manufacturing complexity due to the use of the ceramic material
with respect to the use of silicon is not justified for the EBG structures studied.

Regarding the radiation pattern, it is mainly determined by the scatter-
ing at the surface of the EBG and is difficult to predict a priori. In general,
more directive radiation patterns are obtained with the woodpile structure.
For both EBG structures, “parallel” configurations present normally higher
directivities than the “perpendicular” ones. For the woodpile structure, “per-
pendicular” configurations need larger structures to avoid diffraction at the
edges, due to the smaller attenuation of the fields in this direction of the sur-
face of the EBG. For this EBG structure, the results obtained show that the
size of the structure in terms of λ0 determines the diffraction at the edges.
This property counteracts the reduction of size achieved by using the ceramic
material. With respect to the size, Fan structure needs a smaller number of
periods in order to have a stabilized radiation pattern. The reason for this
is the larger attenuation at the surface of the EBG. However, the interaction
of the radiation with the structure is larger and for some configurations it is
more sensitive to the substrate thickness and dipole length than the woodpile.
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Chapter 3

Dipole fed by Coplanar
Stripline on top of an EBG
structure

3.1 Introduction

In the previous chapter the features of a dipole antenna placed on top of
different EBG structures was studied. In particular the woodpile structure
and Fan’s structure were analysed. According to these results, the different
symmetry positions of these structures present very different radiation and
input impedance features.

However, the study carried out used ideally fed dipoles as radiating ele-
ments. In any real configuration the dipole will be connected to the rest of
the circuitry via any kind of transmission line or waveguide that should be
matched to the dipole impedance in order to reduce the losses. At the same
time this transmission line will have an impact on the radiation pattern of the
dipole, since it introduces an asymmetry and consequently will degrade the
performance.

In this chapter, Coplanar Striplines (CPS) will be used to feed the dipoles
and the matching features of some of the configurations discussed in the pre-
vious chapter will be studied. The main objective is to find the best configu-
ration in terms of matching and radiation pattern to be used as our detecting
element.

55



56 Dipole fed by Coplanar Stripline on top of an EBG structure

Figure 3.1: Geometry of the coplanar stripline (CPS).

3.2 Coplanar striplines

The coplanar stripline is a planar waveguide that consists of two metallic strips
printed on a dielectric slab, see Figure 3.1. It presents some advantages, such
as being a balanced transmission line and the possibility of series and shunt
mounting of devices. The main drawback is that due to the lack of a ground
plane, it can support two parasitic modes, TE0 and TM0 of a dielectric slab,
which do not have a cut-off frequency. Since the electric field in the CPS is
mainly parallel to the dielectric air interface, the TE0 mode, which also has its
electric field predominantly parallel to this interface, can be strongly excited
at discontinuities.

The characteristic impedance of the Coplanar Stripline can be calculated
using [Sim01]:

Z0 =
120π
√

ǫeff

K (k′)

K (k)
, (3.1)

where K is the complete elliptical integral of the first kind. The other param-
eters are defined as follows:

k =

√

1 − (a/b)2, (3.2)
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Figure 3.2: Characteristic impedance of a CPS line printed on a quartz substrate. (a)
h = 20 microns. (b) a = 10 microns.

k′ =
√

1 − k2 =
a

b
, (3.3)

ǫeff = 1 +
1

2
(ǫr − 1)

K (k)

K (k′)

K (k′
1)

K (k1)
, (3.4)

and

k1 =

√

1 − sinh2 (πa/2h)

sinh2 (πb/2h)
. (3.5)

In these formulas the metal strips have been supposed to have zero thick-
ness.

Examples of the range of impedances that can be obtained with this trans-
mission line are shown in Figure 3.2. The impedance of this line is quite high,
which will require a high impedance of the dipole in order to be able to match
it. The characteristic impedance depends inversely on the width of the strips
and directly on the separation between them. It also decreases with the thick-
ness of the substrate.

3.3 Dipole on quartz slab

As in the previous chapter and for the sake of comparison, first the matching
of a dipole antenna printed on a quartz substrate and fed by a CPS will be
studied. The dimensions of the CPS used have been taken arbitrarily as:
a = 10 microns, b = 30 microns. Again, the same different thickness of the
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Figure 3.3: S11 of a dipole fed by a CPS and printed on a quartz substrate as a
function of its length and the substrate thickness, h.

quartz substrate were considered, namely 20, 30, 40 microns and an infinite
substrate. The characteristic impedance of these CPS calculated using eqn.
(6.4) is 167.4, 162.0, 159.6 and 156.0 Ω respectively. If these lines are analysed
using HFSS the impedances are 168.4, 163.1, 160.2 and 158.3 Ω, in good
agreement with the theoretic values.

The results obtained when the length of the dipole is swept are shown in
Figure 3.3. The matching peak has shifted to longer lengths with respect to
the resonant length obtained when the dipole was fed by a lumped gap source
(Table 2.3). The reason is that the transition from the CPS to the dipole adds
some reactance that can only be compensated with a larger length. Similar
results can be found in Coplanar Waveguides [Net03]. The increase in length
will also improve the matching of the dipole, since the input resistance is
larger for longer dipoles, see Figure 2.6. Moreover, for the lengths where the
minimum of the reflection coefficient takes place, i.e. around 270 microns, the
input resistance of the ideal dipole is higher than the characteristic impedance
of the CPS. This justifies the better matching of the configuration built on a 20
microns thick substrate, since it presents the lowest characteristic impedance.

The radiation patterns corresponding to different configurations are shown
in Figure 3.4. In this case the shortest length presents a very different radi-
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ation pattern compared to the other configurations. Since this dipole is very
mismatched, the standing wave created in the feeding lines degrades the ra-
diation pattern. For the rest of the configurations the radiation patterns for
different substrate thicknesses are very similar. If these patterns are compared
with those obtained in the previous chapter, where an ideal dipole was used,
certain degradation is observed, mainly in the H-Plane. The reason is the
asymmetry caused by the feeding lines.

3.4 Dipole fed by CPS on top of silicon woodpile

In this study a quartz-backed dipole was placed on top of a woodpile structure
and fed by a CPS. The initial dimensions of the CPS were the same used in
the previous case, i.e. a = 10 microns, b = 30 microns. In this case the dipoles
were 10 microns wide and were printed on 20, 30 and 40 microns substrates.

3.4.1 Matching

The results obtained for the different configurations are shown in Figure 3.5.
As in the previous section, the minimum of the reflection coefficient shifts to
larger dipole lengths with respect to the resonant lengths obtained using an
ideal dipole, presented in Table 2.4. The reason is the same that was pointed
out previously: the discontinuity at the end of the CPS creates a capacitance
that shifts the resonant length to longer values.

In the previous chapter it was shown that the input impedance of an ideal
dipole on top of a woodpile structure in any of the “parallel” configurations
presented very low input impedance, due to the short-circuiting effect of the
woodpile structure. This result is in agreement with the matching results, since
it is not good for any of these configurations. Also the matching improves when
the substrate thickness increases, what is also in agreement with the increasing
input impedance of the dipoles for thicker substrates, obtained in the previous
section. Note that although the impedances at resonance computed in the
previous chapter were very low, the shift to larger resonant lengths increase
the input resistance and the S11 for some configurations can be improved up
to -10 dB.

On the other hand, the “perpendicular” configurations present better match-
ing levels, specially the “solid-solid” and “void-solid” configurations. In these
two cases, and for these particular dimensions of the CPS lines, the best
matching results are obtained with the thinner substrates, i.e. 20 microns.
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Figure 3.4: Radiation pattern of a dipole fed by a CPS and printed on a quartz
substrate as a function of its length, l, and of the substrate thickness, h. f = 500
GHz.
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Although the input resistance at resonance is larger for thicker substrates, as
it was shown in Table 2.4, it increases much faster for thinner substrates, what
helps to the matching of these configurations.

In the “solid-void” and “void-solid”, there is not a clear resonance for the
thicker substrates. This is related with the fact that the input impedance in
these configurations was always capacitive, and therefore the reactance of the
discontinuity takes the configurations even further away from resonance.

The matching results that have been presented correspond to a particular
CPS line. Actualy, the “perpendicular solid” solid configuration is so well
matched because the dimensions on the line were very close to the optimum
dimensions for this configuration, as it will be shown in the next section. If
another line were used, the results would be different and another “perpen-
dicular” configuration could be better matched. However, for the “parallel”
configurations it is not possible to achieve the same return loss levels, since
the input impedance of the dipole is very low.

3.4.2 Radiation pattern

With respect to the radiation patterns, results corresponding to the “parallel
void-void” and “perpendicular solid-solid” symmetry positions are presented
in Figure 3.6 and 3.7. These two configurations were chosen as representatives
of the two orientations since the “parallel void-void” showed a quite good
radiation pattern when a dipole was studied in the previous chapter and the
“perpendicular solid-solid” shows good matching features.

As in the case of a dipole on quartz, the matching of the configuration
plays a very important role on the shape of the radiation pattern, since the
standing wave created in the CPS when the dipole is not matched interferes
with the radiation pattern of the dipole.

In the “parallel void-void” configuration, if the substrate is 20 microns
thick, the return loss are quite low for a 100 microns long dipole, see Figure
3.5(g), and the radiation pattern is very bad in this case. If the dipole is
enlarged up to 200 microns, the radiation pattern improves. For longer dipoles,
i.e. 300 and 400 microns, the radiation pattern is nearly the same, due to the
similar return losses. In these later cases the radiation pattern shows several
nulls in the H-plane due to the interference pattern. The results for the other
thickness are similar to the ones with a thickness of 20 microns.

For the “perpendicular solid-solid” configuration the matching, shown in
Figure 3.5(b), is better except for the shortest dipole (100 microns). There-
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Figure 3.5: S11 of a dipole fed by a CPS and placed on top of a silicon woodpile in
the different symmetry positions. f = 500 GHz.
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Figure 3.6: Radiation pattern a dipole fed by a CPS and placed on top of a silicon
woodpile in the “parallel void-void” symmetry position as a function of its length and
of the substrate thickness, h. f = 500 GHz.

fore, the radiation patterns are more similar and their degradation is smaller.
However, the radiation patterns corresponding to the thicker substrates show
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Figure 3.7: Radiation pattern a dipole fed by a CPS and placed on top of a silicon
woodpile in the “perpendicular solid-solid” symmetry position as a function of its
length and of the substrate thickness, h. f = 500 GHz.

deeper nulls due to the fact that they are worse matched than the configura-
tions using thinner substrates.
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Figure 3.8: (a) S11 parameter of the optimised dipole fed by CPS line configuration.
(b) Radiation pattern at f = 500 GHz.

3.4.3 “Perpendicular solid-solid” symmetry position

The previous results show that it is difficult to achieve a good matching of a
dipole placed in the “parallel” configurations. Moreover, the radiation of these
configurations is largely degraded by the standing wave created in the feeding
line. Thus, these configuration present a worse radiation pattern than the
“perpendicular” configurations, although the radiation pattern of the dipole
without feeding lines was better. For these reasons these configurations were
discarded and it was decided to select a “perpendicular” configuration.

From the “perpendicular” configurations, the “perpendicular solid-solid”
symmetry position was the selected one, since its radiation pattern was less de-
pendent on the woodpile dimension and substrate parameters than the “void-
solid” configuration, the other configuration that showed good matching fea-
tures.

Matching

The matching results presented for the “perpendicular solid-solid” configura-
tion were not optimum, since they were computed with certain CPS param-
eters. Although according to the input impedance results, similar levels of
return loss could be obtained with other substrate thicknesses, we decided to
use this thin substrate in order to avoid any possible substrate mode excita-
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Figure 3.9: Radiation pattern of the optimised dipole fed by CPS line as a function
of frequency.

tion, since according to [Ale83] the power in substrate modes is small only
if h << λ0/10. Moreover, the substrate with thickness 20 microns already
showed very good matching performance, what made the optimisation pro-
cess faster. Finally, this substrate was still within practical limits in terms of
its fabrication.

The return loss of the configuration was optimised by modifying the CPS
parameters, a and b, and the dipole length. The optimum values were found
to be a = 10 microns, b = 34 microns and l = 235 microns. The S11 of
this configuration is shown in Figure 3.8(a). The return loss at the design
frequency, 500 GHz, is close to 50 dB.

Radiation pattern

With respect to the radiation pattern of this configuration at the design fre-
quency, it is shown in Figure 3.8(b). Although it is slightly distorted by the
feeding circuit, it is quite symmetric with low back radiation levels. Note that
since the structure is finite, 11 × 11 × 2 periods, in a real configuration these
levels should be smaller, due to the reduction of the diffraction at the edges.

The frequency dependence of the radiation pattern is studied in Figure 3.9
for several frequencies inside the gap. For frequencies higher than 500 GHz
the radiation pattern tends to degrade faster than for lower frequencies. This
way, the pattern at 540 GHz shows higher levels of back radiation, and deeper
nulls. Note that this degradation is not caused by the bad matching, since the
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Figure 3.10: S11 of a dipole fed by a CPS and placed on top of a ZTT woodpile in
different symmetry positions. f = 500 GHz.

S11 is increases faster for lower frequencies, but for the interaction with the
EBG structure. Note that a similar radiation pattern was obtained for the
dipole without feeding lines, see Figure 2.21. If the frequency is lower than
the central frequency the radiation pattern is slightly more directive. This
effect was already observed in Chapter 2 when the frequency dependence of
the input impedance and of the radiation pattern was studied.

3.5 Dipole fed by CPS on top of ZTT woodpile

As it was concluded in the previous chapter, the performance of a dipole
antenna placed on top of a ceramic woodpile was similar to its performance
if a silicon woodpile is used. In this case, and based on the results previously
obtained for the silicon woodpile case, only a limited number of configurations
will be studied. The two selected configurations are the “parallel void-void”
and the “perpendicular solid-solid”, since they represent both orientations and
limit cases in terms of placement.

3.5.1 Matching

According to the input impedance results shown in Chapter 2, the “paral-
lel void-void” configuration should be difficult to match, due to the very low
impedance of a dipole placed at it (see Table 2.25). Conversely, the “perpen-
dicular solid-solid” will be easier to match since its input impedance is much
higher.
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The results obtained in this section, see Figure 3.10, verify our assump-
tions. The return loss for the “parallel void-void” configuration is not better
than 3 dB, even for the thicker substrates. On the contrary, the “perpendic-
ular solid-solid” configuration allows achieving S11 values lower than -20 dB.
The dimensions of the used CPS are the same found to be optimum for the
silicon woodpile case, i.e. a = 10 microns, b = 34 microns, w = 10 microns.
These dimensions could be optimised in order to improve the matching as they
were in that case.

These results are consistent with those obtained in the previous section
for the silicon woodpile. In both cases the “perpendicular” configurations can
be matched, whereas the “parallel” configurations can not. In the “parallel”
case, the return loss is better in the silicon woodpile, due to the higher input
impedance predicted in section 2.3.2.

3.5.2 Radiation pattern

With respect to the radiation patterns obtained with both configurations,
they are shown in Figure 3.11 and Figure 3.12, for the “parallel void-void”
and the “perpendicular solid-solid” configurations respectively. In both cases
the size of the analysed woodpile structures was 6× 6× 2 periods, since larger
configurations could not be analysed due to the high dielectric constant. The
levels of back radiation obtained are larger than with the silicon woodpile, due
to the smaller size of the structure in terms of λ0.

For the “parallel void-void” configuration the radiation patterns are differ-
ent when the length of the dipole is changed. This is due to the bad matching
of the configuration, which makes the radiation pattern depend on the in-
terference with the standing wave generated in the feeding lines. Since the
matching did not improve significantly by increasing the thickness of the sub-
strate, neither do the radiation patterns.

In the “perpendicular solid-solid” configuration the radiation patterns are
more similar when the length of the dipole changes, due to the higher return
losses. Only a 100 microns long dipole gives a different radiation pattern, due
to the much worse matching. This configuration can be better matched when
the thickness of the substrate increases. However, this is not shown in the
radiation patterns, since the return loss are already high enough not to affect
them.
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Figure 3.11: Radiation pattern a dipole fed by a CPS and placed on top of a ZTT
woodpile in the “parallel void-void” symmetry position as a function of its length and
of the substrate thickness, h. f = 500 GHz.
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Figure 3.12: Radiation pattern a dipole fed by a CPS and placed on top of a ZTT
woodpile in the “perpendicular solid-solid” symmetry position as a function of its
length and of the substrate thickness, h. f = 500 GHz.
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Figure 3.13: S11 parameter of the optimised dipole fed by CPS line on top of a ZTT
woodpile.

3.5.3 “Perpendicular solid-solid” symmetry position

In order to study the frequency dependence of the return loss and of the radi-
ation pattern, the “perpendicular solid-solid” configuration has been selected
due to its good matching features. In particular, the thickness of the substrate
was taken as 40 microns and the dipole length was 230 microns, so that the
matching was best.

The S11 parameter obtained for this configuration is presented in Figure
3.13. Although there is a minimum of return loss at 500 GHz, the curve could
be shifted, so that a larger bandwidth was achieved.

With respect to the frequency dependence of the radiation patterns, results
at different frequencies are shown in Figure 3.14. Although the bandwidth
of the ceramic woodpile is much larger than the bandwidth of the silicon
woodpile, the bandwidth in terms of radiation features of the dipole antenna
placed on top of it has not improved. As for the Si woodpile, the radiation
patterns at frequencies larger than 500 GHz tend to degrade faster than for
lower frequencies.
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Figure 3.14: Radiation pattern of the optimised dipole fed by CPS line on top of the
ZTT woodpile as a function of frequency.

3.6 Dipole fed by CPS on top of ZTT Fan structure

As for the woodpile structure, the input impedance of a dipole placed on top
of Fan structure depends very strongly on the type of symmetry position on
which it us placed. If it is placed on a “parallel” symmetry position, the dipole
is nearly short circuited, whereas if it is placed on a “perpendicular” symmetry
position the input impedance is much higher. Thus, “perpendicular” config-
urations seem to be much better candidates to be well matched when fed by
CPS lines.

However, for these configurations, there is another circumstance that must
be taken into account. The surface of the structure is such that the dielec-
tric distribution under the lines can break the symmetry of the transmission
line, distorting its mode. In order to avoid this problem, the configuration
“perpendicular #1” has been selected, since in it the feeding lines are equally
separated from the dielectric parts of the surface. For the comparison pur-
poses the “parallel #1” configuration will also be studied. See Figure 3.15 for
a schematic drawing of both configurations.

3.6.1 Matching

The matching obtained for both configurations as a function of the length of
the dipole and of the thickness of the substrate is shown in Figure 3.16. As
it was expected the “parallel #1” configuration is very mismatched, as its
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(a) Par. #1 (b) Perp. #1

Figure 3.15: Configurations of the dipole on top of Fan structure that will be analysed.
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Figure 3.16: S11 of a dipole fed by a CPS and placed on top of a ZTT Fan EBG
structure in different symmetry positions. f = 500 GHz.

input impedance was very low, see Table 2.8. The minimum S11 with this
configuration was -4 dB, obtained with the thickest substrate, 40 microns.

With respect to the “perpendicular #1” configuration, the return losses
obtained are much higher, being a maximum for a 40 microns thick substrate
and a dipole length of 250 microns. In both cases the matching improves when
the thickness of the substrate is increased, as it was predicted by the input
impedance results shown in Chapter 2 (Table 2.8).
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Figure 3.17: Radiation pattern a dipole fed by a CPS and placed on top of a ZTT Fan
structure as a function of its length. h = 40 µm; f = 500 GHz.

3.6.2 Radiation pattern

Regarding the radiation patterns obtained with these configurations, they are
shown in Figure 3.17 for a quartz substrate thickness of 40 microns and differ-
ent dipole lengths. Since in the ”perpendicular #1” configuration it was not
possible to use any symmetry plane, the largest configuration that could be
analysed was 5×5×2 periods. As in the previous cases, the radiation patterns
obtained with very mismatched configurations, such as the “parallel #1” are
quite different. Conversely, the patterns corresponding to the “perpendicular
#1” configuration are more similar thanks to the better matching levels. In
this case, the radiation pattern at resonance has also been included, showing
similar features than those corresponding to other lengths.
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Figure 3.18: S11 parameter of the optimised dipole fed by CPS line on top of a ZTT
Fan structure at the “perpendicular #1” symmetry position.

3.6.3 “Perpendicular #1” configuration

Since this configuration showed good matching features when the thickness of
the quartz substrate was 40 microns, it has been studied in detail. The length
of the dipole has been set to 250 microns since this corresponds to the best
return loss.

The S11 of this configuration is presented in Figure 3.18. The -10 dB
bandwidth corresponds to the range between 455 and 525 GHz.

The radiation patterns corresponding to different frequencies are shown in
Figure 3.19. In this case the maximum directivity takes place for a frequency
higher than 500 GHz. However, the H-Plane is slightly distorted by the feeding
line. For frequencies lower than 500 GHz the directivity is lower but the
pattern keeps on having a non-distorted shape.

3.7 Effect of the losses on the matching and radia-

tion features

In the previous results the materials used in the EBG structures were con-
sidered lossless. In the case of silicon, this assuption is not far from reality,
since it is a low loss material at the design frequency [HB03]. In particular,
tanδ = 1.7×10−4 is the meassured value at 500 GHz of the silicon waffers that
were used to manufacture the woodpile structure. Conversely, ZTT presents
much higher tanδ, of the order of 10−2.



76 Dipole fed by Coplanar Stripline on top of an EBG structure

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0
f = 460 µm

f = 480 µm

f = 500 µm

f = 520 µm

f = 540 µm

(a) E-Plane

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0
f = 460 µm

f = 480 µm

f = 500 µm

f = 520 µm

f = 540 µm

(b) H-Plane

Figure 3.19: Radiation pattern of the optimised dipole fed by CPS line on top of a
ZTT Fan structure at the “perpendicular #1” symmetry position as a function of
frequency.

In order to check the effect of these losses on the performance of the dif-
ferent EBG structures the configurations previously considered were analysed
including them. The change in the S11 of the configurations is shown in Fig-
ure 3.20. For the silicon woodpile, the S11 is nearly identical in both cases.
Only the resonance at 500 GHz is deeper when no losses are included. For
the structures using the ZTT material, the differences are larger, due to the
higher losses of this material. However, the changes are not important.

The directivity pattern corresponding to the lossless configuration and gain
pattern of the configuration including losses are compared in Figure 3.21.
For the three configurations there is hardly any difference between the two
patterns. The power losses are summarised in Table 3.1. The reason for the low
losses obtained, even with quite high tanδ materials is that these estructures
work as reflectors. Since the electromagnetic fields do not propagate inside
the structure they do not interact with the lossy material and therefore the
losses are low.

EBG structure tanδ Losses (dB)

Silicon woodpile 1.7 × 10−4 0.02
ZTT woodpile 1.0 × 10−2 0.20

ZTT Fan 1.0 × 10−2 0.22

Table 3.1: Losses due to the use of lossy dielectric materials.
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Figure 3.20: Comparison of the S11 of the different configurations studied with and
without losses.
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Figure 3.21: Comparison of the directivity and gain patterns of the different configu-
rations studied including losses.



Chapter 4

Modifications of the woodpile
structure for the improvement
of its performance as
substrate for dipole antennas

4.1 Motivation

As it was concluded in the previous chapter, the different symmetry positions
of the woodpile structure present distinct features when a dipole is placed
at them. As a general rule, the “perpendicular” ones allow getting a good
matching, whereas the radiation pattern obtained with them is not the best
one. Conversely, the “parallel” configurations have a good radiation pattern
while being difficult to match. However, even in this last case, the radiation
pattern is not symmetric, the H-plane being broader than the E-Plane.

The objective of this chapter is to try to modify the woodpile structure, so
that a good radiation pattern and a matched configuration are simultaneously
obtained. The starting point of this study will be the “parallel void-void”
configuration. In order to reduce the fabrication complexity, the type of mod-
ifications studied will only affect the upper most layer of the woodpile.

As it was mentioned in Chapter 2, when a dipole is placed on top of
a woodpile in the “parallel void-void” symmetry position, the electric field
concentrates in the bars parallel to the dipole, especially in those closer to
it (see Figure 4.1). Therefore, the radiation pattern of this configuration

79
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Figure 4.1: Electric field distribution in the plane perpendicular to the dipole (H-
Plane). “Parallel void-void” symmetry position.

can be seen as the combination of the field radiated by the dipole and the
field scattered at these bars. This creates an interference patter that for the
dimensions of the optimum woodpile, give rise to a quite asymmetric radiation
patter. Modifying the distance between these bars and the dipole might be a
way to symmetrize the radiation pattern.

As in the previous chapters, first an ideal dipole will be used as radiating
element, and changes in both its radiating features and input impedance will
be analysed. Afterwards a more real configuration, in which the dipole is fed
by a coplanar stripline will be studied.

4.2 Proposed configurations

As it was just mentioned, the proposed configuration is based on the displace-
ment of the silicon bars closest to the dipole (see Figure 4.2). Since the radi-
ation pattern depends on the position of these bars, given by the distance s,
there should be an optimum value of this parameter that creates a symmetric
beam.

If the distance that these bars are moved is large enough, they will be
very close or even overlap their neighbouring bars. If the gap between the
bars is very narrow the fabrication of these structures can be difficult. For
instance, in the case of the optimised silicon woodpile, the gap is 1.9 microns,
11.9, 21.9 and 31.9 microns for values of s of 160, 150, 140 and 130 microns
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Figure 4.2: Schematic showing two proposed modifications. (a) Separated bars (b)
Thicker bars. The grey area corresponds to the quartz substrate and the black one
to the dipole and feeding lines. The dashed bars are those in the original woodpile
whereas the solid ones are those in the modified woodpile.

respectively. It is technologically challenging, or maybe even impossible at
least for the smallest values, to create these gaps. A feasible alternative to this
configuration is based on connecting both bars, as it is shown in Figure 4.2(b).
This is equivalent to removing the bars closest to the dipole and increasing
the thickness of the second bars. The relation between both configurations,
i.e. separated bars and thicker bars, will be studied.

The aforementioned configurations affect to a complete bar. An improve-
ment of them is based on the modification of the bars just in the area closest
to the dipole creating a 2D cavity. This localised defect has the advantage
of leaving the rest of the woodpile unaffected. As a drawback of this config-
uration, its fabrication will require the use of etching [Azc03], since it is not
possible to manufacture it using simpler methods, such as that proposed in
[Gon02]. Examples of this kind of arrangements are given in Figure 4.3, where
(a) represents the separated bar configuration and (b) the thicker bar config-
uration. In this case not only the displacement of the bars, s, but also the
size of the cavity, d, can be used to improve the configurations. It is expected
that for large enough values of d the performance of this arrangement will be
similar to the previous one.

In order to check the effect of these modifications on the transmission per-
formance of the woodpile structure, the transmission under normal insidence
through two perturbed woodpiles, in which two bars have been displaced 80
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Figure 4.3: Dipole fed on modified woodpile 2D cavity configuration, top view. The
black rectangles correspond to the dipole arms. The substrate has been removed for
the sake of improved visibility.
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Figure 4.4: Transmission through 3 layers of a silicon woodpile structure. The s=0
curve corresponds to the unperturbed woodpile.

and 150 microns has been analysed. The results corresponding to a plane
wave parallel to the bars of the first woodpile layer are presented in Figure
4.4. The main differences that can be observed are some resonances which
make the transmission level be higher or lower than those corresponding to
the unperturbed woodpile. In any case the transmission is lower than -30 dB.
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Figure 4.5: Schematic showing the dipole fed by lumped gap source configuration. The
grey area corresponds to the quartz substrate and the black one to the dipole. The
dashed bars are those in the original woodpile whereas the solid ones are those in the
modified woodpile.

4.3 Ideal dipole on modified woodpile

A dipole fed by a lumped gap source, i.e. without feeding lines, has firstly been
considered in order to study the improvements on the radiating features when
the woodpile structure is modified. The dimensions that were considered for
the dipole are shown in Figure 4.5. The thickness of the quartz substrate is 20
microns. The woodpile dimensions are those of the optimised silicon woodpile,
i.e. a = 232.9 microns, c = 1.22, d1 = d2 = 71 microns.

In this case, configurations that affect complete bars are going to be stud-
ied. As a consequence of the modification in the configuration both the radi-
ation pattern and the input impedance of the dipole will change. The results
obtained are summarised and commented in the following sections.

4.3.1 Radiation pattern

The changes in the radiation pattern when the bars are moved are presented
in Figure 4.6. As it was desired, the H-plane becomes narrower as the distance
between the bars increases. At the same time the E-plane slightly broadens
and the directivity increases.

In order to check the symmetry of the radiation patterns obtained, several
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of them are shown in Figure 4.7. For small displacements, s = 40 microns in
Figure 4.7(a), the H-Plane is still broader than the E-Plane. The optimum
results are obtained for s = 90 and 100 microns. For these values the radiation
pattern is very symmetric (Figure 4.7(b) and (c)). If the bars are further
shifted, the H-Plane becomes narrower than the E-Plane. An example of this
result is shown in Figure 4.7(d). Using larger distances slightly increases the
directivity but at the expense of a more asymmetric beam.

Note that these configurations show ideal results with symmetric radiation
patterns in both E and H planes. In a real configuration the dipole would be
fed by a coplanar stripline, breaking the symmetry of the configuration. This
case is studied in section 4.4.

4.3.2 Dipole input impedance

As it was already shown in Chapter 2, the input impedance of a dipole antenna
placed on top of a woodpile structure depends very strongly on the position
in which it is located. It is expected, therefore, that the modification of the
woodpile will have an impact on the input impedance of the dipole.

For each of the configurations previously studied the input impedance of
the dipole antenna was computed as a function of its length and the results
are presented in Figure 4.8. For the sake of comparison the input impedance
of the unperturbed woodpile is also plotted (s = 0 curve). As it was expected,
the input impedance is largely affected by the modifications in the woodpile.
In general, both curves lose the sharp resonance when s increases.

The resonance lengths and the input impedance at resonance of these new
configurations are summarised in Table 4.9. The resonance shifts to larger
lengths and the input resistance at resonance is higher than it was in the un-
perturbed case. For displacements larger than 80 microns the input resistance
is higher than 100Ω whereas for the unperturbed woodpile it was only 11Ω.

In Chapter 3 it was pointed out that the reason for the bad matching of
a dipole placed at the “parallel void-void” configuration was the small value
of its input impedance at resonance. By introducing a perturbation in the
woodpile the input impedance of the dipole has been also modified, obtaining
a configuration with input impedance closer to the characteristic impedance of
a coplanar stripline. These results will allow obtaining a matched configuration
when feeding the dipole with a coplanar strip line.
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Figure 4.6: Radiation pattern of a dipole antenna on top of a modified Si woodpile
as a function of the displacement of the bars with respect to the original position.
f = 500 GHz.
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Figure 4.7: Radiation pattern of a dipole antenna on top of a modified Si woodpile for
different displacements of the bars with respect to the original position. f = 500 GHz.
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Figure 4.9: Resonant lengths (lr) and input resistance at resonance (Ri) of a dipole
antenna on top of a modified woodpile structure for different values of s. f = 500 GHz.
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Figure 4.10: Comparison between the radiation patterns obtained with configurations
using thicker bars and 2 bars for different displacements of the bars with respect to
the original position. f = 500 GHz.

4.3.3 Comparison between separated bars and thicker bar con-
figurations

As it was mentioned in Section 4.1, if the displacement of the bar is close to
160 microns, the gap between bars can be very narrow. An alternative to
this configuration consists of connecting both bars creating a wider bar. The
results obtained with this kind of arrangement are compared in Figure 4.10
and 4.11 with those obtained in the previous case.

The radiation patterns are shown in Figure 4.10. For the four selected
configurations the results obtained are very similar. With respect to the input
impedance of the dipoles, presented in Figure 4.11, the results are also similar
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Figure 4.11: Comparison between the input impedance obtained with configurations
using thicker bars and 2 bars for different displacements of the bars with respect to
the original position. f = 500 GHz.

in both cases, the curves being almost identical.
Since both sets of results are very close, the conclusion that can be drawn

from the results above is that it is possible to use thicker bars when the
gap between bars is too narrow without degrading the performance of the
configuration.
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Figure 4.12: Schematic showing the dipole fed by CPS configuration. The grey area
corresponds to the quartz substrate and the black one to the dipole and feeding line.
The dashed bars are those in the original woodpile whereas the solid ones are those in
the modified woodpile.

4.4 Dipole fed by coplanar stripline on modified
woodpile

The results shown up to now corresponded to ideal configurations, with sym-
metric radiation patterns in both E and H planes. In a real configuration the
dipole would be fed by a coplanar stripline, breaking the symmetry of the
configuration.

The dimensions used in this study are shown in Figure 4.12. The dipole
antenna is fed by a coplanar strip line printed on a quartz substrate. Since it
was shown that the input impedance of dipole placed on top of this type of
modified woodpile is quite large, the width of the coplanar stripline has been
chosen as 16 microns, so that its input impedance is 177Ω. The length of the
dipole has been chosen as 270 microns, taking into account the fact that the
resonance length of a dipole tends to be larger when fed by a CPS, as it was
shown in Chapter 3. In this case, also both the radiation and the matching
features of the dipoles have been studied.
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Figure 4.13: Radiation pattern of the dipole fed by CPS on top of the modified as a
function of the displacement of the bars with respect to their original position. f =
500 GHz.

4.4.1 Radiation pattern

The same study as for the ideal dipole was performed for this new configura-
tion. The s distance was swept and the effect on the radiation pattern can
be seen in Figure 4.13. Also in this case the H-Plane gets narrower, and the
pattern becomes more symmetric and directive when s increases.

If both planes are plotted together, as in Figure 4.14, it can be seen that
the values of s needed for an optimum in terms of symmetry radiation pattern
are larger than when an ideal dipole is used. In this case the most symmetric
radiation pattern is obtained when the displacement is 150 microns, whereas
in the case of the ideal dipole the optimum value was 90 microns. The reason
for this fact is the difference between the initial configurations. As it can be
seen in Figure 4.15, when the dipole is fed by a CPS, the radiation pattern
is different from the radiation pattern of the ideal dipole. For instance, the
difference between the boresigth directivity and the maximum directivity is
larger than in the ideal case, due to the distortion created by the feeding lines.
As a result a larger separation between bars is needed to correct for this.

4.4.2 Matching

The S11 values obtained with the previous configurations are shown in Figure
4.16. As it was expected, the configurations are quite well matched, due to
the large input impedance. The return loss values obtained at 500 GHz were
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Figure 4.14: Radiation pattern of the dipole fed by CPS on top of the modified for dif-
ferent displacements of the bars with respect to their original position. f = 500 GHz.
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Figure 4.15: Radiation pattern of a dipole and a dipole fed by a CPS on top of the
unperturbed woodpile at the “paralell void-void” symmetry position. f = 500GHz.
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Figure 4.16: Return loss of a dipole fed by CPS on top of the modified woodpile for
different displacements of the bars with respect to their original position.
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Figure 4.17: (a) S11 and (b) radiation pattern at 500 GHz of the optimum dipole fed
by CPS on top of modified woodpile configuration. s = 150 microns; wf = 12 microns;
l = 270 microns.

better than 10 dB in all cases. However, these results can be improved, since
the resonance peak is not at the design frequency.

A displacement of the bars of 150 microns was the selected configuration in
order to improve the matching, as its radiation pattern was quite symmetric.
The return loss was optimised by changing the width of the feeding lines and
adjusting the dipole length. The optimum dimensions of these parameters were
found to be wf = 12 microns and l = 270 microns. The radiation pattern and
the S11 obtained are presented in Figure 4.17. The return loss achieved is
higher than 20 dB at the design frequency and the radiation pattern is quite



4.4 Dipole fed by coplanar stripline on modified woodpile 93

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

Separated bars (E−Plane)
Separated bars (H−plane)
Thicker bar (E−Plane)
Thicker bar (E−Plane)

(a) s = 130 microns

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

Separated bars (E−Plane)
Separated bars (H−plane)
Thicker bar (E−Plane)
Thicker bar (E−Plane)

(b) s = 140 microns

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

Separated bars (E−Plane)
Separated bars (H−plane)
Thicker bar (E−Plane)
Thicker bar (E−Plane)

(c) s = 150 microns

−20 −10 0 10

30

210

60

240

90270

120

300

150

330

180

0

Separated bars (E−Plane)
Separated bars (H−plane)
Thicker bar (E−Plane)
Thicker bar (E−Plane)
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Figure 4.18: Comparison of the radiation patterns at 500 GHz obtained with the
separated bars bar and the thicker bar configurations.

symmetric.

Comparing this plot with the initial one, shown in Figure 4.14.c) it can be
seen that the changes in the feeding line and the length of the dipole have had
little effect on the radiation pattern.

4.4.3 Comparison between separated bars and thicker bar con-
figurations

In this case, the differences between the performance of the configuration using
two separated bars and the configuration in which the bars are thicker is larger,
as it is shown in Figure 4.19 and Figure 4.18.

Regarding the comparison of the radiation patterns, surprisingly, the larger
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Figure 4.19: Comparison of the S11 obtained with the separated bars and the thicker
bar configurations.

difference corresponds to the E-Plane, whereas the H-Plane remains barely
unaffected. The E-plane becomes broader when thicker bars are used. The
reason for this broadening of the E-plane is the coupling of some power to the
thicker bars.

With respect to the S11 of the configurations analysed, they are also very
similar. However, when the thicker bars are used, a resonance appear. For
certain dimensions this resonance is very close to 500 GHz and modifies the
S11. The resonance is caused by the thicker bar, as can be seen in Figure 4.20.
In this figure, the electric field distribution is plotted at 490 GHz, which is the
frequency of the resonance for this particular configuration, and 500 GHz. At
490 GHz the resonance mode of the dielectric bar is excited, creating the peak
in the S11.
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(a) f = 490 GHz

(b) f = 500 GHz

Figure 4.20: Electric field distributions for different frequencies. The parameters of
the configuration are: s = 150 microns (thicker bars), wf = 12 microns, l = 270
microns.

4.4.4 Frequency dependence of the radiation pattern

In order to study the frequency dependence of the radiation pattern the con-
figuration with parameters s = 150 microns and wf = 12 microns has been
selected, since it showed the best compromise between radiation pattern sym-
metry and matching. The S11 of this configuration and its radiation pattern
at 500 GHz have already been presented in Figure 4.17. At this frequency the
radiation pattern is quite symmetric and the S11 is -29dB.

Since the optimisation of the configuration was based on the adjustment
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Figure 4.21: Radiation pattern of the selected configuration of dipole on top of modified
woodpile at different frequencies. s = 150 microns and wf = 12 microns.

of the interference pattern the bandwidth of the configuration will be reduced
with respect to the case of an unperturbed woodpile. The radiation pattern
obtained at different frequencies is shown in Figure 4.21. At 480 GHz and
520 GHz the radiation patterns are still quite symmetric. The boresight di-
rectivity is slightly larger at 480 GHz, similar result to what was obtained in
the unperturbed woodpile. For frequencies further apart, such as 460 GHz
and 540 GHz the radiation patterns are much degraded. In both cases the
symmetry of the pattern has been lost and the back radiation has increased.
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Figure 4.22: Dipole fed by CPS on 2D cavity modified woodpile configuration, top
view. The grey area corresponds to the quartz substrate and the black one to the
dipole.

4.5 2D cavity configuration

As it was previously mentioned, in the configurations considered above a com-
plete bar of the woodpile was shifted. However, since the antenna is placed
at very specific location it is enough if instead of modifying the whole bar,
only the portion of bar closer to the dipole is reshaped, as it is shown in Fig-
ure 4.22. In this case, two parameters can be modified in order to optimize
the configuration, d and s. It is expected that large values of d will lead to
very similar results to those obtained in the previous configurations, where
the whole bar was modified.

In this study only the CPS fed dipole has been considered. The optimum
configuration in terms of matching (s = 150 microns; wf =12 microns; l=270
microns) has been chosen as starting point. The d parameter will be swept and
its effect on the return loss and on the radiation pattern of the configurations
will be studied. Note that the purpose of this section is not to obtain a fully
optimised design, but just to shown the changes in the performance of a certain
configuration when the bars are modified locally.



98 Modifications of the woodpile structure...

450 475 500 525 550
−40

−30

−20

−10

0

Frequency (GHz)

S
1
1
 (

d
B

)

d=inf

d=200 µm

d=250 µm

d=300 µm

d=350 µm

d=400 µm

Figure 4.23: Return loss of a dipole antenna fed by a CPS on a 2D cavity modified
woodpile configuration as a function of the d parameter. s = 150 microns; wf = 12
microns; l = 270 microns.

4.5.1 Matching

The changes in the matching of the dipole as a function of the distance d
are shown in Figure 4.23. As it was expected, small values of d lead to a
degradation of the matching, due to the similitude between this configuration
and the original unperturbed woodpile. On the other hand, if d is large enough
the results are quite similar to those obtained when the whole bar is displaced.
Values in between these two limit cases give the chance of getting even a better
and broader band matching than in the original configuration, the reason for
this being that the cavity that is created is better excited.

4.5.2 Radiation pattern

The dependence of the radiation pattern on the d parameter is presented in
Figure 4.24. As it was expected, the E-Plane is more affected by the modifica-
tions carried out, especially for small values of d. However, a good symmetry
can be still maintained (see Figure 4.24).
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Figure 4.24: Radiation pattern of a dipole antenna fed by a CPS on a 2D cavity
modified woodpile configuration as a function of the d parameter. s = 150 microns;
wf = 12 microns; l = 270 microns.

4.5.3 Frequency dependence of the radiation pattern

From the previous results, the configuration in which the value of d was 350
microns has been selected in order to study the effect of the frequency on the
radiation pattern. The reason to choose this configuration was the symmetric
radiation pattern and the broad frequency band in which the matching was
better than -20 dB. The radiation pattern corresponding to this configuration
is presented in Figure 4.25.

With respect to the frequency dependence of the radiation pattern, the
behaviour is the same as in the previous configuration, although the bandwidth
in which the radiation pattern remains similar to that at 500 GHz is smaller
than in the previous case, see Figure 4.26. For instance, the pattern at 520
GHz has lost most of its symmetry, whereas in the previous case it was still
quite symmetric.
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Figure 4.25: Radiation pattern at 500 GHz of the selected configuration of dipole
antenna fed by a CPS on a 2D cavity modified woodpile. s = 150 microns; d = 350
microns.
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Figure 4.26: Radiation pattern vs. frequency for the selected configuration of dipole
antenna fed by a CPS on a 2D cavity modified woodpile. s = 150 microns; d = 350
microns.



Chapter 5

Direct detector using EBG
technology

5.1 Introduction

In the previous chapters the performance in terms on matching and radiation
pattern of different configurations based on the combination of dipole antennas
and EBG structures have been studied. In order to use them as radiating ele-
ments of a detector configuration the best combination of EBG and radiating
configuration had to be selected.

With respect to the EBG structure, the silicon woodpile structure was
chosen. Although the other EBG structures studied provided wider bandgaps,
they are based on ceramic materials, which are not as easy to process. Con-
versely, the manufacture techniques used with silicon are well known and accu-
rate enough to meet the specified requirements [Azc03; Azc04; Gon02]. More-
over, the increase in dielectric constant does not reduce the size of the dipoles
as much as it would be a-priori expected. Therefore, the overall size of the
configuration will be limited by the antenna size, which makes it difficult to
achieve more compact systems.

Regarding the radiating configuration, the “perpendicular solid-solid” sym-
metry position was selected, since as it was discussed in Chapter 3, it provides
the best compromise between matching and radiation features. Based on this
radiating configuration a receptor working at 500 GHz, which aims at achiev-
ing the best sensitivity, is designed in this chapter using a Schottky diode as
detecting element.

101
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Figure 5.1: Detector configuration and design parameters.

5.2 Configuration

The proposed detector configuration is shown in Figure 5.1. It consists of a
dipole antenna placed on top of a woodpile structure, a Schottky diode and a
low-pass filter connected to the dipole antenna. The metallic lines are printed
onto a quartz substrate. A signal proportional to the power levels detected by
the antenna is obtained at the output of the RF filter. The design parameters,
which will be used to optimize the detected power level are the shape of the
lines around the diode and the distances from the diode to the dipole and to
the filter, dd and df respectively.

The elements that constitute the detector are explained in detail in the
following sections.

5.2.1 Antenna configuration

The antenna configuration is based on a dipole printed on a quartz substrate
and fed by a coplanar stripline. The dipole is placed on top of the woodpile
at the “perpendicular solid-solid” symmetry position. Since this configuration
has been extensively studied in chapter 2 and 3, here only the predicted S11

and the radiation pattern of the configuration are presented, see Figure 5.2.

Note that in these results only the antenna and the feeding lines are in-
cluded. However, as it will be explained later on, the diode and the filter have
a large impact on the radiation performance of the configuration. Therefore,
in order to accurately predict the radiating performance of the configuration,
both the diode and the filter will be included in the analysis.
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Figure 5.2: (a) S11 parameter of the optimised dipole fed by CPS line configuration.
(b) Radiation pattern at f = 500 GHz.

5.2.2 Schottky diode

The selected Schottky diode is the Flip-Chip United Monolithic Semiconduc-
tors (UMS) GaAs dual diode BDES105a, see Appendix D for the details (data-
sheet of the diode). The diodes come in pairs and dicing is performed to sepa-
rate them and to decrease their size, in order to improve their high frequency
operation. After dicing, the diodes are approximately 140 microns long x 60
microns wide x 30 microns thick. In Figure 5.3 the size of the diodes before
and after dicing can be compared. Some more detailed pictures of the diode
are shown in Figure 5.4.

To characterise the diode, measurements were performed on a sample,
giving:

• Series resistance Rs = 8.6Ω

• Ideality factor n = 1.283

• Saturation current Is = 1.031 × 10−13 A.

These values are slightly different from those provided in the datasheet
which are Rs = 4.4Ω, n = 1.2 and Is = 3.5 × 10−14 A. The 0 bias junction
capacitance Cj0 could not be measured. Hence, the value used for Harmonic
Balance simulations is the one given in the data sheet, i.e. Cj0 = 9.5 fF .
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Figure 5.3: Photograph of a diode chip and the two resulting diodes after dicing.

(a) (b)

Figure 5.4: Photographs of the UMS BDES105a Schottky diode. (a) Diode while being
diced. (b) Close up of the diode.

5.2.3 Low-pass filter

The low pass filter does not allow the RF signal to pass, whilst it lets the DC
output go through. Due to the blocking of the RF signal, it can be used as a
tuneable short-circuit, which makes it possible to adjust the diode embedding
impedance and the power coupling to the diode by modifying the distance
from the diode to the filter, df in Figure 5.1.

The filter is composed of cascading alternated high and low impedance
sections of coplanar stripline. An important parameter of the filter is its total
width, since it can perturb the radiation pattern of the dipole. Therefore, care
has to taken to design a filter as narrow as possible.
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(a) Full HFSS model

(b) Diode model (c) Diode model

Figure 5.5: HFSS model used to compute the radiation pattern and the diode embed-
ding impedance.

5.3 Modelling

5.3.1 HFSS model

This section describes the HFSS model used in the simulations of the perfor-
mance of the detector configuration. The model proposed is shown in Figure
5.5. The excitation corresponds to a lumped gap source placed at the diode
mesa. As it was already mentioned, in this case, since the diode is close to the
dipole antenna the interaction between diode and dipole can not be neglected
and the diode must therefore be included. Also the filter must be taken into
account in order to compute its influence on both the radiation pattern and
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Figure 5.6: Transmission through the diode. (a) Curve taken from the datasheet.
(b)HFSS model of the diode.

the embedding impedance of the diode. Finally the woodpile must be large
enough so as to accurate model the behaviour of a real structure. In our case
the analysed model consisted of 11×11×2 woodpile periods since this was the
largest woodpile structure that could be analysed with the available version
of Ansoft HFSS.

With respect to the diode model, it aims at describing precisely the con-
tribution of the surrounding elements to the impedance seen by the diode,
i.e. the metal-semiconductor junction. The dimensions and doping used for
this model have been approximated using information in the data sheet and
SEM pictures. The resulting model is presented in Figure 5.5 (b and c). It is
composed of:

• highly doped (ǫr = 12.9) GaAs block

• buffer layer (ǫr = 18)

• lightly doped (ǫr = 14) GaAs epitaxial layer.

As shown in Figure 5.5(c), a HFSS lumped gap source port is placed from
the gold finger to the GaAs block, in order to compute the diode embedding
impedance. The dimensions of the model are 140 × 60 × 30 microns.

To check the accuracy of the model, a curve in the data sheet of the diode
corresponding to measurements of transmission when placed in a microstrip
line gap was reproduced. The results are presented in Figure 5.6. Good
agreement is found between both curves.
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Figure 5.7: Predicted low pass filter response.

5.3.2 Low pass filter

As it was mentioned the design of this filter is based on alternated sections
of low-high impedance coplanar striplines. The number of sections used is 5,
since we were aiming at compactness. In order to reduce the interaction of the
radiation with the low pass filter the filter should be as narrow as possible.
However, this reduces the contrast between the impedances, making the filter
slightly longer.

The predicted response of the filter is shown in Figure 5.7. The rejection
obtained at 500 GHz is 19 dB.

5.3.3 Effect of the design parameters on the diode embedding
impedance and the power coupling to the diode

In this section the effect on the diode embedding impedance and the coupling
of power to the diode of the design parameters, i.e. diode-filter distance (df),
the diode-dipole distance (dd) and the shape of the lines around the diode (see
Figure 5.1), is studied.

Regarding the shape of the lines, a non symmetric configuration (see Figure
5.8) provides a larger range of tuning. However, this would introduce some
asymmetry in the E-plane of the radiation pattern. Thus, only symmetric
designs were considered.
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(a) Asymmetric configuration (b) Symmetric configuration

Figure 5.8: Schematic showing symmetric and asymmetric configurations of the lines
surrounding the diode.

Diode embedding impedance and coupling to the diode

An Harmonic Balance analysis of the proposed detecting configuration was
carried out [Lai03] in order to find the optimum embedding impedance for the
selected UMS Schottky diode. This value was found to be 14 + j15Ω.

Initially, in order to predict the diode embedding impedance, the HFSS
model shown in Figure 5.9 was used. In this model the dipole is assumed to
be matched and is substituted by a port. Therefore the interaction between
diode and dipole is not being considered. However, this simplified model will
allow us to get an insight into the role of the filter in the process of coupling
of power to the diode.

The distance between the diode and the filter, df , plays a very important
role in the matching process, since it acts as a tuneable backshort, changing
the diode embedding impedance the way it is shown in Figure 5.10. Moreover,
if the coupling from the dipole port to the diode is examined, it is found that
it also depends on the separation between diode and filter as it is presented in
Figure 5.11. The coupling is a maximum for a distance of 160 microns. The
minimum of the curve takes place at a distance of 190 microns, which corre-
sponds to the diode being at the null of the standing wave pattern generated
by the filter. The electric field distribution in both cases is shown in Figure
5.12.

Unfortunately, the optimum values in terms of embedding impedance and
coupling do not correspond to the same distance to the dipole. The value
of df that creates an embedding impedance closest to the optimum value
according to the Harmonic Balance analysis, df = 170 microns (red circle
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Figure 5.9: HFSS model used to compute the coupling to the diode and the diode
embedding impedance.
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Figure 5.10: Predicted diode embedding impedance at 500 GHz as a function of the
diode-filter distance (df). The initial point is df=90 microns and the step between
points is 10 microns. Increasing df corresponds to clockwise displacement in the curve.
The blue and red circles correspond to df=160 and df=170 microns respectively. The
black diamond shows the optimum embedding impedance value according to Harmonic
Balance analysis. Note that the reference impedance has been taken as 14 Ω for the
sake of improved visibility.
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Figure 5.11: Predicted coupling to the diode port at 500 GHz as a function of the
diode-filter distance, df.

in Figure 5.10), does not correspond to the maximum power coupling to the
diode port, which takes place for df = 160 microns. The two values are quite
close, but for values of df larger than 160 the coupling curve decreases very
sharply and the embedding impedance tends to move away from the optimum
value also very rapidly. Any deviation from the optimum values due to the
manufacturing tolerances can lead to very different embedding impedances
and worse performance of the detecting configuration.

Distance from the diode to the dipole

In the previous section, the dipole was assumed to be perfectly matched and
was substituted by a port, so that the coupling from this port to the diode
could be studied. However, as it will be shown, the distance between the diode
and the dipole makes the embedding impedance of the diode change.

The curves in Figure 5.13 correspond to different distances between diode
and dipole, dd. For each value of dd the separation between diode and filter,
df , has been swept. The results obtained are different from those obtained
substituting the dipole by a port, given by the green line, and depend very
strongly on the diode to dipole distance. It is foreseen that if dd is very large
the results should tend to this curve.

The curve that is closest to the optimum embedding impedance according
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(a) df = 160 microns

(b) df = 190 microns

Figure 5.12: Predicted electric field distribution for the maximum (a) and the mini-
mum (b) of the coupling curve. 500 GHz.

to the Harmonic Balance analysis corresponds to a diode-dipole distance of
100 microns. The curve corresponding to 50 microns distance between diode
and dipole is also close to the optimum embedding impedance. However, as
it was already mentioned, in this case the embedding impedance changes very
fast, which makes this configuration very sensitive to manufacturing errors.

5.3.4 Effect of the design parameters on the radiation pattern

Once the effect of the design parameters on the diode embedding impedance
has been studied, in this section their effect on the radiation pattern of the
configuration will be assessed. The dipole dimensions are those corresponding
to the optimum configuration found in the previous chapters: the dipole is 235



112 Direct detector using EBG technology

0.2 0.5 1 2

 j0.2

−j0.2

0

 j0.5

−j0.5

0

 j1

−j1

0

 j2

−j2

0

no dipole

dd = 0 µm

dd = 50 µm

dd = 100 µm

dd = 150 µm

dd = 200 µm

dd df

0

80, 90, 100,

110, 120, 130,

140,150, 160,

170, 180, 190,

200

50

60, 80, 100,

120, 140, 150,

160, 165, 170,

175, 180

100

130, 135, 140,

145, 150, 160,

175, 180

150
120, 140, 160,

180, 200

200
120, 140, 160,

180, 200

Figure 5.13: Predicted diode embedding impedance at 500 GHz. In each curve the
distance diode-dipole is fixed whereas the distance diode-filter is swept. The black dia-
mond shows the optimum embedding impedance value according to Harmonic Balance
analysis. The distances (in microns) used in each curve are shown in the table. Note
that the reference impedance has been taken as 14 Ω for the sake of improved visibility.

microns long and 10 microns wide and the thickness of the quartz substrate
is 20 microns. Finally, as it was already mentioned, in all the simulations the
woodpile consists of 10 × 10 × 2 periods.

Distance from the diode to the dipole

The first study consisted of varying the distance between the diode and the
dipole, dd, while keeping constant the distance between the filter and the
diode, df , to a value of 160 microns. This distance was chosen since the power
coupled to the diode is a maximum in this case, as it was shown in section
5.3.3.

Figure 5.14 shows a very strong dependence of the radiation pattern on the
separation between the diode and the dipole. For the different configurations
the H-Plane pattern presents nulls at different angles, due to the interference
between the radiation of the dipole and the power scattered at the diode. The
E-Plane keeps the same shape, although the directivity values at boresight
change due to the different interference patterns. It should be noted that the
configuration in which dd = 100 microns exhibits an E-Plane quite different
to the other ones due to the null at boresight.

These results agree with the fact that the diode embedding impedance also
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Figure 5.14: Predicted radiation pattern at 500 GHz of a dipole antenna on top of
a woodpile structure when the distance between the diode and the dipole are changed.
df = 160 µm.

changed with the diode to dipole distance, as it was shown in the previous sec-
tion. Both results confirm that the interaction between both elements can not
be neglected. Regarding the radiation patterns, it can be concluded that since
the radiation pattern depends on the scattering on the diode, it is necessary
that the distance between dipole and diode be as short as possible in order
that they are in phase. However, since the diode requires some space to be
soldered onto the circuit the minimum value of this parameter that will be
considered is 50 microns.

Distance between diode and filter

In this case the distance from dipole to diode, dd, was kept fixed, whereas
the separation between diode and filter, df , was modified. Results obtained
for dd = 50 microns and dd = 100 microns are presented in Figure 5.15 and
Figure 5.16 respectively. In both cases the radiation pattern keeps the same
shape, with minor changes. In the configuration in which dd = 100 microns
the null close to boresight is present irrespective of the configuration making
the E-plane change. These results confirm that the radiation pattern is mainly
determined by the separation between the diode and the dipole and the effect
of the distance from the diode to the filter is much smaller.

In both cases, the pattern corresponding to 180 microns is quite different
from the others. The reason for this fact is that for this distance the diode is
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Figure 5.15: Predicted radiation pattern at 500 GHz of a dipole antenna on top of
a woodpile structure when the distance between the diode and the filter is changed.
dd = 50 µm.
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Figure 5.16: Predicted radiation pattern at 500 GHz of a dipole antenna on top of
a woodpile structure when the distance between the diode and the filter is changed.
dd = 100 µm.

very close to be placed at one null of the standing wave pattern generated by
the filter and is effectively short-circuited. As it was shown in section 5.3.3
the coupling to the diode was a minimum for this distance.
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(a) (b)

Figure 5.17: Schematic showing (a) the new configuration proposed and (b) the old
one.

5.3.5 Optimum configurations

Since with the proposed configuration of the lines it was not possible to achieve
at the same time a good radiation pattern and embedding impedance close to
the optimum according to the Harmonic Balance analysis, the lines around the
diode have been modified (see Figure 5.17). Using this modified configuration,
the range of embedding impedances shown in Figure 5.18 has been obtained.
For 50 microns diode-dipole distance the diode embedding impedance is quite
close to the optimum value when the diode-filter distance is 180 and 185 mi-
crons.

With respect to the radiation patterns obtained with these configurations
at 500 GHz, shown in Figure 5.19, they are similar to those obtained with the
previous one, due to the fact that same value of df is used in both cases. The
radiation pattern for 185 microns distance is quite degraded due to the stand-
ing wave created by the filter. However, for 180 microns it is still acceptable.

Since with this configuration both a good radiation pattern and a good
matched diode can be achieved, it was selected in order to build the detector
configuration. Based on the previous results, four configurations have been
selected. In all of them the distance from the diode to the dipole is 50 microns
since as it was previously shown, for this distance the radiation pattern was
not affected by the interaction with the diode, while having at the same time
enough room to solder the diodes. Their embedding impedances and radiation
patterns at 500 GHz are presented in Figure 5.21 and Figure 5.22 respectively.
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Figure 5.18: Predicted diode embedding impedance at 500 GHz for the modified con-
figuration. In each curve the diode-dipole distance is fixed whereas the distance diode-
filter is swept. The black diamond shows the optimum embedding impedance value.
The distances (in microns) used in each curve are shown in the table. Note that the
reference impedance has been taken as 14 Ω for the sake of improved visibility.
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Figure 5.19: Predicted radiation patterns at 500 GHz obtained with the new configu-
ration. dd= 50 microns.

The dimensions of the 4 configurations are presented in Figure 5.20.

The first configuration, C1, is based on the original arrangement, in which
the lines enclose the diode. The distance between the diode and the filter
is 150 microns in this configuration. This distance is slightly shorter than
the best value which corresponds to 160 microns, in order to guarantee a good
performance in case the dimensions of the manufactured circuit are larger than
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(a) C1 (b) C2, C3, C4

Figure 5.20: Dimensions of the selected configurations.

the design values. The radiation pattern corresponding to this configuration
is quite symmetric, as can be seen in Figure 5.22(a).

C2, C3 and C4 are based on the new configuration, in which the lines have
been opened in the side closer to the dipole. As it was pointed out, with this
configuration it is possible to be closer to the optimum embedding impedance
while having a good radiation pattern. The distance between the diode and
the filter is 180, 150 and 100 for C2, C3 and C4 respectively.

The configuration labelled as C2 presents a diode embedding impedance
which is close to the optimum one according to the Harmonic Balance analysis,
while having at the same time a good radiation pattern, which is presented
in Figure 5.22(b). C3 has a good coupling to the diode according to HFSS,
similar to C1. Finally, C4 is close to C2 in terms of coupling to the diode but
its embedding impedance is further from the optimum embedding impedance
than the other configurations. Its predicted radiation pattern is similar to the
radiation pattern of C3, as it is shown in Figure 5.22(c and d).

5.4 Fabrication

The fabrication of the detector configurations was carried out at the Ruther-
ford Appleton Laboratory. The fabrication of the dipoles and associated filters
was performed in two stages. The Rutherford Appleton MMT direct-write UV
system is first used to pattern a Nichrome mask with the required dimensions.
This mask was then used to pattern multiple copies of the required structure.
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Figure 5.21: Predicted diode embedding impedance at 500 GHz for the selected con-
figurations. Note that the reference impedance has been taken as 14 Ω for the sake of
improved visibility.
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Figure 5.22: Predicted radiation pattern at 500 GHz of the selected configurations.
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(a) C1 (b) C2

(c) C3 (d) C4

Figure 5.23: Photographs of the manufactured circuits.

The advantage of this two stage process arises from the time required for the
exposure of the initial mask, which can be up to one day per filter. The direct-
write process also favours the patterning of as small an area as possible, as
maintaining the uniformity of focus of the UV spot is more difficult over larger
distances. Hence it is better to make a master mask and to translate this to
form the array.

The second stage of the fabrication is to transfer these structures to a
pattern of photoresist on a gold-on-quartz substrate. A gold thickness of 1.5
µm will be required for the efficient and safe soldering of the diode. The quartz
substrate material for this metal layer has been prepared by RF sputtering a
Nichrome adhesion layer followed by a gold seed layer for electroplating. A
jig was used for the electroplating process which was used to build the gold
thickness to the required 1.5 microns. Once the dipoles are fabricated, the
diodes are soldered on to them. The resulting configurations are shown in
Figure 5.23.

In order that the woodpiles with several attached dipoles can be measured,
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Figure 5.24: Jig used for the antenna pattern measurements.

Figure 5.25: Photograph of the 4 detector configuration on top of the silicon woodpile
structure.

a suitable fixture was designed to hold the woodpile and at the same time allow
low frequency electrical contact to each of the dipoles. The fixture was built
to attach directly onto the rotating stage of the measurement apparatus in
the University of Bern. The jig consists of a low dielectric constant TPX
plate, which has a square recess which serves to position the woodpile above
an circular aperture, see Figure 5.24. SMA connectors are fixed at several
positions around the edge of the TPX plate. The dipoles are connected with
thin gold wire to the nearest of these connectors in each case. A photograph
of the dipoles once placed on top of the woodpile structure is shown in Figure
5.25.
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Figure 5.26: Block diagram of the antenna pattern measurement set-up.

5.5 Measurements

5.5.1 Measurement set-up

The radiation pattern measurements were carried out at the Institute of Ap-
plied Physics, Bern. The measurement set-up consisted of a feed horn and
two mirrors, a paraboloidal and a planar one. The block diagram is presented
in Figure 5.26. For the measurements at 500 GHz, a Gunn oscillator gener-
ated a 100 GHz signal that was the input signal of a multiplier by 5. The
output of the multiplier was radiated by a horn antenna and focussed by the
quasi-optical set-up previously described. The power detected by the samples
was sub-harmonically down-converted in the detecting diode to an intermedi-
ate frequency (aprox. 9 KHz) using the 30th harmonic of an LO frequency
of approximately 16.66 GHz (500/30). The power level of the LO signal was
optimised using one amplifier and one attenuator in order to obtain the maxi-
mum detected signal. To generate the other frequencies the output frequency
of the Gunn oscillator and the LO frequency were modified accordingly.

The sample was attached to a rotating stage to perform the scanning.
Since the rotating stage rotated only in 1 plane, both feeding antenna and
sample were rotated by 90 deg in order to change from H-Plane to E-Plane
measurement. Pictures of the measurement set-up are presented in Figure
5.27 and Figure 5.28.
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Figure 5.27: Antenna pattern measurement set-up. For the sake of visibility, the
absorbing material was removed.

(a) (b)

Figure 5.28: Antenna pattern measurement setup. (a) E-Plane measurement (b) H-
Plane measurement.
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Figure 5.29: Comparison between the predicted and measured radiation patterns at
500 GHz for configuration C1. Each curve has been normalized to its maximum.
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Figure 5.30: Comparison between the predicted and measured E-Plane radiation pat-
tern at 500 GHz for configuration C2. Each curve has been normalized to its maxi-
mum.

5.5.2 Radiation pattern measurements

The measured radiation patterns at 500 GHz corresponding to the proposed
configurations are presented from Figure 5.29 to Figure 5.32. For the config-
uration labelled as C2 only the E-Plane could be measured, since the diode
stopped working during the alignment of the H-Plane measurement. For the
same reason the back radiation could not be meassured either.

In all cases the measured results are compared with the predictions using
the design dimensions and the real dimensions of the manufactured circuits.
With respect to the manufactured circuits, the maximum offset between design
and fabricated dimensions was measured to be always less than 10 m, the larger
deviations corresponding to the width of the lines. The agreement between
both sets of simulations is good.
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Figure 5.31: Comparison between the predicted and measured radiation patterns at
500 GHz for configruration C3. Each curve has been normalized to its maximum.
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Figure 5.32: Comparison between the predicted and measured radiation patterns at
500 GHz for configruration C4. Each curve has been normalized to its maximum.

The agreement between predictions and measurements is good for the main
beam between −75o and 75o. For larger angles the prediction levels are al-
ways higher than the measurements. With respect to the back radiation, the
predicted levels are also much higher than the measured ones. In both cases
the reason for this discrepancy is the same. Since the size of the woodpile
that is being considered in the simulations is only 11× 11× 2 periods, there is
some diffraction at the woodpile edges, which increases the predicted radiation
levels.

This deviation should be even larger, as the back radiation could not be
accurately measured. The reason was that the size of the beam was large
enough so as to have some spillover on the woodpile edges which increased the
back radiation levels.
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Figure 5.33: Comparison between the measured E-Plane at 500 GHz for the different
configurations.

5.5.3 Sensitivity of the configurations

One of the goals of the previous studies is to achieve a sensitive detecting
configuration. In order to compare the signal levels obtained with the different
configurations, the results obtained for the E-plane at 500 GHz are shown
in Figure 5.33. Two of the configurations, C1 and C3, present the highest
detected levels, whereas it is lower for the other two ones. These results
match the predictions in terms of power coupling to the diodes, since the best
configurations according to it should be C1 and C3, as it was pointed out in
section 5.3.5.

However, there are several uncertainties with respect to these results. First,
the parameters of the diodes are different, as can be seen in Table 5.1. In
particular, two of these diodes present values of the ideality factor parameter
quite different from their nominal value according to the datasheet, which is
around 1.2. In these cases the response of the diodes is less ideal, which could
make their response different. In any case, the detected power does not seem
to be directly linked to the diode characteristics, since the best results were
obtained with one of the diodes which were more different from their nominal
values. Also the series resistance of the diodes is different, being minimum for
the two configurations which showed higher detected powers. This parameter
could also justify the difference between the configurations, since the highest
series resistance corresponds to the lowest detected power level.
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Figure 5.34: Measured S11 at the SMA connectors of the diode configurations.

Moreover, the measurement results correspond to subharmonic mixing in
the Schottky diode and the level of the detected power depends very strongly
on the pumping of the diodes by the LO signal, around 16.6 GHz in this case.
Although the LO power was optimised for maximum detected level in some
cases the maximum available power was used, meaning that that point had not
been reached. In order to have an insight on the behaviour of the feeding lines
at LO frequencies the S11 presented by the four configurations in the frequency
range used in the measurements is shown in Figure 5.34. Although the best
S11 corresponds to the worst configurations in terms of detected levels, this
does not imply that the diodes were more pumped in configurations C1 and
C3, since the LO level was optimised for each configuration.

In order to rule out these uncertainties, the diodes should be more similar
and a direct detection system should be used.

Configuration Rs (Ω) η

C1 45 3.09

C2 57 1.74

C3 49 1.65

C4 76 3.42

Table 5.1: Measured parameters of the diodes used in the different configurations.



Chapter 6

Subharmonic mixer using
EBG technology

6.1 Introduction

In the previous chapter the design of a detector using EBG technology has
been presented. A more advanced receiver configuration will use coherent
detection. This detection technique brings some advantages, such as improving
the sensitivity of the receiver and allowing for the possibility of electronic
scanning.

Coherent detectors require the LO oscillator signal to be guided to the
mixers. This can be technologically difficult in the millimetre wave range,
especially if the array is two-dimensional, due to the difficulties to build 3-
dimensional circuitry, for instance power splitters. The use of EBG technology
can alleviate this problem, due to the possibility of building 3-dimensional
circuitry using this technology [Man03a; Ede03b].

In this chapter, the design of a subharmonic mixer using EBG technology
is presented. Part of this design was developed during the Startiger project.
In this project an imager working at 250 and 300 GHz was designed and
manufactured. One of the side activities of this project was to explore the
possibility of using EBG technology for imaging applications and in partic-
ular to design a coherent detector using this innovative technology. Due to
the limitation in frequency and power of the available sources, subharmonic
operation of the mixer was required. However, the selected EBG structure, a
silicon woodpile, does not have a bandgap large enough so as to cover both the
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Figure 6.1: Schematic of a subharmonic mixer.

LO and RF frequencies, which are separated one octave. This fact discarded
the possibility of a subharmonic mixer design using only EBG technology and
the design combined both EBG and conventional technologies. Although in
order to take full advantage of this technology and to avoid losses resulting
from the transitions between different technologies, the whole system should
be completely realised using EBG technology; this is a first step towards a
fully-integrated EBG receiver which, as it was explained, should be based on
harmonic mixing.

6.2 Subharmonic mixer operation

An schematic showing a subharmonic mixer configuration is shown in Figure
6.1. It consists of an antiparallel diode pair and filters to separate the different
frequencies, much as if it were a single diode mixer [Maa93]. If the diodes are
identical this circuit has no fundamental mixing response.

For the analysis of this configuration it can be considered that the current
generated in the nonlinear conductance of a diode by a voltage V is described
by [Man92]:

I = f(V ) = aV + bV 2 + cV 3 + dV 4 + eV 5..., (6.1)
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Figure 6.2: EBG mixer configuration.

where a,b,c,d,... are real constants

If the convention used in Figure 6.1 is maintained, we have for a diode
operating in the reverse direction, such as D1, that the current is described
by:

I1 = f(−v) = −av + bv2 − cv3 + dv4 − eV 5... (6.2)

whereas for a diode operating in the forward direction, such as D2, the current
is

I2 = f(v) = av + bv2 + cv3 + dv4 + eV 5... (6.3)

Therefore the total current outside the diode loop is

I = −I1 + I2 = 2av + 2cv3 + 2ev5... (6.4)
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Assuming a sinusoidal dependence of both the LO and RF signal, the
analysis of this equation shows that there is no presence at the output of the
even LO harmonics and all frequencies mfRF + nfLO , where |m| + |n| is
even [Maa93]. Therefore, fundamental mixing, which corresponds to the term
m = 1 and n = 1, is not allowed in this configuration and subharmonic mixing
will be the main output.

6.3 Configuration

The designed sub-harmonic mixer operates around 250 GHz RF frequency,
with LO frequency around 125 GHz. The IF frequency used was 4 GHz. An
anti-parallel Schottky diode pair is used as the mixing element. Two notch
filters centred at the RF and LO frequencies are used to separate the frequency
bands, providing the required isolation between ports.

A picture showing the configuration studied is shown in Figure 6.2. The
mixer is built on a Coplanar Stripline (CPS) circuit placed on top of the
woodpile, using a dipole antenna to collect the RF radiation. Since the LO
source output is in metallic rectangular waveguide (WR-8) and the mixer is
built in CPS technology, a transition between both technologies is required.
The IF circuitry is achieved via micro-strip circuitry enclosed in a rectangular
metallic cavity. This configuration can be seen as the first step towards the
design of a full EBG mixer, in which the LO waveguide would be implemented
in EBG technology.

The different parts of the configuration are explained in detail in the fol-
lowing sub-sections.

6.3.1 LO waveguide to Coplanar Stripline (CPS) transition

The transition from metallic rectangular waveguide (WR-8) to CPS (shown in
Figure 6.6) is based on a Quasi-Yagi antenna [Kan99]. This consists of a dipole
and a director printed on a 0.05 mm thick quartz substrate and placed inside
the rectangular waveguide along its E-Plane. The substrate was introduced
into the waveguide through a 0.1 mm opening in the short-circuited waveguide
end. The width of the output CPS lines was 0.025 mm and the separation
between them was 0.02 mm.

Two stop band IF filters are connected to the two arms of the dipole.
They were designed using microstrip waveguide channel technology, using the
same 0.05 mm thick quartz substrate and positioned within a 0.2 mm x 0.1
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Figure 6.3: Schematic of the rectangular waveguide to CPS transition.

mm channel. The purpose of these filters is to provide the IF output and the
short-circuited ground return required by the diodes. Since the filters present
very high impedance at LO frequency the performance of the transition is not
degraded by their inclusion.

6.3.2 RF filter

The low-pass filter is placed between the output of the waveguide-CPS tran-
sition and the dipole antenna. It blocks the RF radiation whilst letting the
LO pass. Its design was based on connecting alternated sections of high and
low impedance CPS. Since it presents very high impedance at RF frequencies
it was also used as tuning element for the RF diode embedding impedance as
will be commented in section 6.4.4.

6.3.3 EBG antenna

A dipole placed on top of a woodpile structure was used as the antenna. The
silicon woodpile consisted of 5 periods in the stacking direction and 15 in the
other two planes. Due to fabrication constraints in this case the woodpile was
not the optimum in terms of fractional bandwidth. Its relevant dimensions
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Figure 6.4: Band diagram of the used EBG structure.

are: a = 0.36 mm, ca = 0.62 mm and d1 = d2 = 0.155 mm (see Figure
2.9 for the description of the woodpile parameters). A bandgap of 10.9 %
relative bandwidth around 250 GHz is achieved with this particular woodpile,
see Figure 6.4.

As in the previous case, the dipole antenna was placed in the “perpendic-
ular solid-solid” symmetry position, i.e. the dipole feed lines run along a bar
in the top layer and its arms overlay a perpendicular bar in the layer immedi-
ately below. The dipole was based on CPS technology on a quartz substrate.
However, in this case the quartz substrate was removed from underneath the
dipole region, so that it effectively radiated in air.

This configuration is different from those presented in the previous chap-
ters, in which the quartz was not removed under the dipole. The reason for
this is that at the time this design was carried out, the studies about the input
impedances of the dipoles antennas on top of the woodpile were not performed
yet. Therefore, this design took as starting point [Gon01], in which a simi-
lar dipole configuration was used. However, in our case the dipole is placed
at the “perpendicular solid-solid” symmetry position and not in the “parallel
void-void”, as it was in [Gon01]. This new position allows to achieve a better
matched configuration, although at the expense of a less improved radiation
pattern.
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Figure 6.5: Dimensions of the rectangular waveguide to CPS transition.

6.4 Modelling

The following sections describe the modelling of the different parts that con-
stitute the EBG mixer.

6.4.1 Waveguide to CPS transition

The performance of the transition was optimised by adjusting the distance
from the short-circuited end of the waveguide to the dipole, and the director
length and its distance to the dipole. The optimum distance between the
dipole and the end of the waveguide was found to be 0.56 mm and the director
length and distance to the dipole were 0.3 mm and 0.46 mm respectively. The
rest of dimensions of the transition are given in Figure 6.5. The transition
performance including the RF filter is shown in Figure 6.6. The coupling from
the waveguide port to the CPS port is a maximum at the design frequency
(125 GHz) giving a return loss of 15 dB. Good isolation (-28 dB) with respect
to the IF port was also achieved.

The isolation to the IF port is mainly caused by the two notch filters that
are attached to the arms of the dipole. Its frequency response is presented
in Figure 6.7. The rejection at LO frequencies is about 29 dB whereas at
frequencies lower than 10 GHz the transmission is total.
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Figure 6.6: Performance of the rectangular waveguide to CPS transition.
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Figure 6.7: Performance of the IF filter.
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Figure 6.8: Performance of the RF filter.

6.4.2 RF filter

This low-pass filter blocks the RF signal whilst letting the LO pass. It was
designed by connecting alternated sections of high and low impedance CPS.
The filter predicted performance can be seen in Figure 6.8. At RF frequencies,
i.e. around 250 GHz, the transmission is lower than -30 dB whereas at LO
frequencies, i.e. around 125 GHz, the insertion losses are about 1dB, mainly
due to the radiation inherent to any open configuration. The dimensions of
this filter are shown in Figure 6.9.

6.4.3 EBG antenna

As it was mentioned previously, the dipole antenna radiated in air, although
the CPS feeding lines were printed onto a 40 microns thick quartz substrate.
The dipole antenna was printed onto a quartz substrate metallised with 2
microns of gold. The matching of the dipole was optimised by modifying the
dipole length and width, and the quartz substrate thickness, which effectively
modified the distance between the dipole and the woodpile. The optimum
values for these parameters were found to be 0.34 mm, 0.025 mm and 0.05
mm, respectively.
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Figure 6.9: Dimensions of the RF filter.

The predicted return loss of the design is shown in in Figure 6.10(a). Re-
turn loss values better than 20 dB were obtained in a 9% bandwidth around the
design frequency. Figure 6.10(b) shows the predicted radiation pattern at 250
GHz obtained with this configuration. The improvement achieved with respect
to a dipole radiating in air is not as large as previously reported [Gon01]. The
reason for this is that the selected configuration (“perpendicular solid-solid”
symmetry position, i.e. dipole perpendicular to the top layer bars and overlay-
ing a bar in the layer immediately below) is different from that used in [Gon01]
(“parallel void-void” symmetry position, i.e. dipole parallel to the top layer
bars and placed in between two of these bars), allowing to achieve a better
matching but at the expense of smaller improvement in radiation pattern.

The width of the main quartz substrate was imposed by the rectangular
waveguide to CPS transition. In order to keep the fabrication as simple as
possible, a constant width was required by the dicing process used to separate
the substrates. This limitation, together with the substrate thickness needed
for a good matching, caused some interaction of the dipole radiation with the
substrate. Although the dipole was separated from the substrate as much as
possible, i.e. 0.25 mm, there was some degradation of the radiation pattern
caused by the substrate. It is clear that the effect of dielectric close to the
dipole can greatly affect the resulting radiation pattern and interaction with
the EBG backing plane. The use of a substrate that narrower in the vicinity
of the dipole (as shown in Figure 6.11(b)) would have avoided this problem,
but at the expense of a more complicated fabrication procedure.
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Figure 6.10: (a) Return loss and (b) radiation pattern of the EBG antenna.
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Figure 6.11: Antenna configurations.
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Figure 6.12: Diode embedding at RF (solid line) and LO (dashed line) frequencies.

6.4.4 Diode embedding impedance

The mixer design is based on the adjustment of the embedding impedance of
the diodes at both RF and LO frequencies. The diode embedding impedance
was obtained using HFSS software. To include the diodes in the HFSS simula-
tions, The same model described in the previous chapter was used (see section
5.3.1). In this model a lumped gap source was placed at the diode mesa to
measure the embedding impedance that is effectively presented to the diode.

The Harmonic Balance analysis carried out showed that the optimum diode
embedding impedance for minimal noise temperature at both RF and LO were
found to be in the region of 50 + j50 Ω and 50 + j100 Ω respectively.

At the RF frequency, the diode embedding impedance was optimised by
varying the distance from the RF filter to the diodes and separation between
the lines at the point where the diodes were placed. The separation between
lines at the position of the diodes was asymmetric since it was used to provide
part of the required reactance. The predicted RF diode embedding impedance
as function of frequency is shown in Figure 6.12. At 250 GHz, the achieved
diode embedding impedance was 55 + j59 Ω.

At the LO frequency the only parameter that was used to optimise the
diode embedding impedance was the distance from the diodes to the dipole



6.4 Modelling 139

antenna. Since the antenna is not resonant at these frequencies it acts as an
open circuit. Therefore, it can be used as matching element to obtain the
required diode embedding impedance. The results are presented in Figure
6.12. At 125 GHz, the diode embedding impedance was 91 + j36 Ω. It is
clear that the LO power requirement could be reduced with an improved LO
circuit. However, the emphasis for the design was placed on achieving the best
RF performance. This will become and important design parameter for arrays
of mixers where LO power will be a more valuable commodity.

The dimensions of the final configuration are shown in Figure 6.14.

6.4.5 Simulated mixer performance

Once the S parameters at the different mixer harmonics mfIF + nfLO were
obtained using HFSS, the prediction technique proposed by Kerr [Ker79] for
subharmonically pumped mixers was applied to compute the Double Side Band
(DSB) noise temperature. For the simulation, the same values as in the pre-
vious chapter were taken for the UMS diode parameters: series resistance
Rs = 8.6Ω, ideality factor h = 1.283, saturation current Is = 1.031× 10−13 A,
and zero bias junction capacitance Cj0 = 9.5 fF . The series inductance, Ls,
was neglected, since it was supposed to be computed in the HFSS model of
the diode. Finally, it was assumed that both diodes see the same embedding
impedances.

Predicted DSB noise temperature as function of frequency, for an IF fre-
quency of 4 GHz and varying LO powers at the diodes is presented in Figure
6.13(a). For LO power values between 1 mW and 2 mW, the mixer bandwidth
increases very rapidly and the DSB noise temperature decreases. For higher
LO powers the increase in bandwidth varies more slowly and the DSB noise
temperature is quite flat over the whole bandwidth. The noise temperature
is a minimum for 2 mW LO power and increases slightly for higher LO pow-
ers, especially for frequencies higher than 121 GHz. The widest bandwidth
corresponds to the highest considered LO power, i.e. 5 mW. In this case the
minimum DSB noise temperature is 912 K, with an average value of 1500 K
for frequencies between 115 GHz and 137 GHz.

With respect to the DSB mixer conversion loss, predicted results as func-
tion of frequency, for an IF frequency of 4 GHz and different LO powers are
presented in Figure 6.13(b). As for the mixer noise temperature, the best
conversion losses are achieved for LO powers between 2 mW and 3 mW. For
higher LO powers the conversion loss is quite flat in the band between 116
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Figure 6.13: Predicted mixer performance: (a) DSB noise temperature and (b) DSB
conversion loss.
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(a) CPS substrate

(b) Close up of the diodes and dipole antenna

Figure 6.14: Photographs of the fabricated CPS substrate.

GHz and 135 GHz, with values ranging from 5.2 dB to 10 dB. Also in this
case the widest bandwidth corresponds to the highest considered LO power,
i.e. 5 mW.

6.5 Fabrication

The EBG mixer was fabricated at the Rutherford Appleton Laboratory (RAL).
The woodpile was built using high resistivity silicon following the dicing man-
ufacturing process described elsewhere [Gon02].
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Figure 6.15: Photograph of the waveguide to CPS transition.

The CPS and micro-strip circuits were fabricated on 0.05 mm quartz sub-
strates using lithographic techniques. The waveguide to CPS transition re-
quired a cross-shape substrate. In order to keep its fabrication as simple as
possible the substrate was split in to three sections. Two of them, which cor-
responded to the arms of the cross, contained the two IF filters. The central
part, CPS substrate from here on, contained the RF dipole, the RF filter and
the dipole and director of the waveguide to CPS transition. The portion of
substrate under the antenna was etched away to remove the quartz and leave
the dipole radiating in air.

The diodes were diced in order to decrease their overall size, reducing their
capacitance and improving their high frequency performance. After being
diced they were soldered onto the circuit with a low melting temperature
solder. Photograph of the CPS substrate are shown in Figure 6.14.

For expediency, critical parts of the waveguide circuit, LO waveguide and
IF channels were fabricated in silicon using a dicing process and afterwards
metallised with nichrome and gold to a thickness of 2 microns. They were
manufactured as two halves and then glued together using silver epoxy. Fi-
nally, the CPS circuitry was placed in its location and the whole assembly was
then glued into a conventionally machined metal housing. The LO waveg-
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Figure 6.16: Front view of the complete mixer assembly. Note that the upper half of
the waveguide has been removed for the sake of visibility.

uide was short-circuited using two metallised silicon blocks, which created the
aperture required to introduce the central substrate inside the circuit. The
CPS substrate was supported by one of these blocks and the woodpile. Once
aligned with the IF substrates the metallic lines were soldered (see Figure 6.15
for a photograph of the assembled transition). One of the IF filters was con-
nected to the waveguide body to provide the required ground return whereas
the other one was connected with a bounding wire to a SMA connector, which
constituted the IF output.

A front view photograph of the complete mixer assembly is shown in Figure
6.16.

6.6 Measurements

The EBG mixer noise performance was characterised using standard tech-
niques. A schematic of the measurement set-up is shown in Figure 6.17. A
backward-wave oscillator (BWO), tuneable from 110 GHz to 140 GHz, was
used as the LO source. The LO power that fed the mixer was varied using
an attenuator. A 10 dB directional coupler together with a power meter was
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Figure 6.17: Mixer measurement setup.

used to monitor the LO power. The output of the directional coupler, Pin

in Figure 6.17, is used as a parameter in most of the following plots. The
mixer IF output was connected to a low noise amplifying chain (42 dB gain)
operating in the 2 - 6 GHz range. The IF noise temperature was characterised
using the Y-factor method [Maa93] and was measured to be 350 K.

The diodes were found to be slightly unbalanced, resulting in a non-
optimum operation of the mixer. The reason of this behaviour could be that
both diodes were not identical or that there was a small asymmetry in its
position. A DC voltage was used to balance them so that their average DC
current was zero. The compensation voltage for different LO powers is shown
in Figure 6.18.

The performance of the receiver in terms of noise temperature was mea-
sured with the Y-factor technique, using a blackbody (Eccosorb AN72 ab-
sorber) at room temperature (294 K) as hot source and a liquid nitrogen
cooled blackbody (77 K) as cold source. The DSB receiver noise temperature
results for 2 - 5 mW LO source powers are presented in Figure 6.19. For values
of the detected input power lower than 0.1 mW measured at the output of the
10dB coupler (1 mW coupled to the mixer approx.) no mixing effect is ob-
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Figure 6.18: Compensation voltage vs. LO frequency for different LO powers.

served. For higher power values (2 - 5 mW) the receiver shows two frequency
ranges, from 117 GHz to 126 GHz and from 131 GHz to 136 GHz, were the
DSB receiver noise temperature reaches minimum values. The two bands are
separated by a resonance that was already predicted in our simulations for
low LO powers. Both bands broaden when the input power is increased in
agreement with the predictions.

The mixer DSB noise temperature can be extracted from the receiver DSB
noise temperature and the IF chain noise temperature [Maa93] using:

TMIX = TREC − TIF

GMIX
, (6.5)

where GMIX is the gain of the mixer,

GMIX =
PREC,H − PREC,C

PIF,H − PIF,C
, (6.6)

and TIF and TIF are the DSB noise temperature of the IF chain and the
receiver respectively, both calculated previously.
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Figure 6.19: Measured DSB receiver noise temperature vs. LO frequency for different
LO powers.

The results for the DSB mixer noise temperature are presented in Figure
6.20(a). As in the receiver noise temperature case, there are two frequency
bands, were the DSB noise temperature of the mixer reaches a minimum. The
two bands are separated by the same resonance previously observed. The
performance of the mixer in terms of noise is slightly better in the lower
frequency band where the average noise temperature is 3500 K whereas in the
higher frequency band is 6500 K. Input powers between 3 mW and 4 mW,
which correspond to monitored powers (Pin) of 0.3 mW and 0.4 mW, gave the
best results in terms of noise temperature. If the power is increased to 5 mW
the bandwidth increases but eventually at the expense of an increase of the
DSB noise temperature. The minimum measured DSB noise temperature was
938 K for a 4 mW LO power at 118 GHz.

The mixer conversion loss is shown in Figure 6.20(b). The frequency bands
where the noise temperature is minimum corresponds to those where the con-
version loss is lower. The best values, between 6.3 and 13 dB were also achieved
with 3 mW and 4 mW LO power.

These results are in good agreement with the predictions shown in Figure
6.13. The frequency limits of the mixer bandwidth were correctly predicted.
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Figure 6.20: Measured mixer performance: (a) DSB noise temperature and (b) DSB
conversion loss.
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With respect to the peak at 128 GHz, it is also predicted in the simulations but
for lower LO powers. However, the power levels that have been measured were
taken at the entrance of the circuit and therefore did not take into account the
losses: ohmic losses, reflection in the waveguide to CPS transition and diode
coupling losses. Due to these losses the power at the diodes will be lower
than at the output of the coupler. In order to obtain an even improved match
between predicted and measurements higher LO powers would be required.

For a sub-harmonic mixer realised in waveguide the isolation between the
IF, LO and RF signals is high due to the natural waveguide cut-off. However,
for the EBG environment this characteristic is solely dependent on the suc-
cessful implementation of the EBG material and the design of the filters and
circuitry. Therefore care has to be taken to ensure the correct interpretation
of the measurement results. For example in an open structure circuit there
is the well know problem of the RF circuit acting as an antenna at the IF
frequency and thereby allowing the low noise amplifier chain to see the hot
and cold load used when measuring the mixer’s RF response. In this instance
the resulting variation of IF power with load temperature could be misinter-
preted as mixing occurring at the RF. For this design, presence of this effect
was ruled out by carrying out the Y-factor measurement in the absence of LO
power and whilst varying diode bias to vary the terminating impedance of the
IF chain, no drop in IF power was observed.

Another potential area of uncertainty is that mixing can occur at the LO
frequency if the natural balance of the anti-series diode pair is not sufficiently
close for fundamental mixing to be cancelled. For this design this is an area
of greater uncertainty, as whilst the balance of the diodes at DC was excellent
this may not necessarily be the case at the RF or LO. In fact to achieve
optimum mixing response at certain frequencies it was necessary to apply a
DC bias as shown in Figure 6.18 and explained previously.

In order to check if there was some harmonic mixing response the Y-
Factor measurement was carried out placing a dicroic plate which filters out
frequencies lower than 200 GHz. If the response of the mixer were purely
subharmonic, the noise temperature measured should in theory not change.
In practice, there will be some losses associated to the filter that will decrease
the Y-factor.

The used filter is based on a hexagonal array of circular holes drilled in
a 2.275 mm thick gold plate. The radius of the holes is 0.46 mm and its
separation 1 mm. The predicted response of this filter under normal incidence
is presented in Figure 6.21, showing insertion losses lower than 0.8 dB at RF
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Figure 6.21: Predicted performance of the dicroic high-pass filter at (a) LO and (b)
RF frequencies.

frequencies. At LO frequencies the return loss is very close to 0 dB.

Unfortunately, this test could not be performed on the same mixer con-
figuration, since the diodes were damaged and the mixer had to be rebuilt.
The performance of this new mixer was much worse than the previous one.
Its DSB noise temperature is shown in Figure 6.22(a) for different LO powers.
Although the shape of the curve is similar to that previously obtained, the
noise temperature is much higher. Several reasons could explain this worsen-
ing. Since the mixer was rebuilt, the circuits are damaged after its rebuilding
or some of the contacts are lossier. Also the unbalance between the new diodes
could be larger than between the first ones, either because their characteristics
are different or their placement was more asymmetric.

When the filter is placed in between the antenna and the hot/cold load the
noise temperature increased, as it is shown in Figure 6.22(b). The change in
conversion loss is presented Figure 6.23. The conversion loss increases between
0 and 3 dB between 120 GHz and 135 GHz. For frequencies between 125 GHz
and 130 GHz the degradation of the performance is lowest, which corresponds
to the frequency range in which the change of noise temperature is smaller.

The change in both noise temperature and conversion loss shows that the
mixer presents some harmonic mixing response. However, it is difficult to
quantify how important it is when compared with the subharmonic mixing.
Also, since the harmonic mixing is due to the unbalance of the configuration, it
is not possible to asses if in the first measurements the low noise temperature
was due to a more pure subharmonic mixing response.
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Figure 6.22: Measured DSB mixer noise temperature vs. LO frequency for the second
fabricated configuration. (a) No high pass filter (b) Using a high-pass filter.
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Figure 6.23: Measured DSB conversion loss degradation when the high pass filter is
placed in front of the configuration.

The conclusion that can be drawn from these results is that the assembly
of this mixer configuration is critical in order to assure the perfect balance
of the diodes. Otherwise, since it is an open configuration the possibility
exists to be combining both the harmonic and subharmonic mixer responses.
This problem could be solved by using an antiparallel diode chip, so that the
balance of the diode pair did not depend on the skill of the assembler.

Another improvement of the configuration would be to include a low-pass
filter between the diodes and the antenna which blocked the LO frequency re-
ceived by the antenna. However, the performance of the dipole antenna at LO
frequencies is rather bad, since the woodpile is not acting as a reflector. This
would imply that the LO frequency is being captured by the whole circuitry.

6.7 Comparison with conventional designs

In order to compare the performance of this mixer with conventional ones,
measured subharmonic mixer results reported in the literature are summarised
in Table 6.1. This table includes results close in frequency to the design
frequency of the presented mixer. The results in [Möt00] and [Sie93] where
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RF (GHz) TDSB(K) LDSB(dB) LO(mW) Reference

160 - 12 - [Gau00]

182 1820 8.5 9 [Kor93]

183 450 4.2 2-3 [Moy98]

205 800 5.7 5.7 [Sie93]

215 1750 6.2 3.5 [Möt00]

240 490 - 3 [Meh98]

345 1650 - 7 [Orl03]

Table 6.1: Published performance of subharmonically pumped Schottky diode mixers.

given in terms of Single Side Band (SSB) performance. They were transformed
into DSB values assuming: TDSB = TSSB/2 and LDSB = LSSB − 3 dB.

Values of DSB noise temperature lower than 500K can be considered as
state-of-the-art performance [Moy98]. The performance of the first measured
prototype is, therefore, close to this value.



Chapter 7

Conclusions and guidelines
for future research

In this chapter the main results obtained in this thesis will be summarised.
Next some guidelines for future research will be provided.

7.1 Conclusions

In this thesis the use of EBG structures for millimetre-wave applications has
been studied. In this frequency range, planar technologies suffer from losses
due to surface wave excitation which worsens the antenna performance. One
of the proposed solutions to this problem is the use of EBG substrates, in
which no electromagnetic wave could propagate.

Although some preliminary demonstrations of the use of EBG technology
for this application had already taken place, they were mainly proof-of-concept
experiments. In this thesis a step forward is given, overcoming this initial
status. In particular, several aspects related with the RF design of millimetre-
wave receivers implementing EBG technology have being studied.

First, the main features of EBG structures when used as substrates for
dipole antennas have been studied in Chapter 2. In particular both the radi-
ation features and the input impedance of a dipole antenna placed on top of
three different EBG structures have been studied. The selected EBG struc-
tures were the silicon and ZTT woodpile and the ZTT Fan structure. In all
cases, the dipole antennas were printed on to a quartz substrate, as it would
be in any real configuration.

153



154 Conclusions and guidelines for future research

With respect to the woodpile structure, the input impedance of a dipole
antenna placed on top of it has been found to depend mainly on its orienta-
tion with respect to the first layer of bars. Dipoles placed parallel to these
bars have very low input impedance, whereas the input impedance of those
placed perpendicular to them is higher. In the case of the Fan structure a
similar behaviour has been found, the input impedance being also in the in
this case determined by the orientation with respect to the dielectric areas of
the structure. These results seem to be linked to the phase of the reflected
wave under plane wave incidence, which is close to 180 deg for the polarisation
which show low input impedance and close to 0 deg for the other one.

The use of high dielectric constant materials presents two main advantages:
increasing of the bandwidth of the gap and reducing the size of the structure.
They would allow to have more compact and broader systems. However, in
our studies when a high dielectric constant material, such as the ZTT, was
used the size of the dipole antennas when placed on top of the studied EBG
structures is not reduced accordingly, being the resonant lengths of the dipoles
only slightly shorter.

Regarding the radiation patterns, they have also been found to depend
very strongly on the orientation of the dipole with respect the woodpile bars.
Configurations in which the dipole was parallel to the woodpile bars show
more directive radiation patters than those configurations where the dipole is
perpendicular to them. Also the radiation pattern is less dependent on the
size of the woodpile structure for the parallel configurations. This behaviour
is similar with both the ceramic and the silicon woodpile. In the case of
Fan structure, the radiation patterns obtained are quite asymmetric and very
dependent on the position of the dipole and its orientation.

More real configurations have been studied in Chapter 3, where the match-
ing of dipole antennas fed by Coplanar Striplines placed on top of EBG struc-
tures is studied. Since the Coplanar Striplines present high characteristic
impedance only those dipole configurations which have a large enough input
resistance can be easily matched. In particular, and among the configurations
that satisfy this condition, the “perpendicular solid-solid” has been studied in
the case of the silicon and ceramic woodpile and the configuration labelled as
“perpendicular #1” in the case of Fan structure. In all cases the effect of the
feeding lines on the radiation pattern of the configurations and their frequency
dependence has been studied. Also the effect of the losses of the materials has
been taken into account, being negligible due to the response in reflection of
the EBG.
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The main conclusion that can be extracted from Chapters 2 and 3 is that
the radiation and matching features depend very strongly on the position and
orientation of the dipole on top of the EBG structure. Based on this fact,
a modification of the woodpile has been proposed in Chapter 4 which allows
obtaining simultaneously good matching and an improved radiation pattern.
The modification proposed, based on the displacement of the bars closer to
the dipole is easy to implement since it only affects to the first layer of bars.

Based on the results obtained in the previous chapters a receiver config-
uration using a Schottky diode as detecting element has been designed in
Chapter 5. The radiating element was a dipole antenna placed on top of a
silicon woodpile at the “perpendicular solid-solid” symmetry position. This
position was chosen since it showed the best compromise between radiation
and matching features. The design process of the detector was based on the
adjustment of the distance between the diode and the dipole and filter. The
diode must be as close as possible to the dipole to not distort the radiation
pattern. The distance from the filter to the diode is finally chosen to obtain
the required embedding impedance. The radiation pattern of the configu-
ration was measured, showing good agreement with predictions. Regarding
the sensitivity of the configurations, the results obtained agree with our pre-
dictions. However, there are several uncertainties in these results, since the
measurement technique, subharmonic mixing detection, was very dependent
on the LO power levels and the diodes were not identical, which makes them
difficult to compare.

In addition to this detector, a subharmonic mixer using EBG technology
at 250 RF frequency has been presented in Chapter 6. The design was a
combination of EBG and conventional technology, since the bandgap of the
selected EBG structure, silicon woodpile, is not large enough so as to cover
both frequency bands and allow for the use of an EBG waveguide. Therefore,
conventional waveguide technology was used to guide the LO and a configu-
ration using a dipole antenna on top of the woodpile was used as radiation
element. The mixer was characterised showing good performance, with best
DSB noise temperature of 938 K. However, since this design is an open con-
figuration, harmonic mixing can be present at the output of the mixer. This
problem, which is created by the unbalance of the diodes has been detected in
our configuration.
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7.2 Guidelines for future research

In this thesis dipole antennas on top of EBG structures have been studied. A
logical continuation of this work would be to study other radiating elements
with improved radiating features, such as double dipoles. Also the control of
the radiation pattern by locally modifying the surface of the woodpile could
be further study, extending it to other symmetry positions.

Since the features of a dipole on top of an EBG are determined by the
EBG configuration, it would be advisable to continue studying other EBG
structures which could lead to improved radiation or matching features.

One of the applications of this technology is the realisation of imaging
arrays. Since the design of a detecting element based on EBG technology as
been carried out in this thesis, the next logical step would be to design a whole
imaging array using these elements as detectors.

With respect to the design of mixers using EBG technology, harmonic
mixers seem to be more appropriate, in order to use the same EBG as substrate
for the radiating elements and to create the LO waveguides. In this case the
whole configuration could be built based on EBG technology. This type of
configuration would need to accurately study the transition between the EBG
waveguides and conventional waveguides and the way to allocate the diodes
and extract the IF signal.



Appendix A

Input impedance and
radiation pattern of a dipole
antenna on top of a silicon
woodpile

In this appendix the complete set of plots corresponding to the input impedance
and the radiation pattern of a dipole antenna placed on top of a silicon wood-
pile are presented.
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Figure A.1: Input impedance (Ri + jXi) of a printed dipole placed on top of a silicon
woodpile in the “parallel” symmetry positions as a function of its length and of the
substrate thickness. f = 500 GHz.
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Figure A.2: Input impedance (Ri + jXi) of a printed dipole placed on top of a silicon
woodpile in the “perpendicular” symmetry positions as a function of its length and of
the substrate thickness. f = 500 GHz.
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Figure A.3: Radiation patterns of a printed dipole placed on top of the optimised sili-
con woodpile EBG structure as a function of the substrate thickness. ld = 250microns;
f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.
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Figure A.4: Radiation patterns of a printed dipole placed on top of the optimised
silicon woodpile EBG structure as a function of the number of periods of the woodpile
structure. ldip = 250 µm; h = 20 µm; f = 500 GHz. Solid line: E-Plane; Dashed
line: H-Plane.
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Appendix B

Input impedance and
radiation pattern of a dipole
antenna on top of a ZTT
woodpile

In this appendix the complete set of plots corresponding to the input impedance
and the radiation pattern of a dipole antenna placed on top of a ZTT woodpile
are presented.
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Figure B.1: Input impedance (Ri + jXi) of a printed dipole placed on top of a ZTT
woodpile, ǫr = 37, in the “parallel” symmetry positions as a function of its length and
of the substrate thickness. f = 500 GHz.
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Figure B.2: Input impedance (Ri + jXi) of a printed dipole placed on top of a ZTT
woodpile, ǫr = 37, in the “perpendicular” symmetry positions as a function of its
length and of the substrate thickness. f = 500 GHz.
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Figure B.3: Radiation patterns of a printed dipole placed on top of the optimised ZTT
woodpile as a function of the substrate thickness. 6 × 6 × 2 periods; ld = 250 µm;
f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.
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Figure B.4: Radiation patterns of a printed dipole placed on top of the optimised ZTT
woodpile as a function of the number of periods of the EBG structure. ld = 250 µm;
h = 20 µm; f = 500 GHz. Solid line: E-Plane; Dashed line: H-Plane.
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Appendix C

Input impedance and
radiation pattern of a dipole
antenna on top of a ZTT Fan
structure

In this appendix the complete set of plots corresponding to the input impedance
and the radiation pattern of a dipole antenna placed on top of a ZTT Fan EBG
structure are presented.
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Figure C.1: Input impedance (Ri + jXi) of a printed dipole placed on top of Fan
EBG structure, ǫr = 37, in the “perpendicular” symmetry positions as a function of
its length and of the substrate thickness. f = 500 GHz.



171

100 200 300 400
0

1000

2000

3000

4000

5000

Dipole length (microns)

R
ea

l(
Z

in
) 

(Ω
)

h = 20 microns
h = 30 microns
h = 40 microns

(a) Par. #1; Ri

100 200 300 400

−3000

−2000

−1000

0

1000

2000

3000

Dipole length (microns)

Im
ag

(Z
in

) 
(Ω

)

h = 20 microns
h = 30 microns
h = 40 microns

(b) Par. #1; Xi

100 200 300 400
0

500

1000

1500

2000

Dipole length (microns)

R
ea

l(
Z

in
) 

(Ω
)

h = 20 microns
h = 30 microns
h = 40 microns

(c) Par. #2; Ri

100 200 300 400
−1500

−1000

−500

0

500

1000

1500

Dipole length (microns)

Im
ag

(Z
in

) 
(Ω

)

h = 20 microns
h = 30 microns
h = 40 microns

(d) Par. #2; Xi

100 200 300 400
0

500

1000

1500

2000

2500

Dipole length (microns)

R
ea

l(
Z

in
) 

(Ω
)

h = 20 microns
h = 30 microns
h = 40 microns

(e) Par. #3; Ri

100 200 300 400
−1500

−1000

−500

0

500

1000

1500

Dipole length (microns)

Im
ag

(Z
in

) 
(Ω

)

h = 20 microns
h = 30 microns
h = 40 microns

(f) Par. #3; Xi

100 200 300 400
0

1000

2000

3000

4000

Dipole length (microns)

R
ea

l(
Z

in
) 

(Ω
)

h = 20 microns
h = 30 microns
h = 40 microns

(g) Par. #4; Ri

100 200 300 400
−2500

−2000

−1500

−1000

−500

0

500

1000

1500

2000

2500

Dipole length (microns)

Im
ag

(Z
in

) 
(Ω

)

h = 20 microns
h = 30 microns
h = 40 microns

(h) Par. #4; Xi

Figure C.2: Input impedance (Ri +jXi) of a printed dipole placed on top of Fan EBG
structure, ǫr = 37, in the “parallel” symmetry positions as a function of its length
and of the substrate thickness. f = 500 GHz.
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Figure C.3: Radiation pattern of a dipole placed on top of Fan EBG structure. l =
250 µm; f = 500 GHz as a funtion of the quartz substrate thickness. Solid line:
E-Plane; Dashed line: H-Plane.
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Figure C.4: Radiation pattern of a dipole placed on top of Fan’s EBG structure as
function of the number of periods of the EBG structure. h = 20 µm; f = 500 GHz.
Solid line: E-Plane; Dashed line: H-Plane.
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Figure C.5: Radiation pattern of a dipole placed on top of Fan’s EBG structure at
the “parallel” symmetry positions as function of the length of the dipole. h = 20 µm;
f = 500 GHz.
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Figure C.6: Radiation pattern of a dipole placed on top of Fan’s EBG structure at the
“perpendicular” symmetry positions as function of the length of the dipole. h = 20 µm;
f = 500 GHz.
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Appendix D

Data sheet of the UMS
DBES105a Schottky diode
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[Möt00] V.S. Möttönen, P. Piironen, J. Zhang, A.V. Räisänen, C.-I. Lin,
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1. P. Haring Boĺıvar, M. Brucherseifer, R. Gonzalo, I. Ederra, A. Reynolds,
M. Holker and P. de Maagt, “Measurement of the dielectric constant
and Loss Tangent of High Dielectric Constant Materials at Terahertz
Frequencies”, IEEE Transactions on Microwave Theory and Techniques,
vol. 52, No. 4, pp. 1062-1067, April 2003

2. R. Gonzalo, I. Ederra, C.M. Mann and P. de Maagt, “Radiation prop-
erties of terahertz dipole antenna mounted on photonic crystal”, Elec-
tronics Letters, Vol. 37, No 10, pp. 613-615, May 2001

Invited international conferences

1. I. Ederra, R. Gonzalo, Chris Mann, A. Moroz y P. de Maagt, “(Sub)mm-
Wave Components and Subsystems based on EBG Technology”, In-
ternational Conference on Electromagnetics in Advanced Applications,
ICEAA’03, Turn, Italy, Sept. 2003

2. I. Ederra, R. Gonzalo, Chris Mann, and P. de Maagt, “(Sub)mm-Wave
Components and Subsystems based on PBG Technology”, 2003 IEEE
AP-S International Symposium and USNC/URSI National Radio Sci-
ence Meeting, Columbus, Ohio, EEUU, June 2003

3. C. M. Mann, P. de Maagt, G. McBride, F. van de Water, A. Laisne, D.
Castiglione, A. McCalden, L. Deias, J.P. O’Neill, J. Teniente Vallinas,
I. Ederra, D. Hasket, D. Jenkins, A. Zinn, M. Ferlet and R. Edeson,
“Microfabrication of 3D Terahertz Circuitry”, IEEE International Mi-
crowave Symposium, Philadelphia, Pennsylvania, June 2003

193



194 List of publications

4. P. de Maagt, B. Arredondo Conchillo, L. Minelli, I. Ederra, R. Gon-
zalo and A.L. Reynolds, “Photonic BandGap Antennas and Components
for Microwave and (Sub)millimeter Wave Applications” XXVIIth Gen-
eral Assembly of the International Union of Radio Science, Maastricht,
Holanda, August 2002

International conferences

1. B. de Hon, M. C. van Beurden, R. Gonzalo, B. Mart́ınez, I. Ederra,
C. del Rı́o, L. Azcona, B. Alderman, P. G. Huggard, L. Marchand and
P. de Maagt, “Domain Integral Equations for Electromagnetic Band-
Gap Slab Simulations”, 2004 URSI EMTS: Electromagnetic Symposium,
Pisa, Italia, May 2004

2. I. Ederra, R. Gonzalo, B. Mart́ınez, C. del Rı́o, L. Azcona, B.E.J. Al-
derman, P.G. Huggard, B. P. de Hon, M.C. van Beurden, L. Marchand
and P. de Maagt, “Sub-millimetre Wave Imaging Array Configurations
using EBG Technology”, 27th ESA Antenna Technology Workshop on
Innovative Periodic Antennas: Electromagnetic Bandgap, Left-handed
Materials, Fractal and Frequency Selective Surfaces, Santiago de Com-
postela, Spain, March 2004

3. L. Azcona, B.E.J. Alderman, P.G. Huggard, R. Gonzalo, B. Mart́ınez,
I. Ederra, C. del Rı́o, B. P. de Hon, M.C. van Beurden, L. Marchand
and P. de Maagt, “Manufacture of wide bandwidth 3-D EBG crystals
for sub-millimetre antenna substrates”, 27th ESA Antenna Technology
Workshop on Innovative Periodic Antennas: Electromagnetic Bandgap,
Left-handed Materials, Fractal and Frequency Selective Surfaces, Santi-
ago de Compostela, Spain, March 2004

4. B. P. de Hon, M.C. van Beurden, R. Gonzalo, B. Mart́ınez, I. Ederra, C.
del Rı́o, L. Azcona, B.E.J. Alderman, P.G. Huggard, L. Marchand and
P. de Maagt, “A dedicated numerical technique for field simulations of
antennas on electromagnetic band-gap substrates”, 27th ESA Antenna
Technology Workshop on Innovative Periodic Antennas: Electromag-
netic Bandgap, Left-handed Materials, Fractal and Frequency Selective
Surfaces, Santiago de Compostela, Spain, March 2004



List of publications 195

5. L. Azcona, B. Alderman, P.G. Huggard, R. Gonzalo, B. Mart́ınez, I.
Ederra, C. Del Rı́o, B. de Hon, M. Van Beurden, L. Marchand and P.
De Maagt, “EBG technology for imaging arrays at the sub-mm range:
designs, materials and precision micromachining techniques”, Metama-
terials for Microwave and (Sub) millimetre Wave applications: Photonic
Bandgap and Double Negative Designs, Components and Experiments,
London, UK, Nov. 2003

6. B. Alderman, L. Azcona, D. Matheson, P. Huggard, B. de Hon, M. van
Beurden, B. Mart́ınez, I. Ederra, C. Del Rı́o, R. Gonzalo, L. Marchand
and P. de Maagt, “Micromachined Electromagnetic Bandgap Crystals as
Antenna Substrates for 500 GHz Imaging Arrays”, 4th Round Table on
Micro/Nano Technologies for Space, Noordwijk, The Netherlands, May
2003

7. P. de Maagt, C.M. Mann, G. McBride, F. van de Water, A. Laisne,
D. Castiglione, A. McCalden, L. Deias, J.P. O’Neill, J. Teniente Val-
linas, I. Ederra, D. Hasket, D. Jenkins, A. Zinn, M. Ferlet and R.
Edeson, “Silicon microfabrication of 3D terahertz waveguide and optical
components”, 4th Round Table on Micro/Nano Technologies for Space,
Noordwijk, The Netherlands, May 2003

8. I. Ederra, L. Azcona, R. Gonzalo, B.E.J. Alderman, P.G. Huggard,
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Haring Boĺıvar, C.M. Mann and P. De Maagt, “A 3-D Photonic Crystal
used as Substrate in an Antenna Configuration at Sub-millimetre Wave
Frequencies”, ERC on Electromagnetic Crystal Structures, St. Andrews,
UK, June 2001

12. R. Gonzalo, C. Sagaseta, I. Ederra, B. Mart́ınez, H.P.M. Pellemans,
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