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Preface

The increasing demand for miniaturization of wireless systems has addressed
strong interests in the development of new techniques for the realization of
high—density millimeter—wave printed circuits.

The printed board size reduction, achievable at millimeter frequencies, ful-
fills well the compactness requirements of modern RF systems, however the
high frequency behavior of standard dielectric substrates gives strong lim-
itations to the performances and the feasibility of millimeter—wave printed
components.

The dielectric materials, which usually show good electrical features in the
lower microwave range, present high losses at millimeter frequencies. Research
efforts are so devoted to the investigation of alternative materials and fabri-
cation technologies for the realization of efficient low—loss radiating systems
well working in the millimeter—wave range, but requiring minimal increase in
cost.

In order to design printed circuits with good performances at high fre-
quencies, the dielectric substrate should have low losses and a low dielectric
constant, stable within the entire operating frequency range. As a consequence
of this, the values of permittivity and dissipation factor, together with their
thermal stability, should be considered for a proper material selection.

On the basis of the above considerations, the use of Benzocyclobutene
(BCB) polymer as dielectric substrate for millimeter—wave printed structures
is discussed in the first chapter of this PhD thesis. BCB is an organic material
characterized by a stable relative dielectric constant and low losses over a
broad millimeter frequency range. BCB has been successfully employed in
literature as a covering film for packaging and interconnections on silicon
substrates.

In the second chapter of the present PhD thesis, the adoption of BCB as
low-loss dielectric substrate for the realization of compact circuits and anten-
nas at millimeter-wave frequencies is proposed. Firstly, a specific technological
process has been developed for the construction of single layer and multi-layer
structures on BCB substrate. Then, an accurate experimental characterization
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of BCB in terms of permittivity and loss tangent values has been performed
within the range from 11 GHz to 65 GHz. These retrieved electromagnetic
parameters have been subsequently adopted for the design of various kinds of
millimeter-wave antennas. Finally, the realization and the experimental cha-
racterization of the synthesized prototypes have been performed and they are
described in chapter 3.

In the last chapter of the thesis, micromachined millimeter wave antennas
are presented. In particular, a new integrated platform is performed, in which
the waveguide slot array is on the same substrate of the feeding microstrip
line.

A specific synthesis procedure for the waveguide slot array is descibed and,
in order to experimentally validate the design, a linear slot array prototype
is fabricated and measured in the Microwave Laboratory at University of
Calabria.
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1

Emerging Materials and Technologies at
Millimeter Frequencies

1.1 Introduction

In recent years, strong research efforts have been devoted to the investigation
of innovative materials and fabrication technologies for the realization of ef-
ficient low—loss circuits and antennas well working at millimeter frequencies
but requiring a minimal increase in cost.

To guarantee good performances as dielectric substrate at millimeter
waves, the material should have low losses and a low dielectric constant, stable
within the operating frequency range, so the values of material permittivity
and dissipation factor should be accurately considered, but also the thermal
stability of these parameters has a relevant role for a proper material selec-
tion, especially for space applications.

At millimeter wave frequencies, materials and integration techniques in RF
system are subject to more performance constraints. One example in printed
technologies is the substrate water absorption, which above 10 GHz can cause
unacceptable losses in elements such as antennas, filters and trasmission lines,
particulary over extended periods of time and under conditions of varying
humidity.

Potential substrates with excellent performances extending throughout the
millimeter—wave range can be found in the polymer category.

1.2 LTCC: Low—Temperature Co—fired Ceramics

LTCC is a ceramic multilayer technology composed from 2 to 100 layers with
robust, hermetic and environmentally stable substrates. LTCC has a great
potential for millimeter—wave applications, especially because of its low manu-
facturing cost, excellent performances and high level of integration.

The whole process for millimeter wave antenna and circuits needs a high
accuracy and a small tolerance for implementation and it can be divided into
seven steps [1].
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Substrate Preparation: The unprocessed material for LTCC substrates
must be preconditioned before the implementation due normally on a roll
shipped with an applied foil which is used as a filling mask for the vias,
and must be treated carefully, especially when the sheet is unrolled and cut,
because arbitrary shapes of cavity and windows can be formed.

Via Forming: Vias may be punched or drilled with a low-power laser and
normally filled with a conventional thick film screen or an extrusion via filler.

For blind vias is recommended to form the holes in the masks a bit smaller
than their diameters.

Printing: The via printing process can have high resolution due to the
flatness and solvent absorption properties of the tape.

Collating: Each layer is placed in turn over tooling pins. Some foundries
use heat to fix the sheets one on the top of the other.

Lamination: Lamination can be done using two approaches. The first
one named uniaxial lamination where the tapes are pressed between heated
platens and the second one using an isostatic press where the stacked tapes
are vacuum packaged in a foil and pressed in hot water.

Co-firing: The firing should be done under high temperature controlled
as a function of time and varied according to the details of the process, but
in one step on a smooth, flat setter tile.

Post-processing: Some materials need a post processing where the paste
is to be applied after firing the tape and then a second firing is undergone

LTCC has some particular features, such as the availability of cavities
where electronic components can be integrated for functional and environ-
mental purposes. Because LTCC uses less metal and improves the robustness
of the ceramic bonding, crosshatched ground planes can be done easily. LTCC
can support three types of vias: RF shield , signal and thermal vias. The first
one is used to isolate radiation coupling, the second one terminates in each
layer in cover pads, and the third one is designed for thermal conduction where
connecting planes are staggered with adjacent planes at each layer.

1.3 LCP: Liquid Crystal Polymer

A liquid crystal polymer (LCP) is an organic material identified as a thermo-
plastic polymer with unique structural and physical properties that offers a
good combinations of electrical, thermal, mechanical and chemical properties.
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LCPs gives a unique all-in-one solution for high—frequency designs due to
their ability to act both as high—performance substrate and as packaging ma-
terial for multilayer construction. In microwave design, it is attractive due to
the low relative dielectric constants, low dissipation factors, and commercial
availability of laminates.

Commercial LCP material is supplied in thin film with predefined thick-
nesses ranging and one side or both sides have a copper layer laminated in
a vacuum press. LCP has a low cost, a lower water absorption that makes it
relatively unaffected by moisture and humidity, and stable relative dielectric
constant and loss tangent across a wide frequency range.

1.4 High—Temperature Superconducting

High-Temperature superconductor (HTS) are materials that behave as su-
perconductors at unusually high temperatures. Normally, HTS are thin-film
structures prepared by epitaxial growth on single crystal dielectric substrates.

HTS films have practical applications in modern microwave integrated
circuits employed in aerospace applications and terrestrial mobile communi-
cation base stations, and offers the possibility of significantly reducing the
weight and volume of the microwave equipment.

HTS epitaxial growth requires a process optimisation for film integrity
with high level of expertise. Processing, materials, conditions and films pro-
perties all have to be controlled reliably for consistent films to be produced.

Suitable deposition methods for high-quality HTS films and proper sub-
strate constitute the two major requirements for a real device. High dielec-
tric constant means that components at high frequencies can be considerably
smaller than in conventional circuits.

1.5 BCB: Benzocyclobutene

Among the several companies working on the development of new materials,
the Dow Chemical Company[2] has recently developed a wide variety of poly-
mers to be used as dielectric materials with low dielectric constant.

Since 80s, the Dow has proposed a very important family of polymers
based on benzocyclobutene, better known as BCB. The BCB polymers have
been widely adopted in microelectronic for the realization of packages and
interconnections.

Only in 90s BCB has been also adopted for the realization of micro-chips,
thus replacing the gallium arsenide (GaAs) in many applications. Further-
more, BCB has been adopted in flat panel displays and as covering resin for
copper plates and printed circuits for telecommunication applications.
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1.5.1 Principal Features of Polymeric Materials

A polymer is a macromolecule characterized by a high molecular weight, con-
sisting of a large number of small simple units called monomers, that have a
low atomic weight.

The polymeric materials can be classified according to their electrical con-
ductivity. A first class of polymers is characterized by a high conductivity com-
parable to metals, a second group has conductivity values which are typical
of semiconductors, and finally the most popular polymeric materials behave
as insulators.

The physical/electrical properties of polymers are influenced by the fol-
lowing factors:

chemical composition;
crystallinity degree;
use of additives;
molecular weight.

The chemical composition fundamentally affects the material physical
properties, such as the melting point and the processing temperature. On
the contrary, the chemical constitution of the polymers has little influence on
their electrical properties.

The relative permittivity of most commercial polymers varies between 2
and 3; the loss tangent, tan &, can assume values ranging from 1-10~* up to
51074, for an operating frequency less than 1 GHz; the resistivity can vary
between 109 2m and 1016 2m.

The crystallinity degree affects the polymer hardness. As matter of fact, for
given chemical compositions and molecular weight, the polymeric materials
having a greater crystallinity degree will have a higher hardness and, as a
consequence, a higher softening temperature.

The use of additives has the purpose to improve some material features,
such as the thermal stability, the electrical properties and the chemical resis-
tance. For example, the addition of stabilizers allows to prevent the deterio-
ration that many plastics suffer as a result of sunlight (UV rays), oxygen and
heat.

The polymers molecular weight is the product of the molecular mass of
the structural unit for the degree of polymerization. Usually a polymer has a
molecular mass of at least 1000 units, or a degree of polymerization equal to
100.

1.5.2 General features of BCB

The hydrocarbon benzociclobutene can be realized through the pyrolysis!
of the a-cloro-o-zilene. The treatment of the hydrocarbon with bromine

! Pyrolysis is a thermochemical decomposition of organic material at elevated tem-
peratures without the participation of oxygen.
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produces 4-bromo-BCB. The coupling of 4-bromo-BCB with the divinylte-
tramethylsiloxane, in the presence of palladium as a catalyst, produces the
monomer DVS-bis-BCB (Fig. 1.1).

Pw,ro}- s C:i
E—
CHy=—H

BCE B
Me Me
| | PA(0AC) ;
2 + P SI —0 —'Sl rey —_—

HyC o Plo-tolyl)y

Ml.‘

Fig. 1.1. Cyclotene realization process.

If necessary, the monomer can be distillated in order to reduce the pre-
sence of ionic impurities. The monomer can be realized in two steps. Once
the curing reaction is started, it is purposely interrupted before the atomic
bonding of every monomer molecules. The resulting oligomer can be completed
in a second stage. The open-loop thermal reaction of the four terms of BCB
produces o-quinodimethane. This intermediate product readily undergoes a
Diels-Alder reaction with the available dienophiles?.

On the contrary, in absence of dienophiles, the o-quinodimethane reacts
with itself so giving the dimers 1,2,5,6-dibenzocyclooctadiene or undergoes a
polymerization similar to that of the 1,3-diene giving the poly-xylene. The
Diels-Alder reaction dominates in the B-phase of DVS-bis-BCB thus gene-
rating, in the next step, the final product.

In 1992 the Dow Chemical Company began to market the Cyclotene se-
ries 3022, which corresponds to the semi-treated solution of BCB. Following
this first launch, in 1994, the Cyclotene series 4000 was proposed, which is a
photosensitive polymer obtained by the use of the diazonium salt®.

Cyclotene is a material very suitable for millimeter wave applications,
whose characteristics can be summarized as follows:

2 Hydrocarbon containing two double bonds.
3 This salt when combined, in alkaline applications, with the azodye (dye derived
from nitrobenzene), chemically reacts and changes color.
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Relative dielectric constant ,=2.65 (1 MHz - 10 GHz).
Loss tangent tgd=0.0008 0.002 (1 MHz 10 GHz).
Breakdown voltage Vpg = 5.340.2 - 10V /cm.

Leakage current during the dry etching:

4.440.5 - 10719 A/em? (0.5 MV /cm);

6.840.8 - 10719 A/em? (1.0 MV /cm).

Leakage current during the photosensitization process:
2.9+ 1.4-107° A/em? (0.5 MV /cm);

4.7+ 1.6 107 A/em? (1.0 MV /cm).

Volume resistance 1 - 10 2-cm.

Density 1.05 g/cm3.

Crystallization temperature Tg: > 350°C.

Tensile strength 87 MPa.

Torsion resistance 2.9 GPa.

Elongation resistance 8%.

Processing shrinkage: < 5%.

Negligible processing volatility.

Processing kinetic:

Slow at low temperatures ranging from 210°C up to 250°C;

Fast at higher temperatures.

Negligible migration of copper.

One of the most important features of Cyclotene is the small loss tangent
value which assures very low losses. Furthermore the frequency behavior of
both loss tangent as well as dielectric constant is almost constant up to a
frequency of 1500GHz (see Fig. 1.2). This last feature, which has been never
achieved with other materials, explains the reason why the Cyclotene is sui-

table for millimeter wave applications.
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CYCLOTENE* 3022
Dielectric Constant (€;) and Loss (tand) vs Frequency
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Fig. 1.2. Loss tangent and dielectric constant frequency behavior.

1.5.3 Cyclotene Series 3000

Cyclotene series 3000 is a resin derived from two bisbenzocyclobutene (BCB)
monomers which tolerates dry etching process. This material has been deve-
loped for use as spin-on dielectric materials in microelectronic devices. The

Cyclotene resins are low dielectric constant and low dielectric loss materials,
furthermore they are characterized by the following features:

e low moisture absorption;
e 10 out-gassing;
e low temperature cure;

e excellent planarization.

The properties of Cyclotene 3000 are summarized in Fig. 1.3.
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Property Measured Value
Dielectric constant 265 -250at 1-20 GHz
Dissipation Factor 0.0008 —0.002 at 1-20

GHz
Breakdown Voltage 5.3 x 10° Vicm
Leakage Current 6.8x 107 A/lcm2 at 1.0
MVicm®
Volume Resistivity 1% 10"™ 0-cm
Thermal 0.29 Wm°K @24°C
Conductivity
CTE 42 ppm/°C at RT
Tensile Strength 87+ 7 MPa
Tensile Modulus 29+02GPa
Elongation 8+25%
Poisson's Ratio 0.34
Residual Stress 28+2MPaatRT
Tg > 350°C
Moisture Absorption < 0.2%

Fig. 1.3. Thermal, electrical and mechanical properties of Cyclotene series 3000.

1.5.4 Processing Procedure for Cyclotene Series 3000

The Cyclotene resins have been widely adopted in a variety of electronic ap-
plications. Usually they are used to realize very thin dielectric substrates for
sandwich structures, characterized by a copper-dielectric-copper stratification.
These structures can be obtained by adopting the dry etching process which
is briefly described below.

The surface to be coated with Cyclotene resin should be free of inor-
ganic particles and organic residues. The application of an adhesion promoter
(AP3000) is recommended prior to BCB coating. The procedure for applying
adhesion promoter on the substrate consists of the following steps:

e dispensing of the adhesion promoter;

e spreading through a spincoater with a speed ranging between 50 and 300
rpm (for 5 seconds);

e spin-drying at 2000-3000 rpm for 15-20 seconds.

Following the adhesion promoter process, BCB resin is spun onto the sub-
strate. The coating process consists of the following steps:

1) Dispense of BCB resin: it can be done statically or dynamically (rotating
the substrate at a speed of 50-200 rpm). In order to obtain good results,
it is helpful to dispense the resin radially from the edge of the wafer to
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the center. The dispense volume will depend on the thickness of the sub-
strate. Usually, 2-3 ml of BCB are sufficient for a 15 ¢m? substrate surface.

Spreading through a spincoater with a speed ranging between 500 and 750
rpm (for 5-7 seconds).

Spin coating with a speed ranging from 1000 to 5000 rpm (for 20-30 se-

conds), which is appropriate to achieve the desired coating thickness re-
ported in Fig. 1.4.

Spin Speed CYCLOTENE CYCLOTENE CYCLOTENE CYCLOTENE

(RPM) 3022-35 3022-46 3022-57 3022-63
1000 2.26 5.46 138 26.2
1500 1.84 439 10.7 19.9
2000 1.99 3.76 9.04 16.5
2500 143 335 797 144
3000 1.30 3.05 7.21 129
3500 1.21 2.82 6.65 118
4000 1.13 2.63 6.20 10.9
4500 1.07 248 584 10.2
5000 1.01 2.35 9.95 9.64

Fig. 1.4. Thickness after cure (in microns) versus spin speed.

Removing the drops from the edges of the wafer, by decreasing the speed
of the substrate up to 600-1000 rpm and distributing on the wafer rear side
the T1100 solvent for 5-10 seconds. Finally the speed must be increased
up to 1500 rpm for drying the back side of the wafer.

If necessary, the process can be repeated from step 1 to step 4 in order to
increase the substrate thickness.

At the end of the process, the polymeric film should be properly treated in
order to avoid the material deterioration during subsequent handling and
curing operations. The drying treatment must take place in the absence of
oxygen (<100ppm?*). This last condition can be readily achieved by flowing
inert gas (nitrogen or argon) through a convection oven, or by using a
vacuum furnace or oven. This treatment should take place for about 4 - 5
hours, including the initial process of heating and the final of cooling. The
drying process can be realized in two different ways which are defined as
Soft-Cure (Table 1.1) and Hard-Cure (Table 1.2). The Soft-Cure process
is applied when the wafer must be further processed, while the Hard-Cure
returns the final product.

4 ppm = parts per million.
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Table 1.1. Soft-Cure.

Step # Description

Step 1 5’ up to 50°C

Step 2 15" up to 100°C
Step 3 15’ up to 150°C
Step 4 60’ up to 210°C
Step 5 Natural Cooling

Table 1.2. Hard-Cure.

Step # Description

Step 1 5’ up to 50°C

Step 2 15" up to 100°C
Step 3 15’ up to 150°C
Step 4 60’ up to 250°C
Step 5 Natural Cooling

Further details about the process are reported in [3] and [4].



2

Realization Technology of Millimeter-Wave
Structures on BCB

2.1 Technology Description

The need to design and realize high frequency devices operating in the mil-
limeter waves range has lead to the research of new materials able to offer
good performances in terms of losses and fabrication accuracy.

In the Microwave Laboratory of the University of Calabria, the BCB poly-
meric material has been recently adopted as dielectric substrate for the real-
ization of printed millimeter wave circuits. The use of this innovative material
has required the development of a microtechnology based on two different
processes named deposition and lithography.

The first one consists in the realization of the stratified structure, i.e.
copper-dielectric-copper, through the deposition of both the BCB dielectric
layer as well as the copper layer.

The second process is instead necessary for the printing of the circuit. The
developed procedure has been successful applied to the realization of many
millimeter wave printed circuits, showing a high degree of accuracy.

Furthermore, the proposed process is less expensive than the nanotech-
nology, usually adopted in the integrated electronics industry.

2.1.1 Photolitografy

Photolithography is a technique used in electronics for the construction of
printed circuits. In this thesis work it has been used to print micrsostrip
antennas, or more in general a microstrip circuits, onto a copper layer placed
over a dielectric. The process involves several steps. A photoresist film is
deposited onto the wafer where it will be printed the circuit (Fig. 2.1).
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Copper
Dielectric
Material
Copper

Fig. 2.1. Wafer.

Since the photoresist is a liquid, it must undergo a particular process of
cooking in the oven in order to form a homogeneous and solid layer onto the
whole surface to be treated. (Fig. 2.2).

Photoresist

v

+«—— Copper

Dielectric
-—

Material
\ Copper

Fig. 2.2. Photoresist film.

The wafer is covered with a mask representing the layout of the desired
circuit and it is subsequently exposed to UV or laser rays. The photoresist, sen-
sitive to light, changes its chemical-physical properties. There are two different
types of photoresist, which are known as positive and negative photoresist.
If a positive photoresist is used, the portion subjected to the light becomes
more soluble in the developer solution and it is washed away. On the other
hand, if a negative photoresist is used the unexposed portion is washed away
(Fig. 2.3).
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Fig. 2.3. Positive and negative photorerist after UV exposure.

The wafer is then immersed in a tank containing ferric chloride, capable
of corroding the copper no longer protected by the photoresist film. The im-
mersion time is closely related to the thickness of the copper. Usually, the
ferric chloride corrodes also the walls of copper that are located under the
photoresist. Due to this last undesired effect a greater portion of copper is
removed (Fig. 2.4).

Unprotected
Copper

Photoresist

N\

Fig. 2.4. UnderCut.

This effect, named Undercut, causes a decrease in the size of patch antennas
and microstrip lines or, conversely, an increase in the size of slot lines. The
undercut effect is closely dependent on the thickness of the copper. As matter
of fact, when the thickness of the copper is greater the wafer must be dipped in
ferric chloride for a longer time, then the undercut will be more relevant. This
problem can be resolved by taking into account the undercut in the layout
design.

In [5], it has been demonstrated that for copper plates with a thickness
equal to 17 pym the undercut is equal to 35 pm, i.e. it is equal to twice the
thickness. Since the most common laminates are characterized by a copper
thickness ranging from 17 gm to 35 pm, the undercut may affect the accuracy
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of printed circuits, especially in the millimeter frequency range where the size
of the microstrip lines are comparable with the errors introduced by undercut.

Furthermore, it has been observed that the circuits printed with the pho-
tolithography process are usually characterized by irregular edges, as demon-
strated by the microscope image illustrated in Fig. 2.5.

All these factors make the use of the described methodology inadequate
for the realization of millimeter wave devices with the use of commercially
available laminates.

Fig. 2.5. Microscope image of a photolithography (17 pum copper laminate).

2.1.2 BCB and Copper Deposition

In order to realize a multilayer structure (copper-dielectric-copper) suitable for
the fabrication of millimeter wave circuits, two different deposition techniques
must be implemented.

The first one consists in the deposition of the polymeric material (e.g.
Cyclotene) with a spin-coating process; the second one deals the copper de-
position by evaporation.

The choice of using the spin-coating technique is imposed by the nature
of the BCB material, while the evaporation technique is adopted to obtain
the deposition of a very thin layer of copper, in order to reduce the undercut
effect.

BCB Deposition

The Cyclotene series 3000 produced by Dow consists of four different resins,
each characterized by a viscosity coefficient, which in turn affects the achie-
vable film thickness (see table in Fig. 2.6).
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Solution Properties J022-35 3022-46 3022-57 3022-63
Solvent Mesitylene Mesitylene Mesitylene Mesitylene
Viscosity (¢St @ 25°C) 14 52 259 a7o
Thickness Range® (um) 1.0-24 24-58 57-156 9.5-26.0

Fig. 2.6. Cyclotene viscosity coefficients.

These products allow to obtain dielectric layers with a thickness ranging
from 1.0 pm up to 26.0 ym. In order to obtain thicker substrate layers, it is
necessary to re-apply the spin-coating process.

The resin available at the Microwave Laboratory of the University of Cala-
bria is the 3022-63. The Cyclotene processing steps reported under the Dow
datasheets, and described in Paragraph. 1.5.4, have been properly modified
in order to improve the effectiveness of the deposition process.

The experience has led to the definition of an optimal fabrication proce-
dure, which is schematically illustrated by the block diagram in Fig. 2.7.

L]
)
Cleaning
Surface
Reworking !
(Primary Stripper A) .
[ Distribution Adheslnn] [ Reworking ]

Promoter (AP300) (T 1100}

T
-
Distribution Cyclotene|
(3022-63)
» i

Fig. 2.7. Revised processing steps for Cyclotene series 3000.

In particular, the highlighted blocks show the critical steps which have
required some adjustments. The implementation of this revised procedure has
allowed to obtain higher realization accuracy.

A) Copper surface cleaning
The surface to be coated with Cyclotene resin should be free of inorganic

particles, organic residues and other contaminants. Particles and residues
cause coating defects and may lead to subsequent adhesion problems.
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A brief treatment of Oy plasma followed by a water rinse is usually suffi-
cient for general cleaning purposes. However, in order to obtain better results,
the following cleaning procedure has been adopted:

e the copper substrate is immersed in a solution of vinegar and salt for ap-
proximately one minute, in order to remove any presence of grease;

e the substrate is rinsed with de-ionized water, thereafter it is stored in a
clean environment for the natural drying;

e the substrate is placed on the spin-coater and the vacuum pump is acti-
vated;

e the substrate surface is covered with the T1100 solvent in order to eli-
minate any additional surface residues, the spin-coater is programmed in
order to execute the following actions:

acceleration from 0 rpm up to 1000 rpm in 1 s;

stasis at 1000 rpm for 10 s;

acceleration from 1000 rpm up to 2000 rpm in 1 s;

stasis at 2000 rpm for 10 s;

deceleration from 2000 rpm down to 0 rpm in 1 s;

the spin-coater is turned on until the programmed five steps are completed.

G W=

At the end of the described procedure the copper substrate is ready for
the subsequent processing phases.

B) Cyclotene Dispensing

After the adhesion promoter process, described in paragraph and in Dow
datasheets [3], [4] the Cyclotene 3022-63 is deposited onto the copper sub-
strate. The desired thickness for the dielectric substrate is fixed to 26 pm.
The Cyclotene dispensing process has been basically implemented as speci-
fied by Dow. However the process has been slightly revised, in order to obtain
resin films with a higher degree of planarity and uniformity.

After removing the Cyclotene resin with the help of a pipette, the material
is manually distributed in a radial manner from the center of the copper plate
up to about one inch from the edge, as shown in Fig. 2.8. Usually, 2.4 ml of
the resin are sufficient for a substrate with a surface area equal to about 50

cm2 .
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Fig. 2.8. Cyclotene dispensing process.

In order to obtain a high quality film layer, it is important to observe the
following rules:

1. the pipette must never touch the substrate, in order to avoid the corruption
of the adhesion promoter layer, that is interposed between the copper and
the Cyclotene;

2. the resin must be distributed in a single shot.

Furthermore, if the resin is deposited too quickly, tiny air bubbles may be
formed on the substrate surface. This phenomena must be avoided because
during the Cyclotene polymerization process the air bubbles may explode, so
leaving small craters on the substrate surface, as illustrated in Fig. 2.9.

During the copper deposition process, the metal fills the holes thus placing
in conduction the deposited copper layer and the copper plate which is under
the dielectric film.

Fig. 2.9. Air bubbles on the Cyclotene film.

The observation of the previous rules assures the realization of a higher
quality dielectric film. At this point, the coating procedure continues as de-
scribed in Copper Deposition. A copper plate covered by a Cyclotene film,
obtained at the end of the deposition process, is illustrated in Fig. 2.10. It
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can be observed that the wafer is copper colored since the Cyclotene layer is
transparent.

Fig. 2.10. Copper plate covered by a Cyclotene film.

Copper Deposition

As previously described, the deposition of a very thin layer of copper is in-
dispensable for achieving very high resolutions with the use of a low cost
lithographic technique. As matter of fact, the undercut effect is more relevant
in the case of thicker copper layers.

In order to assure good resolutions in the realization of millimeter waves
printed circuits, the thickness of the copper layer must be of the order of few
pm.

There are only two techniques which allow to obtain these copper thickness
values, namely the evaporation and the electroplating techniques. Both the
processes can be implemented at the Microwave Laboratory of the University
of Calabria through the use of a high-vacuum evaporator (Fig. 2.11) and a
machine for the electroplating (Fig. 2.12).

Fig. 2.11. High-vacuum evaporator.
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Fig. 2.12. Electroplating machine.

However, due to the desired high degree of planarization, the high-vacuum
thermal evaporation technique is most adequate.
The deposition process consists of the following main steps [6]:

1. the components to be coated are placed in a chamber which is taken to a
pressure up to 10 - e~® mBar;

2. the materials that will constitute the coating are evaporated into the cham-
ber;

3. the vapors, spreading inside the vacuum-room, reach the substrate where
they condense;

4. the vapors condensation may occur in the presence of a gas, which is
properly introduced into the chamber with the aim to obtain the deposition
of a compound material.

The high-vacuum deposition techniques are ecological and allow to obtain
high-purity films. Furthermore the vacuum avoids the the material oxidation.

The material evaporation (step 2) is realized by placing the copper into
a container which is heated. The container must have a melting temperature
higher than the copper evaporation temperature (1084.6°C). As a matter of
fact, the copper is usually evaporated by using a tungsten (3422°C) or a
tantalum (3017°C) container, which is heated through Joule effect ( ~800A
for a 12V voltage).

Fig. 2.13 shows a fabricated sample composed by 1m thick layer of copper
deposited onto a Cyclotene film, which in turn is placed onto a copper plate.
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Copper

Cyclotene

Fig. 2.13. Fabricated sample.

2.1.3 High Resolution Photolithography

The final step of the implemented fabrication procedure is the printing of the
circuit onto the realized wafer.
The process consists of the following three steps:

1. layout definition;
photographic reproduction;
3. photo-development.

N

The circuit layout to be realized must be defined in a standard CAD file
format, like DXF. The wafer surface is covered with the photoresist material
through the spin-coater.

As test case a wafer composed by a layer of Cyclotene with a thickness
equal to 26pum and a 1 pm thick layer of copper is considered. A Shipley Mi-
croposit S1813 SP-15 positive photoresist is dispensed onto the wafer surface,
by adopting the spinning process described in Fig. 2.14.

[rpm]

s L

3s

1200----

1s,

[s]

Fig. 2.14. Spinning process.
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In order to dry the photoresist, the wafer is placed onto a plate at a
temperature of 85°C for 30 minutes. The wafer is then submitted to laser
exposure. In order to obtain a resolution of about 2 pm, the following settings
are imposed to the laser machine: laser power equal to 20% and magnification
equal to 20x.

The photo-development step consists of four phases:

1. development with the developer Shipley Microposit MF319 (into a dark
room for 30-40s);

2. prototype stabilization through a thermal process on a hot plate at 105°C
for 30 minutes;

3. chemical etching with a solution of ferric chloride (30%) and de-ionized
water (70%) at a temperature of about 20°C;

4. photoresist removal through the Shipley Remover Microposit 1165.

The undercut due to the applied photolithographic process is of only 10
pm, with 4 pm due to the diffusion of the laser in the photoresist.

Furthermore, the circuits printed with the described technique are cha-
racterized by well defined boundaries with a scattering of less than 1 pym, as
illustrated by Fig. 2.15.

Fig. 2.15. Line printed with photolithography: a) 17 um copper layer; b) 1 pm
copper layer.

In conclusion the proposed microtechnology is suitable for the realization
of millimeter wave devices such as antennas, filters, etc.

2.2 Dielectric Characterization of BCB at Millimeter
Frequencies

The problem of accurate dielectric characterization of BCB is considered as
a first task in order to guarantee the optimum design of microstrip lines and
radiating structures.
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Three papers in literature have investigated the basic electromagnetic
properties of BCB. Results on BCB parameters in the frequency range from
1 GHz to 100 GHz are reported in [10] for single and multilayer microstrip
lines of different cros-sections and lengths. An electro—optic characterization
of thinfilm microstrip lines on Si substrate with polymerized cyclotene as di-
electric between signal and ground conductor is performed in [11] to define the
effective permittivity up to 100 GHz. In [12], the permittivity values of photo-
sensitive BCB layers in the terahertz range are obtained from transmittance
spectra measured with Fourier transform spectroscopy.

In this Section, a high frequency characterization of BCB permittivity is
performed by using the polymer as dielectric material of conductor—backed
coplanar waveguides (CBCPW). A schematic representation of the CBCPW
prototype is depicted in Fig. 2.16, with the physical parameters described in
Table 2.1.

BCB h

Fig. 2.16. Cross—section view of CBCPW prototype on BCB substrate material.

Table 2.1. Physical parameters of CBCPW prototype.

Parameter Value  Specification

68.58um Central conductor width
30um  Ground strip separation
lpum Copper thickness

26pum  BCB substrate height
5.8mm CBCPW length

oE Qg

The value of BCB thickness h is chosen equal to the maximum height for
single coating (26 um for the adopted Cyclotene series 3022 [12]) in order to
simplify the realization process.

The central conductor width W and the ground strip separation G are cho-
sen, by employing numerical simulations on commercial software Ansoft HF'SS
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[13], to match a 50 §2 characteristic impedance. The value of strip separation
G is also limited by the 500 pm pitch probes subsequently used to perform
measurements. All fabrication processes are performed into a Class 100 clean—
room of Microwave Laboratory at University of Calabria, by following a three
step procedure.

The BCB is firstly deposited on a copper ground plane having excellent
planarity features, by using the spin coater type Cal.Ctec FR10 KPA, with a
spin speed of 1000 RPM, in order to get the thickness of 26 ym. The resulting
covered circuit is then cured in a convection oven under nitrogen at 250°C, to
avoid polymer oxidation.

The top copper layer is then deposited by adopting the Physical Vapor De-
position (PVD) process based on thermal evaporation, and the circuit pattern
is finally obtained by a lithography technique followed by wet—etch. A pho-
tograph of the CBCPW realized on BCB substrate through the technological
process described above is reported in Fig. 2.17.

Fig. 2.17. Picture of CBCPW test prototype on BCB dielectric.

The probe-tip method [14] is adopted to extract the dielectric parameters
of BCB from on—wafer S—parameter measurements. These are performed in the
frequency range from 11 GHz to 65 GHz by using a vector network analyzer
Anritsu 37397B and a probe station fitted with 500 um GGB GSG contact
probes. A photograph showing a particular of the connection between the
CBCPW and the probe is reported in Fig. 2.18.
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Fig. 2.18. Particular of the connection between the CBCPW and the probe.

A preliminary Line-Reflect—Reflect—Match calibration is applied, by us-
ing GGB Impedance Standard Substrate, to remove systematic error sources
in the response of the test structure. However, non—calibrated measurement
inaccuracies, primarily due to the non—ideal probe contact and positioning
errors, are not eliminated. This is confirmed by the non—-optimum behavior of
the measured return loss in Fig. 2.19, assuming values above —10 dB within
the frequency measurement range. In the same figure, the measured insertion
loss of CBCPW on BCB substrate is also reported.
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Fig. 2.19. Measured S—parameters of CBCPW on BCB substrate.
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A quasi-TEM propagation mode is assumed on the CBCPW, which is
modeled as an equivalent transmission line having characteristic impedance
Z¢c and complex propagation constant v = « + j 8.

Under ideal port-match conditions, the measured insertion loss properly
describes the signal propagation e~7" on the equivalent transmission line.
However, the following generalized expression is adopted which relates the
signal propagation e~7” to the S-parameters of a lossy unmatched transmis-
sion line [15], in order to take into account the imperfect matching due to
non-—calibrated uncertainties:

Q2 2 -1
e~k — [1 52151; 521 + K] (2.1)
where:
K — (St — 85 +1)? — (28%)* (2.2)
(2521)2 ’

Measured S—parameters of CBCPW on BCB substrate are inserted into
Eq. 2.1 to extract the attenuation and the phase constants «a and (3, respec-
tively. The effective dielectric constant €.y is then computed from the phase
constant 3, whose plot is shown in Fig. 2.20, by using the relation:

i (2) o

K being the free—space propagation constant.
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Fig. 2.20. Extracted phase constant 5 of CBCPW on BCB substrate.
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The relative dielectric constant €, of BCB substrate material is finally ob-
tained from e. ¢y by using the analytical design expressions of CBCPW, based
on a quasi-TEM approach and reported in [16]. An approximately steady
value near the manufacturer specification e.yy = 2.65 [12] is shown in Fig.
2.21, where a close agreement with the simulation results can be observed
within the measurement frequency range.
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Fig. 2.21. Comparison between extracted (measured) and simulated dielectric con-
stant €, of BCB substrate.

The extraction of BCB loss tangent has proven a more difficult task, as the
attenuation constant « retrieved from Eq. 2.1 gives the total loss, including
both conductor and dielectric contributions. In order to correctly retrieve the
dielectric losses oy due to BCB material, the subtraction of theoretical values
for conductor losses «. is performed from the total attenuation « by using the
following model [17]:

RI
= ZoW

Qe K, - K; (2.4)
where R’= /pm fu is the skin resistance of conductor, p being the conductor
resistance (p=1.78 p2cm for Copper), f the operating frequency and p the
magnetic permeability. Parameter W into Eq. 2.4 gives the strip width and
the terms:
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()

K; = —12(5)" (2.6)

2
K, =1+ Ztan™" (2.5)
™

represent, respectively, the correction factor due to surface roughness and the
current distribution factor [17].

Parameters Z¢ and Zj into Eqgs. 2.4 and 2.6 give, respectively, the char-
acteristic impedance of CBCPW, computed from the design expression in
[16], and the wave impedance in vacuum. The term A is the rms deviation
of surface roughness [17], here assumed equal to 0.05 mils, while ¢ is the skin
depth.

The isolated dielectric attenuation is computed as:

g =a+a. (2.7)

and the resulting values, illustrated in Fig. 2.22, are finally used to obtain the
BCB loss tangent from the equation [18]:

Ao QdyEerf  er—1 (2.8)

™ e Eefp — 1

tand =

Ao being the free-space wavelength.
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Fig. 2.22. Extracted attenuation constant ag of CBCPW due to BCB dielectric
substrate.

The extracted values of loss tangent, reported in Fig. 2.23, show a vari-
ation between 0.001 and 0.009 in the measurement frequency range from 11
GHz to 65 GHz. In the Literature, no similar experimental analysis has been
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previously performed to characterize BCB losses, and the only reference data,
agreeing with our measurement results, are those given by the producer [12].
The relatively low losses appearing in Fig. 2.23 make BCB a good candidate as
substrate material for high—performance millimeter—wave planar structures.
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Fig. 2.23. Extracted loss tangent of BCB substrate.

2.3 Realization Examples

A first validation test of the manufacturing process for BCB-based microstrip
structures has been performed on a CBCPW configuration. As a matter of
fact, the coplanar structure is widely adopted at high frequencies in alternative
to microstrip lines, because providing best features in terms of dispersion and
radiation losses, and also for its easy fabrication and integration capability.

To simplify the realization process, the value of BCB thickness is cho-
sen equal to the maximum height for single coating (26 pm for the adopted
Cyclotene series 3022 [12]).

In this case, a hard-cure process is adopted which is typically carried out
for realizing a single polymer layer, and leads to achieve 100% conversion from
liquid to solid. The central conductor width W and the ground strip separation
G are chosen by simulations on commercial Ansys software to match a 50 2
characteristic impedance.

The values of loss tangent previously determined (Fig. 2.23) are used for
the accurate characterization in the simulation stage. A photograph of the
realized 7 mm length CBCPW on BCB substrate is reported in Fig. 2.24.
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Fig. 2.24. Photograph of the realized CBCPW on BCB substrate (W=70um,
G=30pm).

The experimental validation of the CBCPW prototype is performed by
using a vector network analyzer Anritsu 37397B and a probe station fitted
with 500 um GGB GSG contact probes (Fig. 2.25).

Fig. 2.25. Photograph of the test setup for the experimental validation of CBCPW
on BCB substrate.

The comparison between measured and simulated CBCPW insertion loss is
illustrated in Fig. 2.26. The non-perfect agreement between them can probably
be attributed to some non-calibrated measurement inaccuracies, primarily
given by the probe contact and the positioning errors.
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Fig. 2.26. Comparison between simulated and measured insertion loss of CBCPW
on BCB substrate.

As a further validation example, a V-band inset patch antenna has been
designed on a BCB dielectric substrate. The layout of the antenna prototype,
with the full indication of all dimensions, is reported in Fig. 2.27.

In order to perform on-wafer measurements, a microstrip-to-coplanar
waveguide transition is also included in the design, as illustrated in Fig. 2.27.
The patch antenna is realized on a single layer of BCB, having thickness equal
to 26 pum.
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+—— WpPatch —»

WPatch = 1.843 mm Wslot = 0.248 mm Wfeed = 0.132 mm
LPatch = 1.419 mm Lslot = 0.453 mm Lfeed = 3.381 mm
LTrans = 0.01 mm LGCPW = 2.6181 mm WGCPW = 0.057 mm

Gap = 0.029 mm

Fig. 2.27. Layout and dimensions of V-band patch antenna on BCB substrate.

Fig. 2.28. (a) Photograph of the realized V-band patch antenna and (b) particular
of the microstrip-to-coplanar waveguide.
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The simulation characterization is performed by assuming the exact loss
tangent at the design frequency as reported in Fig. 2.23, approximately equal
to 0.009. In the realization stage, a 0.5 mm copper layer is first adopted
as deposition support for the BCB dielectric layer. A hard-cure process is
then applied to realize the BCB polymerization and a 1 um copper layer is
subsequently deposited by the vaporization procedure.

The antenna layout is finally etched by a laserwriter machine. A photo-
graph of the realized V-band antenna prototype, with a particular showing
the microstrip-to-coplanar waveguide transition, is reported in Fig. 2.28.

The test setup adopted to perform on-wafer measurements is illustrated
in Fig. 2.29, and the excellent comparison between the simulated and the
measured return loss is reported in Fig. 2.30.

Fig. 2.29. Photograph of the test setup for the experimental characterization of
V-band patch antenna on BCB substrate.
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Millimeter Wave Antennas on BCB Substrate

3.1 Introdution

The effectiveness of BCB polymer as dielectric substrate is further validated
by describing the design and experimental test of two different V-band array
realized on BCB through the same technological process previously adopted
in the fabrication of CBCPW.

3.2 Microstrip V-band Array

The first prototype developed is a V-band microstrip array. The array is com-
posed of 36 slot—fed patch antennas, with an inter—element spacing equal to
0.85 Ay at the central design frequency fy=60 GHz. A schematic view of the
array is reported in Fig. 3.1 and the relative parameters dimensions shown
in Table 3.1, while a photograph of the created structure, highlighting both
the patches layer and the feeding line network, is shown in Fig. 3.2. BCB
Cyclotene series 3022 is adopted as substrate layer of thickness h.

Table 3.1. Physical parameters of fabricated V-band array.

Parameter Value Specification
A% 27.07mm Array width
L 27.1lmm Array length
Wp 1.85mm Patch width
Lp 1.41mm Patch length
d 4.25mm Inter-element spacing

h 26pm BCB substrate height
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Fig. 3.1. Schematic view of V-band array of slot—fed patch antennas on BCB
substrate.

1.85 mm

Fig. 3.2. Photographs of fabricated V-band array: (a) patches layer and (b) feeding
network.

The millimeter—wave patch array is firstly tested (Fig. 3.3) by measuring
the return loss, reported in Fig. 3.4, where a satisfactory agreement with
simulated data from Ansoft HFSS [13] can be observed. When compared to
the simulation results, measured data show a resonance minimum of about -26
dB closer to the design frequency fo = 60 GHz and a larger -10 dB impedance
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bandwidth, approximately going from 59.5 GHz to 62 GHz. Uncertainties in
the probe contact are probably responsible for the deviation between the
measured and the simulated return loss in the range from 60 GHz to 65 GHz.

Fig. 3.3. Picture of V-band array under test.
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Fig. 3.4. Return loss of V-band array on BCB substrate: comparison between
simulation and measurement.
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Near—field measurements are performed at various frequencies on a square
grid having side of about 10 cm, at a distance of 40 mm from a standard V-
band rectangular waveguide used as probe (Fig. 3.5), with a sampling spacing
equal to Ag/2 on both directions at the central frequency fo=60 GHz. The
contour plot of the normalized nearfield amplitude at 60 GHz is reported in
Fig. 3.6 and Fig. 3.7.

Fig. 3.5. Setup of the prototype pattern measurement.
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Fig. 3.6. Normalized near—field amplitude of V-band array at 60 GHz (3D).
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Fig. 3.7. Normalized near—field amplitude of V-band array at 60 GHz.

The planar near—field to far—field transformation [19] is applied to the
measured data for obtaining the array radiation pattern, whose results at 60
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GHz for the H-plane and the E-plane are reported in Fig. 3.8 and successfully
compared with the exact theoretical fields.
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Fig. 3.8. Far—field radiation pattern of V-band array: (a) H-plane and (b) E-plane.

As a final validation, the boresight gain of V—band array is experimentally
characterized by adopting the Friis transmission formula [20] with two cali-
brated 5075 GHz horn antennas Model 261 V. An average value of about 20
dB can be observed in the measured gain curve of Fig. 3.9, with a maximum
of about 22 dB in the frequency range approximately going from 60.5 GHz to
63 GHz, strictly close to the interval within which an optimum matching is

displayed by the return loss of Fig. 3.4.
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Fig. 3.9. Measured boresight gain of V-band array on BCB substrate.

3.3 Millimeter—Wave Reflectarray Antenna

In this Section, the use of BCB is extended to the design of a millimeter—
wave reflectarray antenna. The reflectarray configuration is based on the use
of variable size patches printed on a BCB dielectric substrate. The analysis
of the single reflecting element is performed by a full-wave commercial code
satisfying the infinite array condition.

In order to properly choose the substrate thickness d to be used in the de-
sign of a 60 GHz reflectarray, parametric simulations are executed by varying
the substrate height d in the range from 26 pm to 130 pm.

The design curves depicted in Figs. 3.10-3.11 represent the reflection co-
efficient of an infinite array of identical elements illuminated by a normally
incident plane wave. For each value of the parameter d, the patch length is
varied around the corresponding resonant size.
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Fig. 3.10. Phase design curves of 60 GHz reflectarray on BCB substrate.
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Fig. 3.11. Amplitude design curves of 60 GHz reflectarray on BCB substrate
It can be observed from Fig. 3.10 that a thicker substrate gives a phase

curve with lower sensitivity to the variations of patch length [21]. A smoother
phase curve is generally preferred for reflectarray antennas, as giving more
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exibility with respect to the fabrication tolerances of available manufacturing
processes.

For the examined case of 60 GHz reflectarray on BCB substrate, a dielec-
tric slab thickness equal to 130 pm is fixed to meet the constraints on the
patch size precision imposed by the adopted fabrication process. This choice
also minimizes the dielectric loss [21], as shown by the amplitude curves in
Fig. 3.11.

The design curves corresponding to the selected substrate thickness are
employed to design a 21 x 21 element reflectarray antenna with a spacing
equal to 0.5 Ay between each radiating element along both array directions.

The reflecting surface is offset—fed by a pyramidal horn with an aperture
size equal to 14.78 mm x 11.63 mm. The feed is placed in the E-plane at a
distance of 135 mm from the array surface, with an inclination angle of 18
degrees from the direction normal to the reflecting plane.

The array design is performed by employing a synthesis algorithm [22]
based on the iterative projection approach. Each reflectarray element is chosen
to properly compensate the phase delay due to the different feed—element
paths, so giving a main radiation lobe along the broadside direction.

The complex design curves relative to the different incidence angles from
the feed to the various elements are considered in order to accomplish the
accurate reflectarray synthesis. Furthermore, the feed pattern (Fig. 3.12) is
accurately taken into account into the synthesis algorithm [22].
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Fig. 3.12. Phase pattern of illuminating feed.



44 3 Millimeter Wave Antennas on BCB Substrate

The synthesized reflectarray is realized on a 130 pm thick BCB substrate,
by following a three step procedure entirely developed into the Microwave
Laboratory at University of Calabria. The BCB is firstly deposited on the
copper ground plane, having excellent planarity features, by using the spin
coater, and the resulting covered circuit is then cured in a convection oven
under nitrogen.

A soft cure process is adopted in this case, due to the multilayer configura-
tion. The top copper layer is then deposited by adopting the Physical Vapor
Deposition (PVD) process based on thermal evaporation, and the reflectarray
pattern is finally obtained by a classical lithography technique.

Fig. 3.13. Photograph of 60 GHz reflectarray on BCB substrate.

A photo of the fabricated reflectarray is reported in Fig. 3.13, and a picture
of the measurement setup into the anechoic chamber is shown in Fig. 3.14.

Fig. 3.14. Photograph of measurement setup.
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The experimental validation of the reflectarray prototype is performed by
near—field measurements on a planar surface placed at a distance of 23 cm from
the test antenna, with a sampling spacing equal to Ag/2 on both directions at
the frequency fy = 60 GHz.

A standard V-band rectangular waveguide is used as measuring probe.
The planar near—field to far—field transformation is applied to the measured
data for obtaining the reflectarray radiation pattern shown in Fig. 3.15. A
good agreement can be observed with the numerical result obtained from the
analysis.

—From NF measurements
“““““ From analysis

K I I I I I
6—%0 -20 -10 0 10 20 30
[deg]

Fig. 3.15. Comparison between measured and simulated E—plane pattern.

To validate the frequency radiation features of reflectarray, the boresight
gain is experimentally characterized by adopting the Friis transmission for-
mula with two standard V-band calibrated horn antennas. A maximum value
of 29 dB is obtained, and a 1 dB variation can be observed within a large
frequency band between 58 GHz and 62 GHz (Fig. 3.16).
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Fig. 3.16. Reflectarray boresight gain vs. frequency.
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Micromachined Millimeter-Wave Antennas

4.1 Introduction

The actual trend toward compact device systems, combining circuit boards
or packages with antennas, induces the investigation of processing technolo-
gies able to realize a simple integration while maintaining high—performance,
low—cost, and easy characterization. A strong requirement for a complete on—
package integration is to realize antennas and feeding lines with the same
processing technique as that adopted for circuits boards. The microstrip line
certainly gives the simplest structure for this purpose, however it has signifi-
cant metallic and dielectric losses.

Moreover, it can radiate at discontinuities, thus giving a low polarization
purity. As a consequence, the efficiency of this technology is low, with signif-
icant drawbacks at frequencies over K-bands. On the other hand, waveguide
slot arrays [23] can be used to design high-performance antennas with low
losses and high polarization purity. As such, they are very popular antennas
for K-bands and over, but the main drawback is the need of complex transi-
tions to integrate them into planar circuits [24], [25].

Typical integration schemes are bulky and usually require a precise ma-
chining process, with a fine-tuning mechanism difficult to achieve at millime-
ter frequencies. A straightforward solution would be the complete integration
of the rectangular waveguides of the slot array into the microstrip substrate.
This would assure a significant reduction in the waveguides bulk while lead-
ing to use standard processing techniques for the realization of the entire
structure. On the basis of these motivations, substrate integrated waveguide
(SIW) technology has been proposed in recent years [26], [27], soon becom-
ing very popular among the scientific community. A strong disadvantage of
SIW is related to the fact that it is unable to match the performances of a
true rectangular waveguide array, as its propagation characteristics cannot be
computed with high accuracy and specific analysis techniques are required.
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In this Chapter, a new integrated platform is presented, which synthesizes
the waveguide slot array on the same substrate of the exciting microstrip line,
with the two dissimilar components oriented along the same axis (Fig. 4.1).

zA

Fig. 4.1. Layout of linear slot array integrated on waveguide.

The rectangular waveguide is directly machined into the dielectric sub-
strate of the feeding microstrip line by using two metallized grooves, and the
radiating slots are etched on the upper ground plane. A single planar fabri-
cation technique is adopted to realize the entire structure, thus guaranteeing
excellent mechanical tolerances as well as a tuning—free design. The slot ar-
ray synthesis is performed by a specific procedure basically adopting Elliotts
approach [28], but properly developed for the accurate design of the proposed
structure. Both numerical and experimental validations on a linear array are
discussed to show the effectiveness of the approach.

4.2 Synthesis Procedure of Slot Array

Standard waveguide slot arrays can be accurately designed by adopting El-
liotts technique for the computation of both the slot self-admittance and the
external mutual coupling [28]. This procedure can be directly applied to the
proposed structure in Fig. 4.1 by following the approach outlined in [29].

The slot self-admittance is evaluated by a full-wave analysis based on the
method of moments (MoM), allowing also to take exactly into account for the
thickness of the metallic walls within which the radiating slots are cut. Entire
domain basis functions are used to develop an accurate procedure adopting a
spatial domain approach for the computation of the internal Greens function
[30].
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The external mutual coupling is exactly equal to that obtained in the stan-
dard case of empty waveguides [31]. Due to the smallness of waveguide height
in the proposed slot array (Fig. 4.1), the radiating slots are not true shunt
admittances, as required by the standard approach [28]. This is a significant
difference to be taken into account. The standard model of a \;/2 waveguide
section, with a single radiating slot, is composed by two \,/4 transmission
line sections, with a shunt admittance Ys modeling the slot [32] (Fig. 4.2).

AsA A4

Fig. 4.2. Standard model of a \;/2 waveguide section with a single radiating slot
modeled as a shunt admittance Y.

For the proposed slot array in Fig. 4.1, this model is not accurate enough,
but two additional reactances can be simply introduced to improve it, thus
replacing the single shunt admittance Ys with a T-network, as reported in
Fig. 4.3.

X, X,
Y
" [\ —
A 74 /4

Fig. 4.3. Standard model of a \y/2 waveguide section with a single radiating slot
modeled as a T-network.

Both admittance Yg and reactance X1 can be easily extracted from MoM
analysis of the slot. The above changes in the circuit model give a scattering
matrix well matching the actual slot response. On the basis of the above
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considerations, the equivalent circuit of the short-circuited linear slot array in
Fig. 4.1 can be modeled as reported in Fig. 4.4.

jXTI JX 2 jXTl jX’l‘l

— - ‘
— — “» e
0./2 0,/2 0.2 0,/2

Fig. 4.4. Equivalent circuit of linear slot array in Fig. 4.1.

Even if different from the circuit model given by Elliotts approach [32], it
can be simply rearranged by replacing each section of transmission line and
relative T-network with a single transmission line having a different length.
Length changes 6g;(Fig. 4.1), i=1,2,...,N, N being the number of radiating
slots, are computed by implementing an iterative synthesis procedure with a
two-step strategy.

As the mutual coupling is quite small in a linear array, the slot length and
the offsets are first derived by assuming the shunt model of Fig. 4.2. Then, the
actual T-network (Fig. 4.3) is derived for each slot, and the new transmission
lines lengths are obtained. Finally, the external mutual coupling is computed
with the proper slot spacing, as given by the correction step.

4.3 Experimental Results

The synthesis procedure above outlined is applied to design a linear slot ar-
ray of eight elements by imposing a —20dB Taylor pattern on the zz plane
(Fig. 4.1). Taylor one—parameter method is adopted to determine the exci-
tation coefficients giving the prescribed field. However, the discretization of
the method, more applicable to continuous—line source distribution, produces
the first sidelobe around 2 dB lower than the specified —20dB level [33]. A
spacing equal to Ag/2 is initially fixed between adjacent slots at the central
frequency fo = 8GHz.

As illustrated in Fig. 4.1, the waveguide array is terminated into a short
circuit, located at a distance equal to A\, /4 + Ay /2 from the last radiating slot.
The waveguide is machined into a dielectric substrate having relative dielectric
constant €, = 2.33. To guarantee the fundamental T'F1y mode propagation,
while inhibiting the excitation of higher order modes, the transverse section is
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dimensioned to have width a = 15mm and height b = 0.762mm. A thickness
equal to 0.035mm is fixed for the metallic walls. In the first step of the iterative
synthesis procedure, a unitary normalized input admittance is imposed by
assuming a shunt admittance model (Fig. 4.2) for the radiating slots.

The computed slot admittance values are then used to obtain the slots
lengths and the offsets reported in Table 4.1. In a subsequent step, the im-
proved T-network model (Fig. 4.3) is assumed for the radiating slots, and the
corrected values of the slot spacings reported in Table 4.1 are derived.

Table 4.1. Positions, Dimensions, and Spacings of Radiating Slots

# Offset Length Initial slot Corrected slot

Slot [mm] [mm] spacing [mm)] spacing [mm)]

1 -0.1036 17.940 05;=32.03625 (3\y/4) 051=32.03625 (3\,/4)
2 0.1928 17.982 052=21.3575 (\g/2) 052=21.95

3 -0.2646 18.088 0s3=21.3575 (Ag/2) 0s3=21.95

4 0.3081 18.186 0s4=21.3575 (\g/2) 054=21.95

5 -0.3081 18.186 055=21.3575 (\g/2) Os5=21.95

6 0.2646 18.088 0s6=21.3575 (Ag/2) Os6=21.95

7 -0.1928 17.982 057=21.3575 (\,/2) 0s7=21.95

8 0.1036 17.940 0s5=21.3575 (Ag/2) 0ss=21.3575 (A\s/2)

The synthesized linear arrays with parameters reported in Table 4.1 (be-
fore and after the correction of the slot spacing) are realized, and a mi-
crostrip transition is properly introduced to guarantee the matching between
the waveguide input and the 50-{2 microstrip feeding line. A photograph of
the complete array structure mounted into the anechoic chamber of the Mi-
crowave Laboratory at the University of Calabria is reported under Fig. 4.5.
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Fig. 4.5. Photograph of fabricated linear slot array with dimensions as in Table 4.1
after the correction of the slot spacings.

First, the experimental characterization of the return loss is performed,
and the measurement result illustrated in Fig. 6 shows a very good impedance
matching of about —40dB in the proximity of the central frequency fo = 8GHz
for the final array configuration (T-network model) derived from the design
stage.
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Fig. 4.6. Measured return loss of linear slot array with dimensions as in Table 4.1
after the correction of the slot spacings.

The slight frequency shift with respect to the fixed design frequency fo =
8GHz can be partially attributed to realization tolerances, but it is mainly
due to the fact that the microstrip transition effect is not included into the
structure model adopted in the synthesis procedure.

To demonstrate the effectiveness of the two—step synthesis procedure, a
frequency characterization of the radiation features is performed on the two
fabricated arrays. Far—field measurements at various frequencies are executed
into the anechoic chamber of the Microwave Laboratory at the University of
Calabria by adopting as the measuring probe a WR—-137 rectangular wave-
guide operating within the range from 5.85 to 8.2 GHz. A photograph of the
measurement setup showing both the array and the probe is shown in Fig.
4.7.
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Fig. 4.7. Measurement setup into the anechoic chamber at University of Calabria.

A better agreement between measured and predicted (synthesis) far—field
patterns at the design frequency fo = 8GHz (Figs. 8 and 9) is clearly evident
for the array synthesized with the improved T-network model (Fig. 9). In
this case, a more similar agreement with the pattern obtained in the synthesis
stage can be observed at different frequencies around the design value of 8GHz
(Fig. 10).

0
[deg]

Fig. 4.8. Farfield pattern (zz plane) of slot array in Table 4.1 with the initial slot
spacings equal to Ay/2 (shunt-admittance model) at 8GHz: comparison between
measurement (solid line) and synthesis (dotted line).
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Fig. 4.9. Far—field (zz plane) pattern of slot array in Table 4.1, after the correction
of the slot spacings (T—network model), at 8GHz: comparison between measurement
(solid line) and synthesis (dotted line).
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Fig. 4.10. Measured far—field (zz plane) pattern of slot array in Table 4.1, after the
correction of the slot spacings (T—network model), at various frequencies.

To complete the experimental characterization, the boresight gain of the
final array configuration in Table 4.1, after the correction of the slot spacings,
is measured by adopting the three—antenna method [20].

First, the gain of the WR-137 rectangular waveguide used as probe is
derived from transmission measurements between two identical waveguides.
A value of about 8dB in the range between 7 and 9 GHz is obtained for the
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measuring probe. This quantity is then used to derive the maximum gain of the
slot array within the same frequency range. A maximum value of about 12dB
can be observed in Fig. 11, with a —3dB bandwidth approximately going from
7.96 to 8.32 GHz. A good agreement is also shown with the result obtained
from HF'SS simulations. Differences between experimental and simulated gain
are probably due to measurement errors and realization tolerances.

40- .

7 75 8 85 9
Frequency [GHz]

Fig. 4.11. Boresight gain versus frequency for slot array in Table 4.1, after the cor-
rection of the slot spacings (T-network model): comparison between measurement
(solid line) and HFSS simulation (circles).
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Conclusions

The development of innovative techniques for the realization of millimeter-
wave printed circuits has been discussed in this PhD thesis.

A new polymeric material, named Benzocyclobutene (BCB), has been pro-
posed as low losses and frequency stable dielectric substrate for devices ope-
rating up to millimeter frequency values.

An in-house manufacturing technology has been developed for the rea-
lization of BCB-based microstrip structures. The developed process has been
successful adopted for the fabrication of several millimeter-wave prototypes
of arbitrary thickness, showing a very high degree of accuracy.

Furthermore, the proposed technology has proved to be easily deployable
and less expensive than the nanotechnology, usually adopted in the integrated
electronics industry.

An accurate experimental characterization of the BCB dielectric properties
has been performed within the range from 11 GHz to 65 GHz, through a
CBCPW test structure realized at the Microwave Laboratory of the Univer-
sity of Calabria. A steady permittivity value of about 2.65 and low loss tangent
ranging from 0.001 up to 0.009 have been derived from measurements.

These parameters have been adopted to design several millimeter-wave an-
tenna prototypes, including a V-band slot-fed array and a 60 GHz reflectarray.

The synthesized antennas have been successful realized and measured,
showing the effectiveness of the developed manufacturing technology as well
as the good performances of BCB as millimeter wave dielectric substrate.

Finally, a micromachined millimeter wave antenna, based on a waveguide
slot array placed on the same substrate of the feeding microstrip line, has



58 5 Conclusions

been realized. The antenna has been tested in the anechoic chamber of the
University of Calabria, showing good performances.
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