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Abstract

Substrate-integrated waveguide is a promising technology for RF integrated and high-frequency
circuits. But to measure them and interconnect them with other transmission line technologies,
transitions are necessary.

The purpose of this master’s thesis is to design, fabricate and measure wideband transitions
between grounded coplanar waveguides (GCPW) and substrate-integrated waveguides (SIW)
for the W band. The substrate used is a BenzoCycloButene polymer (BCB).
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Chapter 1

Introduction

Since its introduction by Ke Wu and Dominic Deslandes in 2001 in []1], substrate integrated
waveguide technology (SIW) has attracted a lot of interest in the RF research community.
Before that, conventional waveguides were too massive and required complex structures to be
connected to integrated circuits. Now, rectangular waveguides can be fabricated and integrated
in planar substrates using existing microfabrication or PCB techniques.

This technological advancement is particularly interesting in the context of high-frequency cir-
cuits since it allows for low-loss RF circuits that are isolated from the noise of other electrical
components.

For this purpose, the use of BenzoCycloButen (BCB) as a substrate for high-frequency SIW
applications has been proposed in [2].

To take full advantage of SIW technology, it is necessary to create efficient transitions. Indeed,
one purpose of having waveguides integrated into the substrate is to be able to connect it to
other transmission line technologies.

Moreover, to measure circuits made of SIW, it is necessary to feed them with other technolo-
gies. One of the most common planar transmission line technologies used when performing
measurements on RF circuits is the grounded coplanar waveguide (GCPW).

In this context, it is clear that transitions between GCPWs and SIWs for high-frequency cir-
cuits are of great use.

In chapter 2, an overview of transitions between any feeding technology and SIW will be
made. In addition to that, it will also introduce briefly the main transmission line technologies.
Then, in Chapter 3, transitions between GCPWs and SIWs will be designed using BCB
substrate-integrated waveguide technology for the W band. This chapter will also make a
detailed explanation of the steps leading to the final design.

As the objective of the SIW circuits is to be used in real applications, a description of how to
manufacture the designed transitions, in order to be able to measure them afterwards, will be
made in chapter 4.

Finally, in chapter 5, performances of tests that will be made on the fabricated transitions will
be presented.



Chapter 2

State of the art

In order to understand the utility of a transition from a grounded coplanar waveguide (GCPW)
to a substrate-integrated waveguide (SIW) in the W band, a survey of the state of the art of
transitions between any feeding technology and a SIW is necessary. In addition to that, a
word is given on the most widely used transmission lines for transitions in order to have the
theoretical background for the technologies covered in this work.

2.1 Transmission lines technologies

For this chapter, and more generally, for this work, three transmission lines will be mainly
used, namely the microstrip line, the grounded coplanar waveguide (GCPW) and the substrate-
integrated waveguide (SIW). The coplanar waveguide technology (CPW) will also be dis-
cussed rapidly as it presents similarities with the grounded coplanar waveguide and to empha-
size why it is better and easier to use GCPW.

2.1.1 Substrate-integrated waveguide

The substrate-integrated waveguide is a technology that was introduced within the past 20
years. It is a technology that has attracted a lot of interest in recent years because it offers a
perfect compromise between a high-quality factor technology, namely the rectangular waveg-
uide, and an easy-to-integrate planar line [1]]. Moreover, compared with the other planar tech-
nologies, the SIW has the advantage of lower loss, higher power handling capability and good
isolation with adjacent SIW [3]]. However, integrating the waveguide in the substrate decreases
the quality factor but it remains higher than for the other planar transmission lines technolo-
gies.

The first time SIW appeared in an article was in [[1]] and two ways to integrate the waveguide
in the substrate were proposed.

The first is to use periodic via holes so that the fields act with these rows as if they were walls.
In order for this technique to work, some design rules have been developed in [4] and detailed
in [2]. These are the following:

p>D
p/Ae < 0.25
p<2D



with p the pitch width (distance between two via hole centers), D the via hole diameter and .
the cut-off frequency of the first waveguide mode (7'E1y). This technique is the most widely
used because of its compatibility with traditional PCB technology.

The second one is to use full metallic sidewalls named metalized grooves. This technique
removes the additional constraint due to the vias but is harder to integrate which makes it a
less-used technique.

Both techniques can be seen in figure[2.1]

Via hole i)
Metallized

Erodave

4y

b)

Figure 2.1: Techniques to integrate a waveguide in a substrate from [[1]. a) rows of via holes
technique b) metalized grooves technique

In addition to these two main techniques, [3] introduces two other types of vias for terahertz
applications. These vias have not longer a circular section but are oval shaped and they can be
transverse or longitudinal oriented.

2.1.2 Microstrip line

Microstrip line technology is one of the most widely used planar transmission lines. This is
due to its simplicity of fabrication and design as well as its ability to be easily miniaturized.
In the context of transitions to an SIW, microstrip line is well suited to match the first mode of
the SIW (T'E;o mode) because its fields are quasi-TEM if the substrate can be considered thin
enough that is, when d << A with d the substrate thickness and A the wavelength associated to
the microstrip. Figure shows the geometry and the field lines associated to the microstrip
line.

B Y TR

(a) (b)

Figure 2.2: Microstrip line from [5]. a) Geometry of the line b) Electric (E) and magnetic (H)
field lines



The microstrip line is a technology that is well-established and therefore, equations to know
its characteristics are defined. However, in order to describe them, an approximation has to
be made that is, one can consider the microstrip line as being a strip of metal in a constant
dielectric medium at a distance d of the ground plane (corresponding to the substrate thickness)
under the condition that the dielectric constant, or relative permittivity, of the substrate is
replaced by an effective one which takes the air and the substrate into account. The relation is

the following [5[]:
&+1 € —1 1

+
2 2 T+ 12d/W

with e, the effective permittivity, €, the relative permittivity, d the substrate thickness and W
the metallic strip width.

This approximation allows to establish two relations, one that gives the characteristic impedance
knowing the dimensions of the strip and one that gives the ratio between the width and the
thickness knowing the characteristics impedance of the line. They can be found in [5]]. How-
ever, the efficiency of microstrip lines must be qualified because they suffer from more radia-
tion losses and are more dispersive than other transmission lines [6]].

2.1
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2.1.3 Coplanar waveguide

Before introducing the grounded coplanar waveguide, which is the transmission line used for
the transition to substrate-integrated waveguide used in this work, an introduction to the copla-
nar waveguide is useful to understand the advantages of the former.

The coplanar waveguide (CPW) is a planar transmission line in which the grounds are brought
to the upper plane on both sides of the central strip. As for the microstrip line, the central strip
carries the signal. The structure then forms what is named a ground-signal-ground (GSG).
The coplanar waveguide presents several advantages among which: an easy fabrication, the
absence of via holes or wraparound, less radiation loss and the support of even or odd quasi-
TEM modes [7] [S]. Moreover, measurement techniques have been developed especially to
carry-out the GSG configuration. However, these techniques involve more conductor losses
than for the microstrip measurements. Figure [2.3]shows representations of a coplanar waveg-
uide and its fields profile.

Electric field lines

. / ————— Magnetic field lines
- Vo '
Ny 8 Nl o S
0 1 o s L \
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T~

CPW Electric-E and Magnetic-H field distribution

Figure 2.3: Coplanar waveguide structure and its field profile from [8]]

2.1.4 Grounded coplanar waveguide

The grounded coplanar waveguide, also named conductor-backed coplanar waveguide, is a
transmission line technology that offers a perfect trade-off between the microstrip line and the
coplanar waveguide. The grounded coplanar waveguide consists of a coplanar waveguide with
a ground plane added below the ground-signal-ground plane which is connected to the ground
of the upper plane thanks to metalized vias holes or metalized sidewalls. This configuration
then provides kind of a mix between the microstrip line and the CPW fields profile [6].
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The GCPW has the same advantage than the CPW line in terms of radiation loss and it is
even more advantageous for the GCPW as more field lines are in the substrate [7] but also
suffers from the measurement loss problem [[6]. Moreover, the GCPW is less dispersive and
is more robust against crosstalk than microstrip and CPW [6]]. Furthermore, GCPW is good at
reducing the parasitic wave mode propagation.

All of the above-mentioned qualities of GCPW makes it a well-suited technology for high-
frequency applications and for transitions to substrate-integrated waveguides. However, it is
important to note that the theoretical framework for the study of GCPWs is limited to the
case of substrates of fairly large thickness and to not too large frequencies. The established
equations for this case can be found in [[7]. For the other cases, a full-wave simulation design
1S necessary.

Figure 2.4 represents the fields profile of a grounded coplanar waveguide without considering
the metalized via holes walls or the metalized sidewalls but the profiles are very similar with
and without them.

Figure 2.4: Fields profile of a grounded coplanar waveguide from [7]

2.2 Microstrip to SIW

Microstrip to SIW transitions are the most commonly used transition when it comes to using
SIW. In fact, they are at the origin of the creation of the SIW principle. Indeed, the article "In-
tegrated Microstrip and Rectangular Waveguide in Planar Form" [1]] aimed to propose, as the
title suggests, a transition between a microstrip and a rectangular waveguide in a planar form.
Doing this, the autors created the first-ever Substrate-Integrated Waveguide. This shows the
importance and usefulness of this kind of transitions. The following of this section describes
the most widely used and innovative microstrip to SIW transitions.

2.2.1 Tapered transition
Principle

The principle of this kind of transitions is pretty simple. It makes use of the field lines simi-
larities between the microstrip lines and the SIW. Indeed, as it can be seen on the figure [2.5]
the dominant mode of the electric field of the microstrip line and the SIW are similar to each
others, they share the same profile [1]].
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Figure 2.5: Dominant electric mode field lines for the SIW (a) and the microstrip line (b)
from [/1]]

The transition then consists in widening the microstrip line in order to align more and more the
electric field lines. This is done by using a tapered microstrip section. The transition design
can be seen in figure[2.6]

Figure 2.6: Microstrip to SIW transition from [1]

This structure is convenient because of its simplicity, ease of design and relatively good per-
formances.

Technical specifications and implementation

For tapered microstrip to SIW transitions, design equations have been established in [9]]. These
equations give the microstrip width in order to get the best impedance to ease the field matching
as well as the width and the length of the taper to obtain the best matching - the lowest return
losses. However, these equations are approximations. Moreover, the nature and properties
of the substrate affect the design parameters significantly [9]] - a smaller substrate tends to
increase losses in the microstrip line as well as in the SIW, thus reducing the performances
of the transition [|1]. Therefore, most of the tapered microstrip to SIW transitions have been
designed using full-wave simulations and by optimising the design parameters (line width,



taper width and taper length). To do it, a full design is made and simulated using a full-wave
simulator, as CST or HFSS. The simulated transitions are then optimized by iteration [1].

Performances and results

The transition designed in [1]] has the following design parameters (results are given for a
back-to-back configuration 16mm long): dielectric substrate with a thickness of 0.254mm
and a relative permittivity of ¢, = 2.33, a microstrip line width of 0.711mm, a taper width of
2.286mm and a taper length of 5.588mm. The SIW is designed for the LMDS (28 — 31GH 2
[10]) frequency range. Results for this transition are the following: a bandwidth from 26.65
to 30.20G H z with 20d B return loss and insertion loss better than 0.3d B and the entire band.
These results can be seen in figure This figure is also used to demonstrate how to represent
return and insertion losses.

Using different configurations, authors of [9] have achieved the following results:

1. return loss better than 20d B from 18 to 26.5G H z for an alumina transition of thickness
0.254mm and relative permittivity of 9.9;

2. return loss better than 20dB from 50 to 75G H z for an alumina transition of thickness
150pum and relative permittivity of 3.15;

3. return loss better than 18dB from 24 to 38G H z for an alumina transition of thickness
150pum and relative permittivity of 3.15;
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Figure 2.7: Results for taper microstrip to SIW transitions in a back-to-back configuration
from [/1]]. a) insertion loss; b) return loss



Variants of tapered transition

Since the first tapered microstrip to SIW transition was proposed in 2001 by Deslandes D.
and Wu K., other transitions improving the taper principle have been proposed. Firstly, a
transition with a slight difference has been proposed in [[11] called taper-via transition. The
modification consists of tapering not only the microstrip line but also the SIW. To do so, 2
vias are added between the end of the microstrip taper section and the beginning of the SIW
section. Moreover, they are placed toward the inside such that they are staggered with respect
to the SIW vias rows as shown in figure [2.8]

This configuration allows for a better matching due to a more confined field in the lateral
direction.

Figure 2.8: Structure of the tapered via transition from

Using these taper-via transitions, the authors of the article have been able to design mi-
crostrip to SIW transitions in multiple bands (X, Ku, K, Ka, U and E) which are about 10dB
better in average in terms of return loss.

Secondly, a transition using ESIW (SIW filled with air, empty) has been proposed in [12]
which consists of two tapers facing each others. The first one is made in microstrip technology
and the other one is in the air part of the ESIW. The whole structure can be seen in figure
[2.9] This kind of transitions provides results that are better on average for the whole frequency
band considered than classic tapered transitions from microstrip to ESIW but it suffers from
performances loss around the central frequency. It achieves 20d B return loss and 0.6d B inser-
tion loss over the full bandwith (for the band corresponding to WR-28 SIW) against 13.5dB
return loss and 0.6d B insertion loss for the conventional taper.



Figure 2.9: Structure of microstrip to ESIW transition from [12]. Light grey is the substrate,
white is air and dark grey is metal.

Thirdly, a transition using multiple tapers in cascade is designed in [[13]]. The idea here is to
use multiple tapers in order to adapt the impedance to match a specific frequency and a narrow
band. The designs have been done to optimise the frequency range from 24.25 to 27.5GH z
and the results are the following: return loss of 35d B minimum and insertion loss of 1.05d B
maximum.

2.2.2 Lumped microstrip to SIW transition
Principle

Another kind of transition was proposed in [[14]] with a completely different paradigm. In-
stead of considering a transition based on the field matching (mode matching) in a geometric
way, the transition here uses lumped elements in order to modify the imaginary part of the
impedance. As a reminder, the impedance of any electrical element can be written in a com-
plex form as:

Z=R+jX

where Z is the impedance, R is the real part of this impedance corresponding to a purely re-
sistive element and X is the imaginary part corresponding to a capacitive (minus sign) or a
inductive (plus sign) element. The working principle of the transition is then to add capaci-
tance and inductance as lumped elements in order to compensate for the imaginary part of the
impedance and to try to bring the real part to a 50¢2 value. Two configurations are proposed
and these are shown in figure[2.10] The first one uses series inductance and shunt capacitance
offering a low-pass matching and the other one uses series capacitance and shunt inductance
providing a high-pass matching. Both of them are convenient to achieve impedance and mode
matching but a phase shifting is introduced, respectively forwards and backwards.
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Figure 2.10: Microstrip to SIW transition using lumped elements from [14]. a) series induc-
tance and parallel capacitance; b) series capacitance and parallel inductance

Advantage and drawback of lumped transition

The main advantage of lumped transitions is its small length. Indeed, since it does not need
to do a geometric match, the transition takes almost no place at all. This allows an easier
integration in low frequency ranges. However, using lumped element only works when they
are easy to integrate which is not the case for high frequency applications.

Performances and results

In [[14]], two transitions were simulated and measured. One using a low-pass matching and the
other one using a high-pass matching. Both provides similar results which are: a frequency
range of 4.04 to 5.67G Hz with return loss better than 10dB and insertion loss better than
1.3d B for the first one and a frequency range of 3.9 to 5.12G H z with return loss better than
10d B and insertion loss better than 1.3d B for the second one.

2.3 Coplanar waveguide (CPW) to SIW

Coplanar waveguide (CPW) to SIW as well as the next investigated kind of transitions, Grounded
coplanar waveguide (GCPW) to SIW, are really pertinent. Indeed, the CPW and the GCPW
technologies are widely used to design and to measure circuits at high frequencies. Conse-
quently, they are also used a lot to measure circuits with a ground-signal-ground (GSG) probe
and this helps to justify the utility of these kind of transitions.

This section aims to present the CPW to SIW transitions while the next one will present the
GCPW to SIW ones.

The distinction is made to avoid confusion.

There are not many transitions that use the classic CPW technology. This is due to the principle
of substrate-integrated waveguide which requires metal on the upper and on the lower plane
of the structure. Indeed, having metal on the back of the whole structure is easier, especially
in the high frequency ranges where the dimensions are in the order of tens or hundreds of
microns, than keeping metal only on a specific part only. Nevertheless, three of them can be
found in the literature.

2.3.1 90° bent slots CPW to SIW transition
The first proposed CPW to SIW transition is the one from [|15]].
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Principle

The design principle of this transition is to have a coplanar waveguide with both slots termi-
nated by a 90° bend \/4 long in short-circuit ending. In addition to that, two stubs are added
in the CPW line to match the transition as well as two vias to remove any parallel mode that
could propagate [[15]. In terms of physics principle, the transition matches the fields from the
CPW to the one from the SIW by transforming the field lines due to the bends and the short
circuit ending. Indeed, the field in this configuration are minimum on the end of the slot and
maximum on the center as it is the case for the first mode of the SIW.

The structure in a back-to-back configuration is represented in figure [2.11]

ye L

Figure 2.11: Back-to-back configuration of 90° bent slots CPW to SIW transitions from [/15]]

Parameters and results

In [15], the transition is designed to work in the LMDS frequency range on a substrate with
a height of 0.508mm and a relative permittivity of 2.33. The SIW section is 10mm long and
the transition parameters have been optimized using finite element method package. The opti-
mized performances of this design are the following: a 7% bandwidth(from 27.5 to 29.5G H z)
with 15dB return loss and measured insertion loss better than 3.2d B.

GCPW to SIW equivalent

In [16], an equivalent to this transition is presented in the case where the feeding line is a
grounded coplanar waveguide instead of a coplanar waveguide. There is no fundamental dif-
ference in the principle of operation and therefore, a whole section for this case is not justified.
The performances of the transition in this case, using a 381 um with a relative permittivity of
9.7 (Alumina) are: return loss lower than 15dB and insertion loss better than 1.2d B between
39 and b9G H z.

2.3.2 Taper-in CPW to SIW transition

Another transition from CPW to SIW was designed in [17].

Principle

The idea here is to use the two metallization planes in order to design a transition which
presents a taper-in on the CPW plane. The configuration is represented in figure 2.12] Once

11



again, the principle is to transform the field lines so that the field that is mostly concentrated
in the slot end up having the same profile as the one of the first propagating mode of the STW.

(a) Front metallization (b) Back metallization

Figure 2.12: Front and back metallization of the transition from [17]]

Parameters and results

The transition in [17]] is designed to work in the 18 to 28G H 2 frequency range, on a RT/Duroid
6002 substrate with a thickness of 0.508mm and a relative permittivity of 2.94. The CPW line
is designed to be 50¢2 and the transition parameters are optimized using a full-wave simulation
package. The performances obtained with this configuration are the following: return loss
better than 17d B and insertion loss better than 1.45d B over the full bandwidth.

2.3.3 CPW to SIW transition using elevated coplanar waveguide (ECPW)

The third transition from classic CPW to SIW is the one from [18]]. It uses an elevated coplanar
waguide section which is an intermediate section made of a metalized via hole.

Principle

The transition presented here is somewhat different from those before in that it involves 3
layers. Indeed, the working principle is to transform the field profile of the CPW by using
an elevated coplanar waveguide (ECPW) as an intermediate section to do the transition. The
structure is therefore more complicated to fabricate since it requires an additional layer of
metal. The structure is represented in figure The field profiles along the transition is also
shown in the figure as it allows to understand the fields transformation in a generic way.

12



0.254 mm

0.254 mm

(a) Transition structure (b) Field profiles along the transition

Figure 2.13: Structure of the transition and field profiles from [18]

Parameters and results

The transition in [18]] is designed to work in the 19 to 40G H z frequency range on a Taconic
dielectric substrate with a thickness of 0.254mm and a relative permittivity of 2.33. The CPW
line and the transition parameters are optimized using HFSS, a 3-D FEM simulator. The
performances obtained with this configuration are the following: return loss better than 10d B
and insertion loss better than 2d B over the full bandwidth.

2.4 Grounded coplanar waveguide (GCPW) to SIW

As mentioned in the previous section, GCPW to SIW transitions are widely used. This is due
to the advantages that can be exploited from GCPW lines such as the simplicity of design of
such a line and the proximity of the field profile (quasi-TEM planar mode) to that of SIW lines.
Among the many designs of transitions between coplanar and substrate-integrated waveguides,
the most varied of them are presented here along with variants of the same principles.

2.4.1 Taper GCPW to SIW transitions

In [19] and [2f], the same geometric configuration of GCPW to SIW transition have been
proposed but with different substrates and working frequencies.

Principle

As in section[2.2.1] the design idea of the transition here is to use a taper in order to transform
the field profile of the line to the one of the SIW. To do this, the slot is widened to make room
for the metalized taper. The vias walls are also tapered.

This is represented in figure [2.14]

As with the tapered microstrip to SIW transition, the goal is to transform the GCPW line fields
to have the same shape as the first mode of the integrated waveguide. In addition, the transition
also acts as an impedance transformer [20]], which then provides a good matching. In order to
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get the right matching, three parameters are tuned: the taper angle of the slot, the taper angle
of the center metal and the transition length.

Figure 2.14: GCPW to SIW tapered transition from

Parameters and results

For the transition designed in [[19], the following constraint parameters were used: substrate
of 1.524mm thickness with a relative permittivity of 3.38 (RO4003c). The performances ob-
tained with this configuration and the optimised parameters are: return loss better than 10dB
over a frequency range from 7 to 14G H z and insertion loss better than 0.5d B for the same
band.

For the transition design in [2], the following constraint parameters were used: substrate of
30pm thickness with a relative permittivity 2.68 and 2.5, decreasing with increasing frequency
(BCB - CYCLOTENE 3022-63) and the frequency range targeted is the W band. The perfor-
mances obtained with this configuration and after optimization of the design parameters are:
return loss better than 15dB over a frequency range from 77 to 106G H z and insertion loss
better than 4d B for the same band.

Precision on

As for this work, the transition presented in [2] uses BCB substrate-integrated waveguides at
high frequencies. The technology will be detailed further but a few words can be given here to
emphasize the differences with the others transitions presented.

The BCB substrate-integrated waveguides are slightly different than other SIW. They are inte-
grated in a BCB substrate which is deposit on top of a metal layer itself deposited on a Silicon
layer. According to [2] this substrate allows for a better handling of the high frequencies.

Variants of the tapered GCPW to SIW transitions

In [21]], another kind of tapered transition is proposed. The differences with the one described
above are that the slot of the GCPW is not widened and the via walls are not tapered. However,
the physical principle works the same way as before. The simplicity of design as well as the
good performances it achieves makes it a good trade-off. The structure is represented in figure

14



[2.15] The impedance and mode matching are done using two main parameters, namely the
taper length and the paper angle, the first one being more influential than the second one. The
performances of this transition realised over a 0, 508mm substrate with relative permittivity of
2.94 (Rogers RT/duroid 6002) are, for a targeted Ka band (26.5 to 40G H z): return loss better
than 20d B and insertion loss better than 0.4d B over the full bandwidth.

Figure 2.15: Alternative tapered GCPW to SIW transition from [21]

Another transition is proposed in [14]]. As for the tapered microstrip to SIW transition, it uses
multiple tapers in cascade is proposed for a GCPW feeding line. Here again, the bandwidth is
pretty narrow so it is not developed any further in this work.

2.4.2 Current probe GCPW to SIW transition

A transition with a completely different design idea is proposed in [22]].

Principle

The operating principle of this transition is to use a current probe in order to excite the SIW
first mode. The current flows through the GCPW and then gets in the probing via, creating a
magnetic field which matches the SIW first mode magnetic field [22]. This is similar to the
idea used for classic rectangular waveguides. In addition to this probe, an open-circuit has to
terminate the line. The transition is shown in figure[2.16]

Figure 2.16: Current probe GCPW to SIW transition from [19]]
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Parameters and results

The performances obtained for this transition realised over a 0.762mm substrate with a relative
permittivity of 2.94 and optimized for the central frequency 28G H z are the following: a higher
than 20d B insertion loss over a narrow frenquency range from 26.96 to 29.8G H z and insertion
loss smaller than 0.73d B over the same band.

2.5 Other transitions

For the sake of completeness, mention is made of transitions between non-planar feeding tech-
nologies and substrate-integrated waveguides, without going into too much detail, in the fol-
lowing of this section.

In [23]] and [24], transitions between classic rectangular waveguides and substrate-integrated
waveguides are proposed. The first one consists of a complex three-dimensional structure us-
ing 3 substrates layers with vias and slots in a specific shape. This transition targets the V
band and achieves return loss higher than 10d B while insertion loss is lower than 0.48d B over
the full bandwidth on a substrate with two different heights (0.787mm and 0.508mm) and a
relative permittivity of 2.24 (Rogers 5880).

The second one has a simpler geometry. It consists of a fin line deposited on the same sub-
strate as the SIW one. For a targeted range frequency corresponding to the Ka band, return
loss better than 15dB and insertion loss less than 1.4dB are achieved over the full band on a
0254mm thick substrate with a relative permittivity of 2.22 (RT/Duroid 5880).

Both transitions are shown in figure [2.17]

Rectangular
Waveguide

hstrate 2
Slot1

355-
Matching via g

(a) 3D rectangular waveguide to (b) Planar rectangular waveguide to
SIW transition SIW transition

Figure 2.17: Waveguide to SIW transitions a) from b) from

In [25], a transition that interconnects a coaxial cable and a substrate-integrated waveguide is
proposed. The structure is similar to what is done for planar technologies except that, here, a
coaxial cable will be plugged into the transition. The working principle of the transition is to
use a taper with a probe in the form of a via in the taper center which excites the 7'Fy mode
of the SIW and is connected to the coaxial cable. Using a 0.787mm thick substrate with a
relative permittivity of 2.2 (RT Duroid 5880), the transition, designed to operate at X band (8
to 12G'H z), presents insertion loss better than 1.2dB and return loss better than 15d B for a
30% bandwidth. The structure is represented in figure [2.18
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Figure 2.18: Coaxial to SIW transition from

The last transition worth mentioning is the one from [26]. It is a transition between a stripline
and a substrate-integrated waveguide. A stripline is a non-planar transmission line consisting
of a metal strip inserted in a substrate with ground planes below and above. The transition uses
once again the taper principle but in order to realize a strip line, a second substrate layer with
metal deposited in a specific shape is added above. Using a 0.508mm thick substrate with
a relative permittivity of 2.94 (RT/Duroid 6002), the transition presents insertion loss better
than 0.44d B and return loss better than 24dB for a frequency range from 18 to 28G H z. The
structure of the transition is represented in figure 2.19)in exploded view.

Figure 2.19: Stripline to SIW transition from
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Chapter 3

Design

From the study of the state of the art, a need for transitions between a planar transmission
line technology and a substrate-integrated waveguide for high frequencies has emerged. This
is especially true in the W band where only one design has been proposed in [2]. It is also
apparent that transitions with a small substrate thickness are rare.

This chapter describes the design path for new transitions between a grounded coplanar waveg-
uide and a substrate-integrated waveguide to address these needs. This is done by first laying
the groundwork that will guide and constrain the designs such as substrate constraints and
line dimensions. An important discussion on the full-wave simulation tool used for the design
will also be made. Then, a first transition test based on what is done in the literature will be
described. This will be the starting point for the development of original transitions that aim
to address the problems encountered by the usual transitions in such a context. For the final
transition designs, the conductor losses will be added to the simulation.

In a final step, simulations will be performed considering a problem highlighted in the simu-
lation tool discussion.

3.1 Preliminaries

The following describes the constraints due to the manufacturing process as well as the designs
of the GCPW and SIW lines, invariable for the rest. In addition to that, the discussion about
CST Studio Suite 2021 as a full-wave simulation tool is made here in order to understand the
following of the process.

3.1.1 Fabrication process constraints

The manufacturing process will be described briefly in chapter 4 but it is already necessary to
define the parameters that are linked to it and that constrain the design. Indeed, to start the
design, it is necessary to choose the exact technology that will be used. The choice was made
here on the basis of Nicolas Vanpée’s work in the framework of his master’s thesis, which
develops a fabrication process of substrate-integrated waveguide using a BCB substrate. To be
precise, the substrate used is the CYCLOTENE 3000 series BCB which is a non-photosensitive
benzocyclobutene resin [27]]. This BCB was developed to be used as a dielectric.

This choice introduces the following constraints:

1. the substrate thickness is 16.5um
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2. the dielectric constant (relative permittivity) is €, = 2.5

Even though the dielectric constant may change with the frequency, for simplicity it will be
assumed constant.

In addition to that, the metal used is a 0.5um thick aluminum. This metal has the advantage of
being easy to deposit and its properties allow to consider a perfect conductor in a first instance
of the design process without losing too much generality.

The last manufacturing design constraint is about the choice between metalized via holes or
metalized sidewalls. The process developed here makes it easy to use metalized sidewalls and
thus, it is the technique that will be used. As it was pointed out in the study of the state of the
art, the use of sidewalls removes the difficulty of designing vias for them to act like walls.

3.1.2 SIW line design

The first step in the design process is to set up the substrate-integrated waveguide that will be
used for the rest of the work.

As the manufacturing constraints detailed in section [3.1.1|indicate, the SIW is designed with
full metalized sidewalls. This is the configuration mentioned in section [2.1.1] that was first
introduced in [1]].

This configuration facilitates the design of the SIW because it can then be considered as a
classical rectangular waveguide filled with a dielectric. Therefore, the usual waveguide theory
can be used to dimension the STW [28]].

Dimensioning

To size the SIW, the dimensions of the section must be determined. By convention, in the fol-
lowing, a will correspond to the length of the biggest side and b will correspond to the length
of the smallest side as it is illustrated in figure

The smaller side width is determined by the substrate thickness since the waveguide is inte-
grated in the substrate, thus b = 16.5um.

To determine a, it is necessary to use waveguide equations. The only mode that must propa-
gate in the waveguide is the 7'F';y mode as it is the first and dominant mode. Since the W band
is targeted, the SIW cut-off frequency of the lowest mode to propagate must be lower than
75G H z. In [29], it is recommended to use 59G H z as the cut-off frequency in order to avoid
parasitic effects. With this frequency, it is now possible to compute the a dimension using the
following relation [28]]:

2

where f.  1is the cut-off frequency for a given mn-mode, m and n are the mode indices and
cpep 1s the speed of light in the medium. By reverting the equation in order to find a and by
selecting m and n to propagate the 7'/ mode in the equation, a is given by:

CBCB

a =
2fer0
3%108

Finally, knowing that cpop = N 1S:

., = s J (M2 1 (M)

3x108

_ V25 _
a= 5759 £ 109 1.608mm
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A sanity check can be made to be sure no other mode will propagate. The modes to consider
are T'Fog and T Fy;.
For the T'Ey, mode, the cut-off frequency is given by: f.,, = 2% f., = 118G Hz.

3x108

For the T'Ejy; mode, the cut-off frequency is given by: f.,, = 422 = 2*16_“50,6 = 5749.6GH z.

Both cut-off frequencies are higher than the upper frequency of the W band, so that no spurious
modes can propagate.

F
v

Figure 3.1: Conventional dimensions of a waveguide section. Light grey represents metal and
light blue represents dielectric

3.1.3 GCPW design

The other non variable part of the design is the grounded coplanar waveguide. Indeed, the goal
is to have a GCPW with an impedance of 502 as a reference for the design of the transitions.
Again, the parameters that must be determined are those of the section, namely W the width
of the center strip, G the width of the space gap between the signal track and the ground track,
and W, the distance from the side wall to the center of the section. The thickness of the
GCPW is once again constrained by the substrate choice. It is necessary to differentiate the
parameters that determines the impedance of the line from the one that avoids the appearance
of parasitic modes. Indeed, the walls positioning does not have much influence on the value of
the impedance, they just have to be placed in such a way that they remove parasitic effects.
The different parameters are shown in figure 3.2

20



A

-
Woai ”

Figure 3.2: Grounded coplanar waveguide with dimensions convention. Light grey represents
metal and light blue represents dielectric

Dimensioning

As it was pointed out in section[2.1.4] there is no perfectly-defined theoretical framework for a
grounded coplanar waveguide and in any case, a determination using a simulation tool is more
simple and accurate.

Nevertheless, one key consideration is worth mentioning before the design by simulation. The
impedance of any transmission line is determined by the following relation:

L. = é 3.1
where Z, is the characteristic impedance of the line, L is its equivalent inductance and C'is its
equivalent capacitance.

It can be assumed that the equivalent inductance is linked to the deformation of the field
lines while the equivalent capacitance is linked to the distance between metals (the fields are
stronger for closer conductors). This means that a smaller substrate increases the capacitance
and thus reduces the characteristic impedance of the line. This consideration gives an intuition
on how to design the GCPW.

As the grounded coplanar waveguide will be used to measure the device, the constraints asso-
ciated to the pitch of the probe can be taken as a starting point to determine the parameters.
Indeed, the probe has a ground-signal-ground configuration and the center to center distance
between two consecutive pins is 100um. To match the probe requirements, the width of the
center strip must be W = 50pm and the slot gap must be G' = 55um. Figure [3.3|represents
the constraints due to the pitch of the probe.
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Figure 3.3: Dimension of the GCPW to match requirements of the probe pitch. Light grey
represents metal, light blue represents dielectric and white represent the pitch of the probe

Using CST Studio Suite 2021 as simulation tool to design the GCPW, the first try gives an
impedance of 39.5¢2. As the value of the impedance is smaller than 502, the center strip width
needs to be reduced. After a small iterative process, the dimensions of the grounded coplanar
in order to have a 502 line without parasitic modes are: W = 29um, G = 65.5um and
VVle==18OMﬂL

Before moving on to the rest of the design, it is important to note that with these dimensions,
the grounded coplanar waveguide acts more like a microstrip line. This can be seen on figure
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Figure 3.4: Simulated electrical field lines of the designed GCPW in dB scale
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3.1.4 CST Studio Suite 2021 as a design tool

The following of the design will be handled with CST Studio Suite 2021. In this context, a
quick presentation of the used features is necessary as well as a discussion about the limitations
it demonstrates. The focus is made on the features that are related to simulation as they have
an influence on the designs.

CST used features for the design of transitions

The first feature of CST that is worth mentioning is the port simulation. The software has
multiple way to excite a microwave structure but two are of interest here: the waveguide port
and the discrete port. The former is the one that is recommended to use for waveguide and
for CPW or GCPW lines. However, according to the line used, the port dimensions have to
respect some rules. For a waveguide, it has to correspond to the inner section. For a GCPW,
the guidelines are the following: the port begins on the lower ground and has a height equal
to the thickness of the substrate added to half the width of the central strip while its width is
equal to two or three times the width of the central strip. These guidelines are supposed to
ensure a good simulation.

The discrete port on the other hand is mainly used for geometries in which the waveguide
port is not usable as the geometry of the structure that will be introduced in chapter @ To set
up a discrete port necessitates to precise a reference impedance and where to put the power
precisely. This type of port is therefore a good approximation that sometimes gives better
results, but it is possible that more reflection occurs due to lines of different impedance than
the port.

The second feature used from CST is the de-embedding or the change of reference plane.
Indeed, in the definition of the waveguide port, it is possible to change the reference plane by
using the option "distance to reference plane". It then allows to simulate a whole structure but
to get the performances of only the part of interest. In the context of this work, this feature is
really useful to isolate the scattering parameters of the transition.

The third and last worth mentioning feature is the choice of the solver. CST proposes six
different solvers among which two are the main used, namely, the time domain solver and
the frequency domain solver. The former is used for time variant problems while the latter
is used for problems over a large frequency bandwidth. Moreover, the time domain solver
is more accurate for structures that are large compared to the wavelength whereas, on the
opposite, the frequency domain solver is more accurate for structures that are small compared
to the wavelength. Here, according to the problem, the frequency domain will be used for the
design.

Limitations for the design

Even though CST Studio Suite 2021 presents many tools to accurately simulate the designed
microwave structures, this software still presents some limitations and two of them are men-
tioned here.

First, the accuracy of the model is limited by the precision of the solver algorithms. A solu-
tion to this problem is to use more frequency simulation points and a smaller meshing but this
increases a lot the time duration of a simulation. Therefore, a trade-off must be found between
the accuracy of the results and the simulation duration.
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The second, and most important limitation of CST is the length before having a stable problem
for the GCPW line simulation. Indeed, to have a simulation in which the excitation parameters
are correctly set up, the length of the grounded coplanar waveguide has to be very long, about
the half of the wavelength. This is a real problem because it distorts the whole simulation.
In this context, the change of reference plane that was introduced just above still isolates the
transition but the results is dependent on the length of the GCPW line.

In the framework of this work, this problem was observed very late when all the designs were
made and the fabrication steps were begun. To honestly represent the work done, the design
of the transitions will be described with grounded coplanar waveguide feeders a little over a
quarter of the wavelength in length. This will give the key concepts to design the transitions
and at the end, transitions with a correct feeding line length will be presented and adapted.
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3.2 Design process

The following presents the design process. It is made of successive design tests, trying to
improve the performance each time. In the first design trial, key concepts will be identified to
make the design and the simulations.

3.2.1 Working principle of the transitions

All the following transitions that will be introduced in the design process try to implement and
improve the same working principle.

This principle was introduced in the first chapter and consists in modifying the field profile of
the GCPW by means of a transition so that the field lines at the end of the transition correspond
to those of the SIW. Moreover, this modification of the fields introduces a transformation of
the impedance according to [20]. The following transitions can thus be seen as field and
impedance transformers.

These two aspects will then be studied to try to improve the transitions, but as the focus will
be on performance indicators, it is important to keep in mind what is happening physically as
it will not be repeated when not necessary to make the reading more cumbersome.

3.2.2 Step 1: first design trial

To begin the transition design, a good idea is to start from a transition proposed in the liter-
ature. Indeed, instead of reinventing the wheel, the idea is to use a design that offers good
results and try to adapt it to the constraints of this work.

The choice is made on the transition from [21]]. Among the transitions between a grounded
coplanar waveguide and a substrate-integrated waveguide that were studied in chapter 2, this
transition offers the best performances over the bandwidth it targets. Moreover, even though
the constraints parameters are different, namely, the substrate width and the dielectric, its struc-
ture is simple and thus can be manufactured with microfabrication techniques. Therefore, it is
a good starting point.

However, it should be mentioned that all transitions, including the chosen one, from a grounded
coplanar waveguide to a substrate-integrated waveguide are realized with lines using vias.
Nevertheless, as the principle of these transitions is to modify the field profile to make the
matching, it should not deteriorate too much the performances of the transitions. As a re-
minder, the structure of the transition is shown in figure[2.15]

For simplicity, in the following, the continuities of the grounds from the grounded coplanar
waveguide in the transition will be named "side grounds" and this transition design will be
named "tapered transition with side grounds".

Implementation

Applying the manufacturing process constraints of this work to the chosen design gives the
structure of figure It is important to note that only the metal and the dielectric are repre-
sented and used for the simulation even though they rely on a Silicon layer when it is manu-
factured. This can be done because the lower ground plane relies on all the Silicon wafer and
the structure can hence be considered "isolated".
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Figure 3.5: Tapered transition with side grounds on BCB substrate-integrated waveguide tech-
nology. Grey is metal and blue is the dielectric. The thickness is not to scale.

The study of the literature revealed that for tapered transitions like the one here, the two main
parameters to adjust the transition are the taper length and the taper angle.

A schematic top view of the tapered transition with side grounds is shown in figure 3.6, On
this schematic, « represents the taper angle and L represents the taper length.

SIw

Transition

GCPW

Figure 3.6: Schematic top view of the tapered transition with side grounds indicating the
parameters. « is the taper angle and L is the taper length

In a first instance, it can be interesting to use the same parameters as the one from the literature.
It thus gives a length L = \/4 and an angle o = 45°.

The wavelength in the transition can be approximated by an average of two wavelengths, one
at the end of the GCPW line and one at the end of the transition. As it has already been
mentioned, there is no well-defined theoretical framework for the GCPW in the conditions of
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this work. However, it was pointed out in section [3.1.3| that the grounded coplanar waveguide
acts more like a microstrip line. An approximation of the effective permittivity can then be
brought by equation [2.1]

For the end of the GCPW, this gives:

2541 25-1 1
€e, = + =2.02
2 2 \/T+12%16.5/29

It follows that the wavelength at this point is:

Al—fzﬁﬁi-—QQS&nm

where c is the speed of light in the vacuum and f is the central frequency of the band so
here, f = 92.5G H z For the second wavelength, as it is supposed that the transition makes a
good matching, the wavelength of the waveguide can be considered. According to [29], the
wavelength of a waveguide mode for a certain frequency higher than the cut-off frequency of
the mode (f > f.,,,) is given by:

hY >\void

g
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where )\, is the waveguide wavelength, A is the wavelength in a medium consisting only of the
dielectric (A = ﬁ), fenn 18 the cut-off frequency of the mode and f is the central frequency
of the band (92.5G H 2). Introducing the respective values in the equation gives:

A2 = Ay = 2.663mm

Finally, the approximate wavelength of the transition is:

M

A
2

= 2.473mm

This value of the wavelength gives the first shot for the transition (A/4) and even though this
value can be incorrect, it gives an idea to compare with the optimal size of the transition later.

Unfortunately, these parameters do not give the best results. Indeed, the return loss is lower
than 10dB over the whole W band and even lower than 7d B for the first half of the band. On
the other hand, the insertion loss is below 2d B for most of the band but this is not enough to
compensate for the problem of return loss. The return loss and the insertion loss are shown
on figure To be precise, the scattering parameters are plotted with the reference planes of
both excitation ports at the limits of the transition so it is equivalent to a de-embedding to have
only the parameters of the transition. The return loss corresponds to the S;; parameter with a
negative sign and the insertion loss corresponds to the Sy; parameter with a negative sign.
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511 and 521 scattering parameters in dB scale
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Figure 3.7: De-embedded scattering parameters of the tapered transition with side grounds
with a quarter wavelength taper length and 45° taper angle

These bad results can be explained by two main factors. First, the design of [21]] was developed
for a much thicker substrate and for the Ka band. This hence does not correspond to the context
of this work. Indeed, with a thicker substrate, the grounded coplanar waveguide really acts like
one whereas here, the GCPW line acts more like a microstrip line. Moreover, as it was pointed
out earlier, there are errors due to the simulation tool and they play a huge role in the results
here. As this second point will be relevant for the entire design process, it will not be recalled
hereafter.

Knowing these problems, an iterative process to find the best possible configuration for this
transition gives the following parameters and performances: a taper length of 1350m and a
taper angle of 20° for a return loss better than 8d B and an insertion loss lower than 0.7dB. It
is worth remembering that these results do not take into account conductor losses.
Figure[3.8shows the de-embedded scattering parameters of the tapered transition with grounds
in two cases: figurg3.8a)shows the insertion (—S2;) and return (—S;;) losses while figure3.8b|
shows the return and insertions losses for the two configurations considered in this first design
step to ease the comparison.

The iterative approach revealed that the match is better when the taper length is increased to
just over half the wavelength. It also show that the taper angle must be adapted so that the
width of the central strip in the transition covers the most important part of the SIW width. An
approximation on this width is that it should be equal to half of the SIW width and it obviously
has to be centered.
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transition with side grounds for the first
try and the optimized configurations

Figure 3.8: De-embedded scattering parameters of the tapered transition with grounds. a)
with a taper length of 1350m and a taper angle of 20°. b) Scattering parameters of both
configuration as a comparison

To remember

This first design attempt allows to identify a number of learnings, of which the following is a
list :

1. A tapered design for transitions in W band with a 16.5um substrate looks promising.
However, a usual approach as the one from [21]] does not work because of the GCPW
dimensions. Indeed, the microstrip behavior of the grounded coplanar waveguide under
the conditions of this work compromises the performance of a GCPW adapted transition
design from [21]], or at least does not benefit from it.

2. The two main parameters to adapt a classical taper transition are definitely the taper
length and the taper angle. The former must be increased to adjust the best matching in
the center of the band. The latter must ensure that the width of the end of the transition
corresponds to the part of the SIW field profile where the field is maximum (about half
the width of the waveguide placed centrally).

3. The variation of the taper length has a bigger impact than the variation of the taper angle.

4. The optimal taper length in the context considered here is slightly higher than half of the
wavelength instead of the quarter wavelength expected at first.

3.2.3 Step 2: modifying the taper

Even though the first design does not give good enough results, it allows to understand that the
taper can be modified in order to get better results.

It was pointed out that expanding the taper length help to have a better overall matching with
a peak around the central frequency. But the key point of this first design attempt is that the
side grounds of the structure seem to have no effect, or even degrade the performances of the
transition.

To counter this effect, two methods can be studied.
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The first way consists in reworking the side grounds to give them a shape similar to what is
done in [2] or [[19] and the second is to simply remove them.
Both ideas will be tried to find out which one provides the best results

Modified side grounds

To modify the structure, the side grounds are extended until the SIW and they are parameter-
ized to be able to change their angle. Moreover, the sidewalls are also modified to they are
diagonal in shape going from the end of the GCPW to the start of the SIW sections. This
structure is in fact shaped so it resembles some that can be found in the literature as in [2]]
and [19]. It is shown on figure [3.9]

Figure 3.9: Tapered transition with modified side grounds on BCB substrate-integrated waveg-
uide technology. Grey is metal and blue is the dielectric. The thickness is not to scale.

This transition design adds an extra variable which is the tapering angle of the side grounds.
It is named . Figure shows a schematic top view of the new transition with the different
parameters including 3.
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Figure 3.10: Schematic top view of the tapered transition with modified side grounds indicat-
ing the parameters. « is the taper angle, L is the taper length and S is the side grounds taper
angle

It is now necessary to determine the impact of the S parameter on the performance.

The previously found optimal parameters could be used for the central taper as a starting point.
However, it turns out they are not optimal here. The same iterative process as the one in the
first design step is thus made to find the new optimal configuration keeping a constant side
grounds tapering angle /3. The process is not detailed but it shows that the best parameters for
the central taper are a taper length L = 1500m and a taper angle o = 20°. The length is this
time a little longer than the half wavelength.

With these parameters fixed, it is now possible to perform simulations with a variable side

grounds taper angle 5. Graphs presenting the results are shown in figure Figure
shows the return loss (—S11) and figure [3.11b|shows the insertion loss.
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Figure 3.11: De-embedded scattering parameters of the tapered transition with modified side
grounds. Sweep on the 5 angle

The simulations show that the best configuration is the one where the grounds are the least sig-
nificant, that is, when the tapering angle of the side grounds is maximal. Indeed, the structure
with L = 1500um, a = 20° and 8 = 24.75 shows return loss better than 10d B and insertion
loss lower than 0.4d B on almost the entire W band

This result reinforces the intuition that a transition without the side grounds could really be the
best one.

Removed side grounds

Removing the side grounds in the transition means that it is now closer to a microstrip to
substrate-integrated waveguide transition than a transition from a GCPW to a SIW. The struc-
ture is shown in figure [3.12]

It is worth mentioning that this structure does not introduce any new parameter.

Figure 3.12: Tapered transition without side grounds on BCB substrate-integrated waveguide
technology. Grey is metal and blue is the dielectric. The thickness is not to scale.

To ensure that this structure modification improves performance, a simulation with the same
taper length and angle as the first test is performed. This simulation presents small improve-
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ments compared with the optimal results of the first design step, especially at high frequen-
cies showing the uselessness of the side grounds. A comparison graph of the optimal results
from the first design step and the simulated results with the same parameters without the side
grounds is shown in figure[3.13]
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Figure 3.13: Comparison of the de-embedded scattering parameters of the tapered transition
with and without side grounds.

Furthermore, since the idea is to design the best possible transition for the entire W band on
the BCB substrate-integrated waveguide technology, an optimization of this transition is done.
It is again performed by an iterative method that consists of simulating different sets of param-
eters to determine trends, and then, following these trends to find the best possible configura-
tion.

Surprisingly, the emerging trend is that the taper length needs to be increased to have a better
matching on the entire band. However, this also moves the peak of performance to higher
frequencies.

The optimal parameters for this transition are: L = 1600 and o« = 17.5°. These parameters
result of the trend identified above for the taper length and from the fact that the taper angle
needs to be reduced to keep the same width at the end of the transition when the length in-
creases.

This configuration gives return loss better than 10dB on the whole band and even better than
15d B after 87.5G H z while insertion loss is lower than 0.4d B over the entire band. Figure[3.14]
shows the results for this optimal configuration as well as the ones with the previous optimal
configuration.
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Scattering parameters in dB scale
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Figure 3.14: De-embedded scattering parameters of the tapered transition without side
grounds: comparison between the previous and the new optimal parameters

To initiate the next step of the design process, the scattering parameters of the transition can
also be shown in the Smith chart. This is done for the optimal transition of this step and it
gives the curve of figure [3.13]

A quick review of the Smith chart is in order. When the S;; parameter is in the upper half of
the Smith chart, the studied device presents an inductive behaviour. On the opposite, When the
S11 parameter is in the lower half of the Smith chart, the studied device presents a capacitive
behaviour. For the device to be match, the S;; needs to be at the center.

Given the curve from figure [3.13] the transition presents an inductive behaviour.

511 scattering parameter in Smith chart

—— L= 1e00pm and a = 17.5°

Figure 3.15: De-embedded scattering parameters of the tapered transition without side grounds
in the Smith chart
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To remember

The second step of the process design reveals the following key elements:

1. The side grounds prove to be annoying within the framework of this paper.

2. The transition without side grounds is even better than the transition with modified
ground (higher overall return loss).

3. The transition without side grounds has an inductive behaviour.

3.2.4 Step 3: shape redrawing

The study of the transition without side grounds proves to be promising. However, its inductive
nature was pointed out at the end of the previous design step.

One way to counter this is to reshape the transition to have an elliptical shape. This shape
ensures that the impedance change is not too abrupt. This also softens the curvature of the
field lines which reduces the inductive character.

To form this new transition shape, an ellipse is removed from the initial taper. Thus, the
parameters of the transition do not change fundamentally and can be optimized in the same
way as in the previous steps. This manipulation and the parameters of the transition are shown
in figure @] and the structure of the new transition, named "elliptic transition", is shown on
figure in three dimensions.

SIw

Transition

GCPW

Figure 3.16: Schematic top view of the elliptical shaped transition indicating the parameters.
« 1s the taper angle and L is the taper length.
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Figure 3.17: Elliptic transition on BCB substrate-integrated waveguide technology. Grey is
metal and blue is the dielectric. The thickness is not to scale.

Using the same length as for the last transition and optimizing the angle to get a good match,
the results in figure [3.18] are obtained: return loss better than 10d B over the entire band with a
23dB peak at 86G H z and insertion loss lower than 0.5d B over the entire band with a 0.5d B
peak at 86G H z.

These results show that the shape change has removed the inductive character of the transition.

511 scattering parameter in Smith chart Scattering parameters in dB scale
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(a) S11 in Smith chart (b) S11 and Ss; in dB scale

Figure 3.18: De-embedded scattering parameters of the elliptic transition

To remember

The key point observed here is that the new elliptic shape improves the matching by removing
the inductive character of the transition. However, the matching is still not perfect because the
S11 parameter is now in the lower half of the Smith chart (inductive part).

3.2.5 Step 4: adding a discontinuous element and revising the ellipse

Up to this point, two transition designs show good enough results. The tapered transition
without side grounds and the elliptic transition.
To further improve the performance of both transitions, last modifications are made.
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For the tapered transition without side grounds only a discontinuous element is added to the
transition.

For the elliptical transition, a discontinuous element is added to the transition and the way the
elliptical shape is modeled is changed.

Tapered transition with discontinuous element and without side grounds

The new transition shape is shown in figure [3.19]and a top view with the new design variables
associated to the discontinuity is shown in figure [3.20| L., W, and AL are respectively the
length, the width and the relative position with respect to the GCPW of the discontinuous
element.

The idea behind adding this discontinuous element to this transition is to add a capacitive
element. It is the principle used in stepped-impedance filters. Indeed, it can be shown that a
rectangular discontinuity as the one here acts as a capacitive element as long as its length is
much smaller than a quarter wavelength (L. << A/4)) [30].

This trick is another way to counteract the inductive effect highlighted in step 2. However, it
should be mentioned that it is relatively narrowband. Therefore, another iterative process to
determine the best possible set of the discontinuity and the taper parameters is made.

Figure 3.19: Tapered transition without side grounds with capacitive element on BCB
substrate-integrated waveguide technology. Grey is metal and blue is the dielectric. The thick-
ness is not to scale.
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Figure 3.20: Schematic top view of the tapered transition with discontinuous element and
without side grounds indicating the new design parameters

After some iterations, the best set of parameters for the tapered transition with discontinuous
element and without side grounds is the following: L = 1700pum, o = 15°, L. = 60um,
W, = T0pum and AL = 35um. It is worth noting that the discontinuity proves to be better
when positioned near the GCPW in the case of the tapered transition.

This set produces the following results: return loss better than 12d B over the entire band with
even 15dB from 81 to 110G H z and insertion loss lower than 0.3d B over the entire band with
even 0.15d B from 81 to 110G H z.

511 scattering parameter in Smith chart Scattering parameters in dB scale
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Figure 3.21: De-embedded scattering parameters of the tapered transition with discontinuous
element and without side grounds. L = 1700pum, o = 15°, L. = 60um, W, = 70pum and
AL = 35um
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Elliptic transition with discontinuous element and modified elliptic modeling

The first change for the elliptic transition is the way the ellipse modeling is done. In order to
smooth the end of the transition, the ellipse can be drawn as shown on the schematic top view
from ﬁgure This adds a new variable named A L;;,s. and allows to reduce the capacitive
aspect introduced in the previous design step.

The other change is the same than for the tapered transition, that is, adding a discontinuous
element to the transition. However, here, it is more a way to have an adjustable reactive ele-
ment than a pure capacitive element as it was the case for the tapered transition. This change
is shown in figure[3.23] The parameters for this discontinuity are the same than in[3.20}]

SIw

IALE”W L

Transition \ I."

GCPW

Figure 3.22: Schematic top view of the elliptical shaped transition indicating the new design
variable ALellipse
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Figure 3.23: Elliptic transition with discontinuous element on BCB substrate-integrated
waveguide technology. Grey is metal and blue is the dielectric. The thickness is not to scale.

As for all the other steps, it is now necessary to optimize the performance according to the
design parameters.

After observing the effects of the parameters on the performance and many iterations, the
set of parameters that optimizes the transition are the following: L = 1500um, a = 38°,
L. = 120pm, W, = 80um, AL = 285um and ALcipse = 75pum. This configuration leads
to the following performances: return loss better than 12dB and insertion loss lower than
0.24d B over the entire W band. The performance is even better on the frequency range from
75 to 103G H z where return loss is above 15d B and insertion loss is below 0.15d 5.

To ease the reading, only the results for the best set of parameters of both changes are presented

in figure[3.24]
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Figure 3.24: De-embedded scattering parameters of the reshaped elliptic transition with dis-
continuous element. L = 1500um, o = 38°, L. = 120um, W, = 80um, AL = 285um and
ALellipse - 75,U'm
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3.2.6 Step 5: simulating conductor losses

The last step to finish the design process is to simulate the two optimal transitions from the
previous step including conductor losses.

To do this, the metal used for the simulations, which is a perfect conductor, is replaced by
aluminum.

In theory, this should have a positive impact on return losses since they will be increased and
a negative impact on the insertion loss since, once again, it will be increased.

Figure [3.25] shows that this is true for the tapered transition with discontinuous element and
without side grounds.

Figure [3.26] shows that this is also true for the elliptic transition with discontinuous element
and modified elliptical shape even though it is not clear for the S;; parameter because of the
approximations of the simulations.

511 scattering parameter in dB scale 521 scattering parameter in dB scale

= 511 with conductor losses
15 511 without conductor losses

/

—

|
[
=

—— 521 with conductor losses
521 without conductor losses

|
=]
]

Magnitude (dB)
Magnitude (dB)

-04
—30 -0.5
-35 w08
75 Ei) BIS 9‘0 9‘5 160 165 110 75 B;J BIS 9‘0 9;5 160 165 110
Frequency (GHz) Frequency (GHz)
(a) S11 in dB scale (b) S51 in dB scale

Figure 3.25: De-embedded scattering parameters of the tapered transition with discontinuous
element and without side grounds: comparison with and without conductor losses
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Figure 3.26: De-embedded scattering parameters of the elliptic transition with discontinuous
element and modified elliptical shape: comparison with and without conductor losses
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3.3 Corrected simulations

In the section[3.1.4} it was mentioned that a bug in simulations was detected late in the progress
of this work. Indeed, the results presented throughout this chapter proved to be variable as a
function of the length of the GCPW line as long as the line was not long enough even though
de-embedding was done.

The purpose of this section is to show what the the previously designed transitions look like
with a sufficiently long GCPW line length (greater than half the wavelength).

In addition, the design of the tapered transition is re-adapted in order to be able to make two
types of transitions and to cover one case without considering the bug and one with.

3.3.1 Simulations with GCPW length equal to the wavelength

Figures and [3.28] show the scattering parameters simulated with length of the GCPW
equal to the wavelength for, respectively, the final elliptic and tapered transitions.
Unfortunately, the results are not as good as before.

The elliptic transition still manages to have return loss higher than 9dB over the entire band
and even higher than 10dB on most of the band. It also has insertion loss lower than 0.9dB
over the entire band.

The tapered transition, on the other hand, shows worse results. It only has return loss higher
than 8dB for the entire band even though it has a peak to 30dB for 101G H z. The return loss
is barely below 1.1dB.
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Figure 3.27: De-embedded scattering parameters of the elliptic transition with discontinuous
element and modified elliptical shape: consideration of the bug
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Scattering parameters in dB scale
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Figure 3.28: De-embedded scattering parameters of the tapered transition with discontinuous
element and without side grounds: consideration of the bug

3.3.2 Re-adapted tapered transition

Considering a length for the GCPW that provides results without bugs, the final tapered tran-
sition design is re-adapted. This is done by performing a final iterative simulation process to
find the optimal set of parameters in this case. This results in the following set of parameters:
L = 675um, a = 20°, L, = T0um, W, = 120pum and AL = 50um. These allow to obtain
the following performances: return loss better than 10d B on the quasi-totality of the band and
insertion loss lower than 0, 8d B except for the frequencies higher than 106G H z. These results
are shown in figure [3.29
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Figure 3.29: De-embedded scattering parameters of the tapered transition with discontinuous
element and without side grounds: optimization with a wavelength GCPW length
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Chapter 4

Fabrication

The purpose of this chapter is to discuss and prepare the fabrication of the transitions designed
in the previous chapter. This will be done using a BCB substrate-integrated waveguide process
of fabrication developed by Nicolas Vanpée in his own master’s thesis.

This chapter begins with a brief description of the manufacturing process. Then, it will discuss
the design of the structures needed to do a TRL (thru-reflect-line) calibration that will allow
de-embedding on the measurements. It will also explain the modification that must be made
to the GCPW line in order to perform the measurements. Finally, it will present the mask that
will be used in the fabrication. It is also important to note that the fabrication will only cover
the last two transitions discussed, namely the final elliptical transition and the final tapered
transition.

4.1 Brief introduction to the manufacturing process

The manufacturing process developed by Nicolas Vanpée in the context of his master’s thesis
was created around the use of a BCB substrate. To be precise, it uses a non-photosensitive
benzocyclobutene (BCB). This one is deposited on a layer of aluminum, which is used as
ground plane, itself deposited on a layer of Silicon.

The following list presents the different steps of the manufacturing process without going into
detail:

1. Aluminum deposition

2. Benzocyclobutene deposition

3. Aluminum deposition: aluminum layer used as an hard mask for the etching of the BCB
4. Lithography (negative)

5. Aluminum etching: wafer is immersed in acid to dissolve the aluminum which is not
protected by the resin

6. BCB etching: BCB is etched thanks to a plasma of 2 gas (O2 and SF6)
7. Aluminum deposition

8. Lithography (positive)
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9. Aluminum etching
10. Removing of the photo resin

In this list, three steps are important to note.

Steps 3 and 7 because they justify the design of a mask. Indeed, the manufacturing of the
transition is done using a mask that allows to give the desired shape to the BCB and to the
aluminum.

Step 9 because it can be problematic and therefore requires special attention. In this step, the
aluminum is etched but this manipulation is difficult to achieve in practice and there is a great
risk of over etching the aluminum. This over etching is normally estimated to 0.5um.

4.2 Modification of the GCPW line

In order to measure the structure, the access is made via the GCPW line. However, as men-
tioned in section [3.1.3] the dimensions of the line had to be modified to reach an impedance of
50€2. This implies that they are no longer adapted for placing probes on the line.
Figure[d.|from section[3.1.3]is shown once again here to recall the required dimensions needed
perform the measurements.

" S0um N 20um

)\
Ly L)

T
100pm

Figure 4.1: Dimension of the GCPW to match requirements of the probe pitch. Light grey
represents metal, light blue represents dielectric and white represent the pitch of the probe

To meet these requirements, an additional section named pad is added to the central strip of
GCPW line. This pad has the right dimensions to be able to perform the measurements.

This addition implies the appearance of a transition section of 10um. However, since its size
is very small compared to the wavelength, it can be ignored.

Due to the manufacturing process, the edge of the line also needs to be changed. Indeed, to
avoid having a metalization on the beginning of the GCPW line, it is necessary to manually
add metal further.

The two changes are shown from a top view in figure 4.2,
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Figure 4.2: Modified beginning of the GCPW line

4.3 Design of the structures for a TRL calibration

In order to have a greater precision during the measurements by removing the parasitic effects
of the accesses and in order to be able to make de-embedding to extract the measured perfor-
mances from the transitions, it is necessary to use a TRL type calibration.

To be precise, here, an mTRL (Multiline TRL) calibration is used. A complete study of the
operating principles of TRL and mTRL calibrations is beyond the scope of this work and more
information can be found in [31-34]].

Instead, the essential points for using the mTRL calibration are explained here. They are then
applied to the context of this work

4.3.1 Quick introduction to mTRL calibration

The mTRL calibration, for "Multiline Thru-Reflect-Line calibration", is, as its name indicates,
a calibration technique to remove the undesirable effects of probes appearing during the mea-
surements and also to perform de-embedding on the measurements.
For this second point, the mTRL allows in fact to determine the propagation constant and thus
to shift the reference plane of the scattering parameters to the desired location.
Indeed, when the scattering matrix S; (the matrix of the scattering parameters) is determined at
some place, it is possible to know it S, at distance [ assuming a deduced propagation constant
~ by using the following relation:

Sy =8, x e

The TRL calibration also determines the characteristic impedance.
In reality, the mTRL algorithm is more complete and complicated but it gives an idea of how
to do de-embedding with this calibration.

Finally, to use the mTRL calibration, different lines are needed, namely, a Thru which is the
reference line, a Reflect which can be a line ending in short circuit or open circuit, and Lines
(at least two) of different lengths than the Thru.

The choice of short circuit or open circuit is made according to the ease of implementation.
For the length of the Lines, the goal is to determine lengths that maximize the phase delay
between the Lines and the Thru over the desired bandwidth. The rule of thumb, is to have a
phase-delay higher than 30° over the entire targeted frequency band.

4.3.2 Application of the mTRL design

In the context of this work, the mTRL is used to make a de-embedding on the measurement to
extract the scattering parameters of the transition.
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This requires to apply the mTRL to the GCPW access lines and to the entire back-to-back
structure.

mTRL for the GCPW access lines

First, it is necessary to choose a Thru length. This length is the double of the GCPW access
length, so it is 400um long.

Then, since the access line is a grounded coplanar waveguide, it is easier to implement an open
circuit as the Reflect.

Finally, using a script implementing the mTRL algorithm, the two lengths of the Lines are
determined so they maximize the phase delay with respect to the Thru over the W-band. These
lengths are 900m and 1000um.

To illustrate one element of the mTRL, the Thru is shown in figure 4.3

] -

400.00 um

Figure 4.3: GCPW Thru

mTRL for the whole back-to-back structure

The different elements of the mTRL are determined with exactly the same procedure for the
whole back-to-back structure.

This gives a Thru of 5000um and Lines of 5500um and 5600m long.

However, since the main line here is a substrate-integrated waveguide, the Reflect chosen is
a short circuit to simplify the fabrication. Once again, the Thru line is shown to illustrate in

figure 4.4

5000.00 um

Figure 4.4: Back-to-back Thru structure

4.4 Presentation of the mask

Now that all the changes have been made and that a line selection has been made to perform
an mTRL calibration, a mask can be designed.

This mask is co-designed with Nicolas Vanpée and that is why some of the structures that are
present are not used in this work.
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The complete mask is presented in figure 4.5]

As this figure suggests, the mask consists of repeating subparts called dies. A die contains the
structures that are to be studied. The usefulness of repeating the same pattern in several places
of the mask is to be able to take advantage of several measurements of the same structure in
case there should be an etching problem at a specific place during the manufacturing process.
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Figure 4.5: Complete mask used for manufacturing

The content of a die is shown in figure (4.6

Once again, a pattern seems to be repeated. Indeed, except for the long back-to-back transition,
the upper half and the lower half of the die are similar. However, the upper half contains
the designed structures and the lower half contains these structures but their metalized parts
are wider by 1.5um. This is an anticipation of the over-etching that was mentioned in the
description of the manufacturing process by taking even a margin of 1um.

Nevertheless, each of these two halves are made up of the same kind of structures.
From left to right, there are:

e the different GCPW structures for the mTRL calibration (a clock-wised rotated zoom is
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shown in figure 4.7);

e the Thru, the Reflect (short circuit), the Line 1 and the Line 2 of the final elliptic transi-
tion in a back-to-back configuration;

* two structures that are for the Master’s thesis of Nicolas Vanpée

* afinal elliptic transition in a back-to-back configuration with a longer SIW section (com-
mon to the two halves of the die);

* the Thru, the Reflect (short circuit), the Line 1 and the Line 2 of the final tapered transi-
tion in a back-to-back configuration;

Finally, green rectangles can be seen in figure 4.5 These are alignment markers that are used
to ease the measurements.

AT

e L L.

n
MMM MMM oanpnsnsns

““" “" “ susrurareys

““““““

MMpg MM

Figure 4.6: Content of a die

Figure 4.7: Zoom on clock-wised rotated Back-to-back GCPW structures for the mTRL cali-
bration from the mask. From left to right: Reflect (open circuit), Thru, Line 1 and Line 2
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Chapter 5

Testing

The purpose of this chapter is to present the results of the fabrication of the transitions and
their performance.

To do so, the fabricated structures will first be shown and a problem related to the fabrication
degrading the performance measurement will be identified.

Then, the de-embedded results of the measurements will be presented as well as how they have
been obtained. Finally, a small discussion of these results will be made.

5.1 Fabricated structures and problems for the measurements

The fabricated transitions are shown in figure [5.1] where the images have been enlarged to al-
low the microscopic structures to be seen.

These images show that the shape of the transitions was well designed during the manufactur-
ing process.

However, the etching of the aluminum was stronger than expected resulting in an over-etching
of 6.7wm rather than the anticipated 0.5,m. This over-etching is shown in figure[5.2]

(a) Final elliptic transition (b) Final tapered transition

Figure 5.1: Fabricated transitions
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10m

Figure 5.2: Over-etching of 7Tum

The over-etching of 6.7,m represents a big problem on two levels.

Firstly, in terms of measurements, placing the probes on the GCPW pads will be complicated
since their central tracks are now 13.4pm smaller and the gaps are now 13.4pm bigger than
the dimensions needed for good measurements.

Secondly, the characteristics of the structures change completely. Indeed, a thinner width
means a higher impedance for the GCPW lines and a less good matching for the transitions.
To illustrate this point, figure [5.3] shows the calibrated impedance of fabricated GCPW lines.
The characteristic impedance is approximately equal to 802 instead of the designed 50¢2.

100

50 +

R(Z.) [

20 40 60 80 100 120

S(Ze) 9]

-20

20 40 60 80 100 120
Frequency [GHz|

Figure 5.3: Calibrated impedance of a fabricated GCPW line with over-ethcing
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Another problem with manufacturing is that the metal pulls out of the structure after the probes
are placed for measurement. This is probably due to the metal still being too soft after fabri-
cation.

This problem complicates measurements because if a measurement gives inconsistent results,
it is more difficult to make that measurement again. Figure shows the pads after measure-
ment as an illustration. It can also be seen on this figure that to make a new measurement, the
probe had to be moved.

Figure 5.4: Pulling out of metal after measurement

5.2 Results

The measurements are made using the Prober MPI 300mm probe station of the Welcome lab
located in Louvain-La-Neuve.

In order to have more chances to have correct measurements, these are made on two different
matrices which seem to be the best manufactured. In addition, they are made on the structures
anticipating the theoretical over-etching of 1.5um in order to minimize the effect of the real
over-etching.

The following presents the de-embedded performance of the transitions.

Only the results for the best of the two dies are presented so as not to make the reading too
heavy.

5.2.1 De-embedded results

The first step in order to de-embed the results is to apply the mTRL on the GCPW lines.

To find out if the calibration is successful, the estimate of the propagation constant is shown in
figure @ If the mTRL algorithm is successful, this estimation is relatively constant, which is
the case here. The effet of the GCPW section may thus be removed from the final results.
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Figure 5.5: Estimation of the propagation constant of the GCPW lines

The same manipulation is performed for the back-to-back configuration of the final tapered
transition and the the back-to-back configuration of the final elliptic transition. Figure[5.6/and
show the results, respectively.

Unfortunately, due to manufacturing problems, the estimates are not really good, especially for
the final tapered transition. This means that the effects of the SIW sections of the back-to-back
configurations will be poorly removed when doing the de-embedding.

In spite of this, the de-embedded S, scattering parameters are shown respectively in figures

5.8 and[5.9

A good point of these results is that they have the same behaviors, with a frequency shift, as
those presented in section [3.3] even though the performance is not the same in absolute terms.
With return loss higher than 5d B, the elliptic transition even has good results considering the
context.
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Figure 5.6: Estimation of the propagation constant of the back-to-back configuration of the
final tapered transition
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Figure 5.7: Estimation of the propagation constant of the back-to-back configuration of the
final elliptic transition
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Figure 5.8: De-embedded S, scattering parameter from the measurements of the final tapered
transition in dB scale
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Figure 5.9: De-embedded S, scattering parameter from the measurements of the final elliptic
transition in dB scale

5.3 Discussion

The relatively poor results presented above are not so surprising considering the various prob-
lems related to manufacturing. Indeed, as already mentioned, the over-etching is such that the
transitions are no longer matched in the way they were designed.

However, the fact that the insertion losses have the same trend as those resulting from the sim-
ulations is encouraging.

Due to lack of time and resources, a new fabrication of transitions could not be performed for
this work.

54



Chapter 6

Conclusion

As a conclusion, a summary to highlight the contribution of this master’s thesis and the de-
scription of further research directions in the framework of this work are done.

6.1 Contribution of this work

The study of the literature showed a real interest in designing grounded coplanar waveguide
to substrate-integrated waveguide transitions for the W-band. Indeed, there are few transitions
for this band.

In this master’s thesis, two new GCPW to SIW transitions were designed.

The first one is called "Tapered transition with discontinuous element and without side grounds".
It achieves a return loss higher than 10d B and a return loss lower than 0.8dB over 88% of the
W band in simulations.

The second one is called "elliptic transition with discontinuous element". It achieves a return
loss higher than 9dB with a peak at 30dB and a return loss lower than 1.1d B over the entire
W band in simulations.

In addition to the design of transitions, a design of a mask to fabricate the transitions to be able
to measure them using a mTRL calibration was done. This mask was also designed to prevent
for a normal over-etching.

Finally, tests of the manufactured transitions were performed. Unfortunately, due to manufac-
turing problems, the results were not satisfying but they allowed to show that the general shape
of the simulation performance is well reflected in the measured performance.

6.2 Further research direction

Four further research directions can be identified.

* Since a simulation problem was found late in the design process of the transitions of
chapter 2, a new optimization of the designed transitions would be convenient.

* A sensitivity analysis of the designed transition could also be performed.

* As it was mentioned in section [5.3] a new manufacturing of the transitions was not pos-
sible in the framework of this work. This could be a good starting point for a following
work.
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* Since this work is about design, fabrication and testing, the transitions were not used for
actual applications. Yet, it could be a great research subject.
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