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Design, fabrication and measurement of planar Goubau lines from 0.75 THz to
1.1 THz
JUAN CABELLO SÁNCHEZ
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Terahertz (THz) waves have proven to possess a unique interaction with biomolecules,
and therefore it’s interesting to study its influence using biosensors. Recent advances
in heterodyne technology allow measuring on-wafer scattering parameters with Vec-
tor Network Analysers (VNA) up to 1.1 THz, which could be used for THz molecular
spectroscopy. Compared to THz-Time Domain Spectroscopy (THz-TDS), this tech-
nique is expected to have greater sensitivity and dynamic range which would open
new possibilities for near-field biomolecular spectroscopy. One possible set-up for
near-field biosensing is using an on-wafer biosensor, which integrates microfluidic
channels for the samples and electrical devices for the sensing. The Planar Goubau
Line (PGL), a single conductor waveguide, has suitable properties for near-field on-
wafer sensing since its geometry allows a correct sample deposition and a substantial
part of the field travels on top of the substrate, where the samples will be located,
thus increasing sensitivity.

In this thesis, Planar Goubau Lines (PGL) have been designed, fabricated and
measured for frequencies from 0.75 THz to 1.1 THz to be integrated as the electri-
cal structure in a future on-wafer THz biosensor. Additionally, a design method
for the layout of the Coplanar Waveguide (CPW) to PGL transition, needed for
Ground-Signal-Ground (GSG) probe excitation, was developed to minimise reflec-
tions. Electromagnetic simulations were used for the design and analysis of the
structures, and different software and port excitations were compared to achieve an
accurate simulation environment. The importance of the choice of the substrate’s
properties is investigated to increase the field on top of the substrate, reduce losses
and limit the excitation of substrate modes. The fabrication process is described
together with the VNA on-wafer S-parameter measurement set-up.

To obtain conclusions for future optimisation of the structures, the fabricated
structures were characterised, and different PGL widths and several CPW-PGL
transitions were compared between 0.75 THz and 1.1 THz. In this frequency range,
losses showed to be on average 5 dB/mm and 13.3 dB/mm for CPW and PGL,
respectively. Despite the high losses per unit length happening at THz frequencies,
the small size of the microfluidic channels allows its application in biosensing. The
thesis shows that the transmission could be improved by eliminating the carrier
wafer, limiting the use of the PGL to the sensing areas and shortening the CPW-
PGL transitions. These guidelines would increase the signal-to-noise ratio for the
sensor, increasing its potential to analyse THz-biomolecule interaction.

Keywords: Terahertz, WR1, Planar Goubau lines, mode launchers, on-wafer
probe measurements, BCB, biosensors, lab-on-a-chip, impedance transformers.
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1
Introduction

Terahertz (THz) waves, spanning between 0.3 THz and 10 THz in the electromag-
netic spectrum, lie between the microwave and infrared bands, which already have
the mature technologies of electronics and photonics, respectively. When trying to
directly produce THz power by scaling these approaches, electronics become lim-
ited by carrier mobility and transit time; whereas optical solid-state lasers require
cryogenic operation to allow stimulated emission of low energy of THz photons [1].
Up to date, one of the practical ways of producing or detecting energy at THz fre-
quencies is to use non-linear devices to either up-convert microwave signals [2] or
down-convert photonic signals [3]. These limitations in sources and detectors are
the main reason that has kept this part of the spectrum unexplored compared to
its electronics and photonics counterparts, but recent advances in technology are
continuously improving the possibilities of THz wave research and its applications.

Traditionally, THz technologies have been used in high-resolution spectroscopy,
as many light-weight molecules have spectral lines lying in the THz spectrum [4].
Moreover, approximately half of the luminosity and 98% of all photons emitted since
the big bang lie at THz frequencies [5]. The vast information that THz could provide
about the universe interested the astronomy community and made their discipline
an important driver for THz technology. As new instrumentation was developed,
the application of THz waves expanded to many other fields, including high-speed
communications [6], security imaging [7] and biology and medicine [8].

Regarding the biological field, THz waves have proven to have a unique inter-
action with biomolecules. The reason for this is the existence of low-frequency
motions of biomolecules at THz frequencies which are believed to play a key role
in their biological function [9]. Measuring these vibrational modes could give valu-
able information about the conformational dynamics of the biomolecules and could
be used for their study and identification [10, 11]. THz waves have already been
successfully used for analysing protein structure dynamics [9], bio-affinity between
biomolecules [12] and characterising genetic material [13], showing high sensitivity
while being label-free. Label-free techniques have the advantage of not needing la-
belling preparatory steps and eliminate the influence of the labels in the measured
samples [14].

Traditionally, THz Time Domain Spectroscopy (THz-TDS), based on a photonic
approach to THz, has been the dominating technique for performing THz molec-
ular spectroscopy [13]. However, recent advances in heterodyne technology now
allow the use of the electronics’ approach, using VNA and Ground-Signal-Ground
(GSG) RF-probes (up to 1.1 THz [15]), which is expected to have greater sensitivity
and dynamic range and thus would open new possibilities for the THz near-field
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1. Introduction

biosensing. This approach could excite an on-wafer THz biosensor, increasing the
maximum frequency of these type of devices which have already been studied at
microwaves and millimetre-wave frequencies [16, 17, 18]. In addition to the electri-
cal structures used to guide the THz waves, the on-wafer biosensor would consist of
microfluidic channels which would contain the liquid samples providing with control
of the sensing environment and limiting the sensing volumes as to reduce the high
losses produced by water at THz frequencies [8].

The focus of this thesis was to design, fabricate and measure planar passive
structures from 0.75 THz to 1.1 THz for being used in an on-wafer biosensor. The
planar structures need to have a substantial part of the field propagating above of
the substrate, where the samples will be located, as well as a suitable geometry
to allow a correct deposition of the samples. The Planar Goubau Line (PGL), a
single conductor waveguide, fulfilled these specifications, and thus was the choice of
structure to be used for the sensing area.

One of the main issues of designing planar structures at THz frequencies is the
suppression of substrate modes, which cause losses and resonances. To eliminate
these modes, the substrate needs to have a thickness in the order of tens of microns
and a low permittivity. These ultra-thin substrates can be fabricated by spinning
and curing a resin on top of a carrier wafer, but due to their limited thickness, the
field of the structures can reach the carrier wafer and therefore its electrical prop-
erties also need to be considered to avoid substrate modes. Additionally, having a
substrate which allows the propagation of substrate modes causes electromagnetic
simulators to have difficulties to excite correctly the structure’s mode when the wave
port has a recommended size. However, reducing the port’s size produces incorrect
results, as the conducting boundary at the edge of the port is close enough to in-
terfere the desired mode. For this reason, different electromagnetic simulators and
port excitations were studied in order to have an accurate simulation environment
for the analysis and design of the structures. Since the RF-probes have a GSG
geometry, the structures needed to have Coplanar Waveguide (CPW) for making
contact with the probes, and thus a CPW-PGL transition is needed to excite the
PGL. This transition is key for an efficient excitation of the Goubau mode in the
PGL [19], and therefore a method for designing its layout was developed using trans-
mission line theory to smooth impedance transition and thus minimising reflections.
Finally, different structures were fabricated and their S-parameters measured using
RF-probes and VNA, to characterise the PGL and CPW losses, PGL’s width and
the CPW-PGL transition. The key aspects of each part of the thesis are described,
following with a discussion of the results and future development lines.
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2
Theory

2.1 Scattering parameters
When characterising linear electrical circuits much smaller than a wavelength it is
common to use the relation between voltages and currents (circuit theory) as these
are easily measured. In this type of circuits and for most practical purposes, one can
assume that there is an instantaneous propagation of such voltages and currents,
which greatly simplify the calculations. However, when the size of the circuit is
comparable to the wavelength, not only must one take into account the propagation
of the energy through the circuit, but also the concepts of voltage and current might
not be easily defined and therefore used. For such conditions, incident and reflected
waves from each port are used to describe the energy propagation in the circuit
(instead of voltage and current) and their ratios are used to describe the circuit’s
behaviour. These ratios are called Scattering parameters or S-parameters.

Mathematically, the S-parameters can be defined as follows: let an and bn be
the phasors representing magnitude and phase of the incident and reflected waves
respectively in port n in an N-port circuit for a given frequency. Then, Sij is the
ratio of the reflected wave in port i, bi, to the incident wave in port j, aj, when all
other incident waves are set to zero ak = 0 ∀k 6= j, or

Sij = bi
aj

∣∣∣∣∣
ak=0 ∀k 6=j

(2.1)

Thus, if a linear circuit is being modelled, one can express the reflected wave in
port i as a sum of all port contributions:

bi =
N∑
n=1

Sinan (2.2)

Physically, 1
2 |an|

2 and 1
2 |bn|

2 represent the time-average power of the incident and
reflected wave respectively. Note how for an N-port circuit which doesn’t introduce
any additional external power (or passive circuit) it must fulfil:

∣∣∣Sij∣∣∣ ≤ 1 i, j = 1, 2, ..., N∑N
j=1

∣∣∣Sij∣∣∣2 ≤ 1 i = 1, 2, ..., N
(2.3)

It is important to note that the S-parameters are frequency dependent, and they
are usually plotted against this variable, forming a frequency response plot which
provides an intuitive representation of the circuit’s behaviour. Because of the wide
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2. Theory

range of the order of magnitude of the S-parameter module, they are most often
expressed using a logarithmic scale, plotting 20 log10

∣∣∣Sij∣∣∣ instead of the linear scale
expression

∣∣∣Sij∣∣∣2.
More theory related with S-parameters can be found in [20, 21]

2.2 Theory of small-reflections
The theory of small reflections [21] is an approximation method used to simplify the
reflection coefficient analysis. This approximation produces accurate results under
conditions of small impedance discontinuities, which causes reflections of small mag-
nitude. The characteristic impedance of a transmission line is the ratio of voltage-
to-current magnitudes of a wave travelling in the absence of reflections. A change
in the characteristic impedance of the line causes a change in boundary conditions
and may excite reflections as a way to satisfy them.

Let us consider N cascaded transmission lines of equal electrical length, θ, ter-
minated on an impedance ZN+1 (see Fig. 2.1). In each of the line interfaces there
will be a partial reflection coefficient given by the difference in the impedance of the
lines:

Γn = Zn+1 − Zn
Zn+1 + Zn

(2.4)

where Γn is the partial reflection coefficient between the lines n and n + 1, and
Zn is the characteristic impedance of the line n.

Figure 2.1: Multi-section transmission line followed by resistor. Zn is the charac-
teristic impedance of the line n and Γn is the partial reflection coefficient between
lines n and n+ 1.

Then, the total reflection coefficient at the start of the line, ΓT , can be calculated
as a sum of all the infinite reflection combinations paths that a wave could have.
This solving approach is too complex to be used practically, but if the partial reflec-
tions in each interface are low, a powerful approximation, known as "theory of small
reflections", can be made. Assuming a small difference in impedance between two
consecutive transmission lines, i.e. |Zn+1 − Zn| �|Zn+1 + Zn|, there will be a small
reflection at their interface, and therefore |Γn|2 � |Γn|. Then all reflection paths
which involve more than one reflection will be much smaller than the single reflec-
tions in the circuit, and thus can be ignored in the analysis. Because only an odd
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2. Theory

number of reflections can happen, it is guaranteed that |Γn| � |Γn|3 �|Γn|5 � . . .
Then, the total reflection coefficient can be expressed by the sum of all single-
reflections paths occurring along the multi-section transmission line:

ΓT '
N∑
n=0

Γne−j2θn (2.5)

This approximation proves to be very accurate and eliminates the need of making
a full analysis.

2.3 Coplanar waveguide (CPW)

The Coplanar Waveguide (CPW) [22] is a transmission line which is composed of
three parallel metal strips on top of a dielectric substrate, forming a Ground-Signal-
Ground configuration. Its design parameters are: strip width (sCPW ), the slot width
(wCPW ), the substrate height (h) and its dielectric constant (εr) (see Fig. 2.2 (a)).
The fact that all conductors are on the same side of the substrate gives the CPW an
advantage for several applications, being especially appropriate for active circuits
for the ease of connecting transistors, making via-holes unnecessary.

(a) (b)

Figure 2.2: (a) CPW cross section and (b) CPW line.

The field propagates inside the two gaps between the Ground-Signal conductors,
and can have two mode configurations, odd and even (see Fig. 2.3), depending if the
electric fields in the gaps have the same or opposite direction. The desired mode is
the even mode, which propagates with low losses. If the odd mode is excited it will
cause losses in the form of radiation, which increases proportionally to the distance
between both ground planes.
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2. Theory

(a) (b)

Figure 2.3: CPW modes: (a) desired even mode and (b) radiative odd mode.

2.4 Goubau line

In 1899, Sommerfeld described the propagation of non-radiative surface mode on
a single finite conductor wire, different from the radiating mode occurring in long-
wire antennas [23]. The existence of the mode was possible thanks to the roughness
and limited conductivity in the wire, and would not exist in a perfectly smooth and
perfect conducting wire. To excite this non-radiative mode, one would need to design
a mode launcher which would create the same field distribution as the non-radiative
mode, and since the field decreases slowly in the radial direction, the launcher would
have large dimensions, which could be unpractical. In 1951, Goubau exploited the
fact that imperfections in the surface of the wire would convert Sommerfeld’s mode
into another mode which was determined by surface conditions, which allowed to
change the fields extension [24]. By coating the wire with a dielectric layer, one could
modify the boundary conditions on the surface and allow to change the extension
of the field around the wire, being inversely proportional to the dielectric layer
thickness. To achieve a wider bandwidth, a thin and low dielectric permittivity
coating is recommended. However, a minimum thickness is needed to obtain the
necessary wave propagation delay and confine the field closer to the metallic wire
[25]. Dielectric losses will not raise substantially due to higher confinement as most
of the power will be propagating outside of the coating.

This line proposed by Goubau is equivalent to a coaxial line with the inner con-
ductor coated in a dielectric and an infinitely large outer conductor. The dielectric
coating not only changes the Transverse Electromagnetic Mode (TEM) to Trans-
verse Magnetic (TM) but also eliminates the influence of the outer conductor when
being sufficiently large. For designing a mode launcher from a coaxial line, the
outer conductor has to be gradually separated forming a conducting cone, and the
coaxial would naturally develop into a Goubau line. The size of the radius of the
cone should be as large as the field’s extension for greater efficiency. The higher the
frequency, the more power is concentrated around the wire, thus not requiring as
large launchers.

Single-wire transmission lines at THz frequencies [25, 26], have shown the lowest
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attenuation coefficient for a transmission line at these frequencies, having an average
value smaller than 0.03 cm−1 [26].

2.5 Planar Goubau line (PGL)
The Planar Goubau Line (PGL) [27] is a planar version of the single-conducting-wire
dielectric-covered Goubau line (see section 2.4). This waveguide consists of a single
conducting strip placed on top of a dielectric substrate (Fig. 2.4 (a)). The main
propagation mode is TM, where the electric field is quasi-radial to this conductor
(see Fig. 2.4 (b)), being electrically similar to its 3-dimensional counterpart.

While finite conductivity in the wire allows propagation in Sommerfeld’s line,
the Goubau line’s dielectric coating enables the existence of the propagation mode
even if the conductivity of the wire is high. In the case of the PGL, the substrate
below, acting similarly as the dielectric coating in the Goubau Line, provides the
boundary conditions necessary for allowing the propagation mode independently of
the conductivity of the metal wire. Transmission lines of two or more conductors,
have most of their transmitting power between the conductors, resulting in a highly
confined field. Since the PGL has a single conductor, its field naturally spreads over
a wider area in its cross-section than most multi-conductor transmission lines.

The PGL needs a planar version of a launcher for exciting its propagation mode
[19], and this launcher is a major factor for achieving a high efficiency in the mode-
conversion. Because of the geometry of Ground-Signal-Ground (GSG) probes used
to excite planar structures at THz frequencies, the transition is done from CPW,
where the central strip is made thinner while the ground planes are progressively
separated. This process is an equivalent to the Goubau line transition consisting of
a coaxial line whose outer conductor is gradually separated: both coaxial and CPW
have a field pointing radially from the central conductor.

(a) (b)

Figure 2.4: PGL: a metal strip deposited on top of a substrate. (a) PGL design
parameters. (b) PGL’s cross section together with the Goubau mode’s radial electric
field.

As opposed to other transmission lines commonly used at THz frequencies, the
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PGL’s one-conductor geometry gives it a better sample deposition in the case of
being used as a sensor. For example, the CPW could have an inter-conductor gap
the size of microns (where the field is confined) and might present practical problems
to deposit samples on it.

Experimental measurements below THz frequencies, between 60 GHz and 220 GHz,
for a 2.9 mm end to end PGL and have shown a relatively low-loss propagation of
−6 dB [19], which proves its viability as waveguide at these frequencies.

Regarding the width of the PGL’s strip, the transmission of 2 µm and 60 µm
wide PGLs were compared in [28] and the 2 µm wide line had approximately 4 dB
higher S21 for the same line length. In the same study, the characteristic impedance
of the PGL was estimated to be higher than 200 Ω.

2.6 Substrate modes
The substrate plays a key role in the electric performance of planar passive struc-
tures, and it is defined by the dielectric constant (εr = ε′r + jε′′r) of the material
and its thickness. For instance, a higher ε′r increases electrical length for a given
physical length and confines more the field inside the dielectric. If the frequency is
high enough, the substrate can also support modes propagating within it, similarly
to a dielectric slab waveguide, which is a dielectric layer having lower permittivity
dielectrics on top and bottom. The modes in the dielectric slab waveguide propagate
on the higher dielectric permittivity layer confined by the total reflection occurring
at the dielectric interface. The modes propagating inside the dielectric are referred
as "substrate modes", and are undesirable as they drain power from the desired prop-
agating mode, thus causing losses and complicating the structure’s behaviour. The
substrate modes are TMn and TEn and have their cutoff frequency as a function of
dielectric thickness and permittivity. As an approximation, the value is calculated
from the cut-off frequency of the modes in a dielectric slab waveguide, given by the
expressions [29]:

TMn : fc = n · c0

2 · h ·
√
ε′r − 1 n = 0, 1, 2, ... (2.6)

TEn : fc = (2n− 1) · c0

4 · h ·
√
ε′r − 1 n = 1, 2, ... (2.7)

where c0 is the speed of light in vacuum, h is the substrate’s thickness and ε′r is
the real part of the dielectric permittivity. From these equations can be seen that
the higher the frequency, the more substrate modes will propagate. As an example,
a substrate with ε′r = 5 and h = 150 µm will have approximate dielectric slab mode
cut-off frequencies of 0 Hz, 0.5 THz, 1 THz . . . for the TMn modes and 0.25 THz,
0.75 THz, 1.25 THz . . . for the TEn modes. Therefore at THz frequencies is crucial
to choose a suitable substrate to avoid the excitation of such modes and avoid losses.
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3
Method

This chapter presents the simulation, design, fabrication and measurement’s method
done for the PGL structures in the frequency band from 0.75 THz to 1.1 THz (WR1.0
band). It starts comparing the different electromagnetic simulators and settings,
presenting the characteristics of the proper simulation environment (section 3.1).
Later, the PGL design is described (section 3.2) and a layout design method for
the CPW-PGL transition based on smooth impedance transformation is explained
(section 3.3). Finally, the fabrication method (section 3.4) and measurement set-up
(section 3.5) are described.

3.1 Simulation
In this thesis, simulations have been used to analyse and gain an understanding of
the designed structures. To correctly set-up an electromagnetic simulation environ-
ment one must take into account the simulation algorithm, excitation, boundary
conditions, material properties, meshing, etc. A comparison between two electro-
magnetic simulation methods, using commercial software, was done in section 3.1.1.
In section 3.1.2 the accuracy of different port excitations were studied for the correct
excitation of a CPW line, and in section 3.1.3 the possibility of directly exciting a
PGL using a wave port was studied.

3.1.1 FEM vs. FIT
For simulating the PGL, two electromagnetic simulation methods were compared
using commercial software: Finite Element Method (FEM) [30] (using Ansys HFSS
[31]) and Finite Integration Technique (FIT) [32] (using CST Microwave Studio
[33]). The main difference between both software is that they solve Maxwell’s equa-
tions in different domains: HFSS in the frequency domain and CST in the time
domain. Also, in HFSS the meshing is done with tetrahedra while in CST it is
done using orthogonal hexahedra, which makes it simpler and faster but might not
be as accurate. CST simulates exciting the structure with a pulse and calculates
alternatively the electric and the magnetic field over time. It simulates a finite
amount of time in which it monitors the outgoing signals in the simulation ports,
and by relating the output and the input signals, it can calculate the S-parameters.
However, the simulation might not be accurate or take too long simulation time
if the structure is resonant or there are several highly reflective elements. On the
other hand, HFSS simulates in the frequency domain and therefore solves Maxwell’s
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equations for specified frequency points. This approach has the benefit of analysing
the structures assuming, the usually more relevant, time-harmonic conditions while
neglecting transient phase effects that arise at the start of the excitation. Therefore,
HFSS is commonly recommended for electrically smaller and resonant structures,
while CST is more suitable for larger non-resonant structures.

When applying CST and HFSS to our case, CST gave more consistent results
than HFSS while having shorter simulation time, taking about an hour compared to
several days for HFSS for a 3 mm long PGL, which made HFSS unpractical. Also,
when using a same-size wave port in both simulators, CST excited the even CPW
mode correctly while HFSS would only excite undesirable hybrid modes (see Fig.
3.1), which made the excitation non-reliable.

(a) (b)

Figure 3.1: Comparison of a wave port of the same dimensions (80 µm× 126 µm)
on (a) HFSS and (b) CST. It can be seen that CST excites an even CPW mode,
while HFSS excites a hybrid mode.

3.1.2 Simulation of CPW port
A crucial simulation aspect is to correctly excite the CPW at the start of the CPW-
PGL transition. This simulated excitation has to emulate the one being used during
the experiments i.e. the even mode. In this thesis two types of excitations were
tested for:

• Wave port: can be seen as a rectangular waveguide opening the same size as
the wave port and with the same materials. It creates the boundary conditions
which allow energy to enter and leave the simulation. The size of the port is
an important aspect for a correct modelling of the wave port excitation. The
port needs to be sufficiently large to cover the cross-section where the field is
confined in the transmission line, but not excessively large, which could excite
artificial higher order rectangular waveguide modes which propagate in the
simulated transmission line and give erroneous results. Since the wave port
acts as a rectangular waveguide, its edges behave as conductors and therefore
impose a short-circuit, which should be taken into account.

• Discrete port: also called lumped port in HFSS, is equivalent to a probe
contacting two points and exciting with a current generator which has an
internal impedance. This port generates and absorbs power, and uses the
generated and reflected signal for calculating the S-parameters of the structure
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under simulation. The internal impedance is user-defined and determines the
S-parameters measured by this type of port. Because of the CPW’s three-
conductor geometry, it cannot be excited using a single discrete port. One
solution is to connect the two CPW ground planes using a conducting plane
behind the CPW line, and to position the discrete port between the CPW line
and the connecting plane, as can be seen in Fig. 3.2. This connecting plane
between the grounds had an impact on the structure’s behaviour, increasing
the reflections, and thus made the discrete port analysis method not accurate.

Within CST, the wave port was preferred over the discrete port excitation as it
gave more consistent results and required no additional conducting plane connector
between the CPW’s ground planes.

Figure 3.2: Discrete port used in CST, where a conducting plane was use to
connect the two CPW grounds

3.1.3 Simulation of PGL port
The possibility of exciting the PGL without the need of a CPW-PGL transition
would reduce simulation time and provide a better simulation environment for future
analysis/synthesis of PGL elements.

A square wave port centred around the PGL was made for exciting the Goubau
mode in a line deposited on a 30 µm thick BCB layer. Since the wave port has perfect
conducting edges, the excited mode is similar to a square coaxial-line mode. In [24]
Goubau explains how a coaxial with an inner conductor coated in dielectric causes
the field to have a longitudinal electric component. If the outer conductor radius is
increased, there is a point where it no longer changes the field distribution around
the inner conductor. As a consequence, the characteristic impedance’s value of the
dielectric-coated coaxial saturates after a certain outer conductor radius, unlike the
uncoated coaxial’s impedance which continues to increase logarithmically (Fig. 3.3).
Since the PGL has a similar TM mode to the Goubau line, these results suggest that
for a sufficiently large wave port both the S-parameter results and the impedance
value should converge. To test this supposition:

1. The size of the port was increased exponentially, where both S-parameters and
port impedance values were monitored until these values would converge to a
fixed value. Results can be seen in Fig. 3.4.
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2. The port which gave convergent S-parameters and port impedance values was
tested. To validate it, the frequency behaviour of two structures were com-
pared: a CPW-PGL-CPW structure (Fig. 3.5 (a)), with two CPW wave ports
as inputs, against the same structure cut in half (Fig. 3.5 (b)), with a CPW
and a PGL port. If by combining the two S-parameter matrices of the half-
PGL the results are the same as in the full CPW-PGL-CPW structure, then
the PGL port would be considered valid. Results can be seen in Fig. 3.6.

(a)

Port Side (µm)
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(b)

Figure 3.3: (a) Impedance vs. ratio of outer/inner conductor radii for an ordinary
coaxial cable and a dielectric-coated inner conductor coaxial cable, as depicted in
Goubau’s study [24]. (b) The impedance values vs. port size as obtained with the
described PGL port in CST.

In Fig. 3.4, the S-parameters for 1 µm wide PGL deposited on a 30 µm thick
BCB substrate were simulated in CST using several PGL port sizes. It shows that,
for a port size value of 553 µm, the results converge, which means that the perfect
conducting boundaries of the edges of the wave port are no longer influencing the
Goubau mode at the PGL and thus a correct port size has been achieved.
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Figure 3.4: CST simulation results of (a) S11 and (b) S21 of a 1 µm wide and 3 mm
long PGL deposited on a 30 µm thick BCB substrate for different port sizes. Results
show to converge when the size of the port is increased.

The next step is to test if the results of the convergent PGL port are the same
as the CPW wave-port. The structures shown in Fig. 3.5 (a) and (b) have been
simulated in CST, where the half structure (Fig. 3.5 (b)) is cascaded with itself
forming the complete structure (Fig. 3.5 (a)). The simulation results can be seen
in Fig. 3.6, and show an approximate agreement between both approaches. These
results validate the performance of the simulations done with the developed PGL
port.

(a) (b)

Figure 3.5: PGL port validity simulation, where a CPW-PGL-CPW structure (a)
and half of the same structure using the PGL port (b) were simulated and compared
in Fig. 3.6. The PGL port is square-shaped with side length of L.
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Figure 3.6: CST simulation results of (a) S11 and (b) S21 of the structures repre-
sented in Fig. 3.5.

Using the PGL wave-port described, a sufficiently large and convergent port was
used to analyse the PGL port impedance value for a range of PGL widths. As it
can be seen from the simulation results shown in Fig. 3.7, the value of the PGL
impedance drops with increased PGL width.
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Figure 3.7: Simulated PGL characteristic impedance vs. PGL width, using the
PGL port in CST.

3.2 Design of PGL

In this section, the key aspects of the PGL’s design have been explained for max-
imising transmission in the line and the amount of field on top of the substrate, with
the purpose of increasing the sensitivity of the future sensor. The design parameters
are substrate’s thickness and permittivity (section 3.2.1) and PGL’s width (section
3.2.2).
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3.2.1 Choice of the substrate

The substrate plays a critical role in the electrical properties of the PGL. Its elec-
trical properties (mainly the real and imaginary parts of the relative permittivity,
ε′r(f) and ε′′r(f), respectively) affect the PGL’s behaviour: adding dielectric losses,
changing the electrical length, field distribution, etc. Additionally, the thickness of
the substrate determines the cutoff frequency of the undesirable substrate modes.
The following are desirable properties for the substrate:

• Low dielectric constant: reduces radiation losses [34], increases substrate
modes cutoff frequency and increases field propagating on top of the substrate
thus increasing sensitivity in the case of being used as a sensor.

• Ultra-thin: in the order of tens of microns, for the WR1.0 band, to avoid
the coupling of substrate modes. The higher the frequency, the thinner the
substrate needs to be [27, 29]. By limiting the number of parasitic modes
that could be excited in the passive structure, it reduces losses and unwanted
resonances.

• Low attenuation: to avoid power loss in the dielectric.

• Low dispersion: to prevent phase velocity differences within the frequency
band.

Bearing these attributes in mind, the electrical properties of several materials
available in the university’s clean room were studied for making an adequate choice
of the substrate. Benzocyclobutene (BCB) [34, 35] had low permittivity (ε′r ' 2.65),
low dispersion (∆ε′r ' 0.04), low losses (∼ 2.3 dB/mm at 1 THz), very thin substrate
(tens of microns) and a simple fabrication process. These properties made it an ideal
choice of substrate for THz frequencies. However, since it is a liquid which has to
be deposited on a surface and cured, it needs a carrier wafer. To avoid losing its
excellent properties, the BCB should be deposited on a wafer of a material which
doesn’t have an impact on the electrical behaviour of the structure. In [34] BCB
was used as the substrate for a CPW at from 0.34 THz to 0.5 THz, using silicon as
a carrier wafer, reporting losses of 3.5 dB mm−1 at 0.5 THz. Since high-resistivity
silicon showed in [36] to be a low loss material at THz frequencies, it was chosen
as the carrier wafer material, to support the BCB layer. Thus, for this thesis,
the substrate was chosen as a 30 µm thick BCB layer deposited on a 300 µm thick
high-resistivity silicon wafer.

The cut-off frequency of the TM0 and TE1 dielectric slab modes for the BCB
layer can be approximated using equations (2.6) and (2.7), and thus give an idea of
when could the substrate mode be excited. Taking h = 30 µm and ε′r = 2.65 yields
in cut-off frequencies of 0 Hz for the TM0 mode and 1.95 THz for the TE1 mode.
These results mean that the TM0 mode is unavoidable, but by using a thin substrate
the TE1 will not be present in the frequency band used. To have a coupling from
the CPW to a parasitic mode, in addition to being over the cut-off frequency, the
phase constant in the parasitic mode needs to be higher than the one of the CPW
mode.
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Influence of the carrier wafer

The impact of the high-resistivity silicon wafer was simulated in CST. Two simula-
tions of a 3 mm long PGL were done, one in which the PGL substrate consists only
of a 30 µm thick BCB substrate and another one including a 300 µm high-resistivity
silicon substrate below the BCB. In both simulations, the substrate had a "Open
(add space)", where CST adds a λ/4 of air between the structures and an absorbing
boundary.

Fig. 3.8 shows the simulation results. It can be concluded that the silicon will
influence the performance of the PGL, where the S12 drops an average of 10 dB
compared to the case without silicon. However, the silicon has shown to have little
influence on the S11.
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Figure 3.8: CST simulation results of (a) S11 and (b) S21 for a 3 mm long PGL
on a 30 µm thick BCB substrate with (in red) and without (in blue) a supporting
300 µm high-resistivity silicon substrate below the BCB.

3.2.2 Width of the PGL
In most transmission lines there are several parameters which can be changed to
modify its characteristics, e.g. line impedance. However, in a PGL the only pa-
rameter which can be modified in practice to vary the impedance along the line is
the strip width. Therefore there is an interest in knowing its influence. According
to [28]: "under certain circumstances the thinner the G-Line strip, the higher the
transmission level", obtaining a measured 4 dB enhance of the S21 when using a 2 µm
instead of a 60 µm wide PGL. In [26] explains the low attenuation of a single wire
used for THz wave guiding by arguing that the conductor surface exposed to the
field is much lower. A similar effect could happen in the PGL case, and therefore
there is an interest in making the PGL line width narrow, in the order of 1 to tens
of microns.

Several PGLs using different line widths (1 µm, 3 µm and 9 µm) have been simu-
lated using CST. The substrate is made of 30 µm/300 µm thick BCB/Silicon layers,
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and an absorbing boundary condition was set below the silicon substrate. The simu-
lation results show, in Fig. 3.9, how there is a better transmission for the 3 µm wide
line, of about approximately 4–5 dB better than the 1 and 9 µm wide lines. Since the
transmission hasn’t changed in a steady way against the PGL’s width, it suggests
that there are several factors which might impact the line transmission depending
on the line width. Measurements will be performed to validate these results and to
extract further conclusions.
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Figure 3.9: CST simulation results of (a) S11 and (b) S21 of 3 mm long a PGL of
different widths: 1 (blue), 3 (red) and 9 µm (green).

3.3 Design of CPW to PGL transition

The probes used to excite the planar structures have a Ground-Signal-Ground (GSG)
contact geometry, which makes the CPW the natural transmission line to be used
for contact with the probes. To excite the PGL, a CPW to PGL transition is
necessary [19, 28, 37]. The design of this transition is crucial for an efficient Goubau
mode excitation, where Akalin et al. reported that their CPW to PGL transition
produced the most losses in their structures [19]. The transition can be seen as a
device which gradually couples the CPW’s even mode to a radial Goubau mode,
while the CPW’s grounds are lost progressively. The transition consists of three
sections (see Fig. 3.10):

1. CPW line: it will be the contact region with the probe, and therefore its
dimensions need to be fit for the probe pitch, pp = 25 µm, and have a char-
acteristic impedance of Z0 = 50 Ω to avoid reflections with the probe [15]. It
also needs to excite the CPW even mode preventing other parasitic modes.

2. Tapered CPW line: gradually reduces the CPW line width to the desired
PGL width, trying to minimise reflections.

3. Launcher: gradually separates the CPW grounds to excite the Goubau mode
while minimising reflections.
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(a)

(b)

Figure 3.10: CPW to PGL transition split in its three section. (a) Layout of tran-
sition. (b) Transmission line model of the CPW-PGL transition, using impedance
transformers.

3.3.1 Design of probing CPW

For the CPW’s design used to make contact with the RF-probes at least three things
need to be considered:

1. CPW gap: the slot width (wCPW ) needs to be smaller than 10° = λ/36 at
our highest frequency. For 1.1 THz and an approximate value of εeff = 1.7,
the slot width, wCPW , needs to be smaller than 5.8 µm.

2. Fabrication limits: the smallest features achievable are about 5 µm for pho-
tolithography and 30 nm for electron beam lithography (beam size of 5 nm).

3. Size of probes: the probe needs to be able to contact correctly the CPW,
therefore the CPW line width (sCPW ) needs to be larger than the probe contact
pad (∼ 18 µm), and the distance from the centre of the CPW line to the ground
plane needs to be smaller than the probe pitch.

Since the CPW impedance is a function of both the strip and the slot width, there
is one degree of freedom. Thus the condition sCPW + wCPW = pp was imposed so
that the probe’s contact pads would be at the same distance to the slot in the CPW.
Subsequently, the strip and slot widths were tuned using analytical expressions to
obtain a Z0 = 50 Ω line, and giving final values of sCPW = 23.5 µm and wCPW =
1.5 µm, which satisfy the condition sCPW + wCPW = pp.
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3.3.2 Design of tapered CPW

The PGL line is physically an extension of the CPW’s central strip. As explained
before, the CPW strip width needs to be designed to allow the GSG probes to
contact it, while in PGL, there is an interest in making the line width in the order
of microns for minimising losses. Thus, the CPW’s strip width, sCPW , needs to be
progressively changed to have the same width as the PGL’s strip, sPGL.

In this thesis, the change of strip width was made by using a cosine function
(see Fig. 3.11) from sCPW to sPGL so that both in the beginning and end of the
tapered section, ds/dx = 0, being x the PGL’s longitudinal distance. The CPW’s
slot width was then calculated so it would have a smooth impedance transition from
the Z0 = 50 Ω start CPW to the Zlauncher =

√
Z0 · ZPGL CPW impedance just before

the launcher1.

Figure 3.11: Designed CPW tapered line. The CPW strip width varies as a cosine
function, while the slot width is adjusted to make a smooth impedance transition
to minimize reflections.

To design a low-reflective tapered transmission line, a change of impedance be-
tween two arbitrary impedance values, Z0 and ZN+1 respectively, through N short-
length transmission lines, is considered to model the tapered line (see Fig. 3.12). The
impedances of each of the N transmission lines were designed to have equal partial
reflection coefficients values for all line interfaces in the transition. Calculating the
reflection coefficient for a high number of cascaded transmission lines requires many
repeated calculations. However, since the impedance difference between contiguous
lines is small (i.e. |Zn+1 − Zn| � |Zn+1 + Zn|) for a high number of intermediate
impedance values, theory of small reflections [21] was used for approximating the
reflection coefficient, which simplified calculations without losing accuracy for all
practical purposes.

1A middle impedance value between the initial Z0 and the final ZP GL ∼ 200 Ω[19], to minimize
reflections.
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Figure 3.12: Impedance transformer between two arbitrary impedances, Z0 and
ZN+1. To model a tapered CPW impedance transformer a high value of N and
small value of θ are taken.

Let Γn, for 0 ≤ n ≤ N , be the partial reflection coefficient between the lines n
and n + 1. Since the design of Zn was made imposing Γi = Γj ∀i, j we can then
refer to it simply as Γ. Then, using equation (2.4), the impedance values of the
transmission lines are related as:

Zn = 1− Γ
1 + ΓZn+1 (3.1)

and generalising

Zn =
(

1 + Γ
1− Γ

)n
Z0 (3.2)

The value of Γ is still unknown, but it can be easily derived knowing that:

ZN+1 =
(

1 + Γ
1− Γ

)N+1

Z0

1 + Γ
1− Γ =

(
ZN+1

Z0

) 1
N+1

(3.3)

which using (3.2) and (3.3) leads to the final expression of:

Zn =
(
ZN+1

Z0

) n
N+1

Z0 (3.4)

After obtaining the values of Zn for 1 ≤ n ≤ N , the CPW’s slot width can be
calculated for each of the N transmission lines in the tapered CPW to achieve the
desired impedance, thus creating the low reflection tapered transition.

By using these values of Zn, we obtain a total reflection, ΓT , at the interface
between Z0 and the N -line impedance transformer which, if |Γ| � |Γ|2, can be
approximated by small reflection theory as:

ΓT '
N∑
n=0

Γne−j2θn = Γ
N∑
n=0

e−j2θn = Γe
j2θ − e−j2θN

ej2θ − 1 (3.5)

where Γ can be obtained from rearranging (3.3):
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Γ =
N+1√

ZN+1 −
N+1√

Z0
N+1√

ZN+1 + N+1√
Z0

(3.6)

Note that ΓT will be equal to zero when:

2πk − 2Nθ = 2θ; θ = π

N + 1k ∀k = 1, 2, . . . (3.7)

which can be expressed in terms of the impedance transformer’s total length, lT :

lT = Nθ
λ

2π = k
λ

2
N

N + 1 = {N →∞} = k
λ

2 ∀k = 1, 2, . . . (3.8)

which means that if the N -line impedance transformer has a total length multiple
of half a wavelength, there will be no reflection, at least for one frequency point.
However, if the electrical length, θ, of each of the N lines which form the impedance
transformer is a multiple of λ/2, then a theoretical maximum reflection would be
expected:

ej2θn = 1 ∀n⇐⇒ θ = kπ; or lT = kN
λ

2 (3.9)

which it will have a maximum reflection value, ΓT = (N + 1)Γ. However, for
practical purposes, the electrical length of each section of the impedance transformer
will be much smaller than λ/2 and this maximum reflection value should not appear
in any practical case. In Fig. 3 the total reflection was plotted against the total
electrical length in wavelengths of the impedance transformer, showing how every
λ/2 there is a minimum in reflection, and that they decrease the longer the tapered
becomes.
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Figure 3.13: Reflection vs. total electrical length of a gradual impedance trans-
former between Z0 = 50 Ω and ZN+1 = 120 Ω, modelled as a 1000-section trans-
mission line. Below −40 dB reflections can’t usually be measured and thus are not
plotted.

If there is a restriction on the maximum return losses, Γmax, one can find the
minimum length necessary to satisfy the return losses conditions in the following
way:

1. Calculate the total reflection as a function of the tapered section’s total elec-
trical length, ΓT (θT ).

2. Calculate the regions where ΓT (θT ) < Γmax.
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3. Calculate the relative bandwidth of the places where ΓT (θT ) < Γmax and
compare to the bandwidth of the system to be designed. If ΓT (θT ) < Γmax
between the values θ1 < θT < θ2, and θ2/θ1 > fmax/fmin, being fmax and fmin,
the maximum and minimum frequency in the band respectively, it will mean
that the reflections will satisfy the condition for all the band for that region.

This way one can calculate the shortest tapered section which satisfies the re-
turn losses requirements and avoids adding unnecessary line losses. However, if the
transmission level is to be maximised, an optimal value of the tapered CPW’s length
needs to be found for minimising the sum of the line losses and reflections, which
limits transmission.

3.3.3 Design of PGL launcher

To convert the CPW line to a PGL, the CPW’s grounds have to be separated
progressively to excite the Goubau mode. The launcher was designed by making
a tapered slot width to separate the ground planes, trying to make the transition
smooth to reduce return losses (see design in Fig. 3.14). The tapered launcher
design was done in the following way:

1. A final separation between the CPW’s ground planes, D in Fig. 3.14, was
chosen based on the extension of the field of the Goubau mode. For an efficient
mode conversion, the ground planes need to end sufficiently distant from the
PGL to have no interaction with it.

2. The impedance of the CPW at the end of the launcher was calculated.

3. For transitioning from the initial to the end CPW in the launcher, an N -line
impedance transformer was used to model the launcher. The impedances of
each of the N lines were calculated using the method described in the previous
section for the CPW tapered line. The total length of the launcher, L in Fig.
3.14, should be chosen as a multiple of λ/2 for minimising reflections, as shown
in Fig. .

4. The CPW’s slot width was calculated using the obtained impedance value for
each transmission line calculated in the previous step. The central strip has a
constant width through the transition equal to the PGL line width, 1 µm.

5. Having all the slot widths dimensions over distance, the tapered ground planes
can be drawn, which will be used for launching the Goubau mode. The last
step would be to stretch the curve to fit the desired length of the launcher,
which poses a trade-off between line losses and line reflections.
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Figure 3.14: Tapered PGL launcher layout, were the central strip has a width of
SPGL = 1 µm. D is the final separation of the CPW grounds and L is the length of
the launcher, respectively. An additional section was used to end the launcher with
soft corners.

Also, at the end of the PGL launcher, the corners of both side of the ground
planes included a small section used to remove sharp edges on the launcher, to
reduce radiation losses.

3.4 Fabrication process
In this section, the information about the fabrication process is presented. The fab-
rication was done in the clean room facilities at the Department of Microtechnology
and Nanoscience of Chalmers University of Technology.

Wafer preparation

The fabrication starts by coating a 2-inch high-resistivity (2-5 kΩ cm) silicon wafer
with a Cyclotene2 layer, which it will be our substrate. Before curing the Cyclotene,
it was exposed to UV light. Since it is a negative photopolymer, this will protect it
from the acetone during the lift-off. For curing the Cyclotene a dedicated furnace
with a N2 atmosphere was used. The fabrication steps were the following:

• Spin Cyclotene (XUS 35078 Type 03) at 1300 rpm for 60 s with an aceleration
time of 5 s. This gives a thickness of about 30 µm (Fig. 3.15(a) step 1).

• Bake on hot-plate at 100 ◦C for 90 s.
• Flood expose using UV light for 9 min.
• Cure on furnace at 250 ◦C for 60 min.

E-beam Lithography

The layout fabrication was done with e-beam lithography3, using a double layer of
positive resist Copolymer/PMMA. Also, a layer of E-Spacer is used to evacuate the
accumulated electrons in the substrate, to avoid surface charging. Since the layout
has large exposed areas close to small unexposed areas, proximity compensation was

2Photopolymer derived from BCB.
3Raith EBPG 5200 was used, which has a beam size of 5 nm.
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used to prevent overexposure of the unexposed areas. The fabrication steps were
the following (represented in Fig. 3.15):

(a)

(b)

Figure 3.15: (a) Fabrication steps for e-beam lithography and (b) detail from the
fabricated structure, showing 3 mm PGL structures.

• Spin NANO Copolymer 10% in Ethyl Lactate at 3000 rpm for 90 s with an
aceleration time of 1 second. This gives a thickness of about 450 nm (Fig.
3.15(a) step 2).

• Bake on hotplate at 170 ◦C for 5 min.
• Spin NANO PMMA 2% in Anisole at 3000 rpm for 90 s with an aceleration

time of 1 s. This gives a thickness of about 60 nm (Fig. 3.15(a) step 3).
• Bake on hotplate at 170 ◦C for 5 min.
• Spin E-Spacer 300Z at 1500 rpm for 60 s with an aceleration time of 1 s. Bake

at 80 ◦C for 90 s on hotplate.
• E-beam exposure using 100 kV, 20 nA and with initial dose 450 µC/cm2 (Fig.

3.15(a) step 4).
• Rinse E-Spacer 300Z with DI water.
• Develop in Isopropanol + DI Water (10:1) for 45 s (Fig. 3.15(a) step 5).
• Stop development using pure Isopropanol.
• Resist ash in oxygen plasma at 40 W for 10 s.
• Evaporate4 20 nm Ti/350 nm Au (Fig. 3.15(a) step 6).
4Using Lesker Spectros e-gun evaporator.
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• Lift-off in Acetone (Fig. 3.15(a) step 7).
The dimensions of the structures were verified under the microscope, being the

specified in the design. The fabrication yield resulted in about 80%.

3.5 Measurement’s set-up

For characterising the designed 2-port passive structures, on-wafer S-parameters
measurements were performed. A sketch of the measurement set-up used can be
seen in Fig. 3.16 (a), and includes:

• Vector Network analyser (VNA): an instrument which calculates S-parameters
by measuring magnitude and phase of the incident, transmitted and reflected
waves into a device under test (DUT) by sweeping the input signal over a
frequency span. The signals are then converted to an intermediate frequency
(IF) which are measured and displayed. The process of measuring is alter-
nated between the channels of the VNA: first introducing the input signal
into the DUT’s port-1 and measuring S11 and S21, following by a switching
the frequency sweep and measurement into port 2 and measuring S22 and
S12. The VNA used for the measurements was a Keysight N5242A (10 MHz
to 26.5 GHz) setting up an IF frequency of 10 Hz for achieving a low noise
ground.

• Frequency extenders: when measuring S-parameters at THz frequencies,
to generate high-frequency signals multipliers are used to convert the VNA’s
signal into a higher frequency signal, covering the band which needs to be
measured. The frequency multiplication is achieved by using non-linear ele-
ments, which produce harmonics of an input signal, and later every signal is
filtered except for the desired harmonic. Since most of the power is not in the
desired harmonic, the process of frequency conversion comes with the price
of a (typically) high conversion loss, which increases with the multiplication
factor. The multiplication factors used in this case are 81 and 72 for RF and
LO signals respectively and achieved frequencies from 0.75 THz to 1.1 THz.
The frequency extenders used were VDI WR1.0SAX.

• External RF and LO sources: used instead of the internal VNA sources to
achieve a higher dynamic range (about 5 dB gain) in the measurements thanks
to their ultra low phase noise characteristics. When using multipliers to achieve
higher frequencies, the phase noise deteriorates, and thus strict specifications
on phase noise have to be imposed to the sources at this frequency band. The
external sources used were Keysight E8257D (250 KHz to 20 GHz). The RF
and LO output power were set to 7 dBm and −4 dBm respectively.

• Ground-Signal-Ground (GSG) Probes: used as the interface between
the frequency extenders and the DUT, the probes convert the rectangular
waveguide from the extenders to a CPW line which terminates in the GSG
tips which are used to couple the field into the structures to be measured.
Cascade’s T-Wave probes [15] were used for measuring between 0.75 THz and
1.1 THz (WR 1.0 band) and have a probe pitch of 25 µm.
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(a)

(b) (c)

Figure 3.16: (a) Sketch of on-probe S-parameter measurements used. (b) Probes
measuring the structures on the 2-inch BCB/Silicon wafer. (c) View of a tapered
CPW being measured with the probes, as seen under the microscope.

The structures were measured on top of an absorbing material, which was placed
on the probe station’s metal chuck.

3.5.1 Calibration
The calibration is done to move the measuring planes to the point of interest, sub-
tracting the effect of all components placed before the calibration plane. Several
calibration methods exist, each of them using different elements to do the calibra-
tion. For THz frequencies, the commonly used calibration method is the Through-
Reflect-Line (TRL) [38], since it does not need absorbing loads (Match) which are
hard to fabricate at these frequencies. As its name suggests, the TRL calibration
method needs:
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• Through: a zero length transmission line. The calibration plane is located in
the middle of the Through.

• Reflect: a highly reflective element i.e. an open-circuit or short-circuit.
• Line: a quarter-wave line at the central frequency. The difference in phase

between the through and the line has to be between 20° < φ < 160° in all our
band.

For measuring at these frequencies, there is a commercially available substrate.
But since its substrate is made of a different material (quartz) it provides an artificial
environment when calibrating using TRL. This is because the calibration plane is
located in the middle of the Through line of the quartz substrate and thus a quartz
Through line would be subtracted from the BCB structures measured, creating
measurement artefacts. To avoid an artificial environment, a customised calibration
substrate was designed and fabricated on the same BCB substrate as the structures
being measured. Additionally, for achieving higher accuracy the Multi-Line TRL
Method [39] was used, with the only difference with TRL that more transmission
lines are included. This method lowers random errors which can happen in probing
repeatability and improves precision and bandwidth over the single line TRL. The
electrical length used for the two additional lines were 3λ/4 and 11λ/4 (190 µm and
697 µm respectively).

Results showing a comparison of using the commercial substrate against the
designed calibration substrate can be found in section 4.1.
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4
Results

This chapter will present the S-parameter measurements’ results of the designed and
fabricated structures in this thesis; it has been divided into three sections. First,
an assessment of the repeatability of the measurements will be shown. Secondly,
measurement results will be compared with two different simulation method results,
to evaluate their accuracy for this case. And finally, presenting measurement results
of the PGL to characterise its most relevant parameters. Such parameters include
the PGL and CPW line’s length, the length of the tapered CPW and PGL launcher
and the PGL’s width.

All structures, including the calibration ones, are contained in a single 2-inch
wafer consisting of three layers: 350 nm gold, 30 µm BCB and 300 µm thick high-
resistivity silicon wafer, as described in 3.4. The wafer was placed on top of an
absorbing material to avoid reflection from the metal chuck in the measurements’
set-up. All S-parameter measurements in this chapter have been done using RF-
probes, as described in section 3.5.

4.1 Repeatability of the measurements

In this section, the reproducibility of the measurements is analysed. It is important
to obtain the same results under similar conditions to trust the measurement results.
For testing the repeatability, a 2.7 mm long PGL design has been measured using
different calibrations, calibration substrates (commercial quartz and own design on
BCB) and using several IF bandwidths. Table 4.1 shows the parameters used for
each of the five S-parameter measurements shown in Fig. 4.1.

Parameters for measurements in Fig. 4.1
Meas. # Cal. Subs. Cal. # IF bandwidth

1 Quartz 1 100 Hz
2 Quartz 2 100 Hz
3 BCB 3 100 KHz
4 BCB 3 100 KHz
5 BCB 4 10 Hz

Table 4.1: Parameters used for the measurements. In order, the measurement num-
ber in Fig. 4.1, the calibration substrate used for the measurement, the calibration
number and the IF bandwidth used.
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Figure 4.1: Five (a) S11 and (b) S21 measurements of the 2.7 mm long PGL struc-
tures using the measuring parameters in table 4.1. (Detail) Measurements from the
BCB calibration substrate (# 3 to #5) are very repeatable, while the quartz ones
(# 1 and #2) deviate more.

The measurements results of S11 show good repeatability within each calibration
substrate. It was observed that the measurements done by calibrating using the
commercial quartz calibration substrate (# 1 and #2) gave higher S11 values, which
could be a product of having the calibration plane in the middle of the Through
on the quartz calibration substrate. On the other hand, the measurements done by
calibrating using the BCB calibration substrate (# 3 to #5) gave lower values of
S11, which corresponded with the expected values of an adequate coupling of the
probe to the CPW followed by a low-reflective CPW-PGL transition. Since using
the self-designed BCB calibration substrate did not introduce the artefacts added
by the quartz substrate, all subsequent measurements were done using the BCB
calibration substrate, in addition to an IF bandwidth of 10 Hz, since it increased the
signal to noise ratio.

The measurements show good repeatability on S21 regarding their configuration,
but it can be seen that the measurements done calibrating with the quartz calibration
substrate (# 1 and #2) deviate more than the other measurements, done using the
BCB calibration substrate.

4.2 Simulations vs. measurements
It is important to validate the simulations and compare the results of the different
electromagnetic simulators considered in this thesis. For doing so, two structures (a
3 mm CPW and a 3 mm PGL) were simulated using CST and HFSS and also mea-
sured experimentally (results are shown in Fig. 4.2). Despite the absorbing material
located below the silicon wafer during the measurements, measurement results show
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periodic resonances which suggest the existence of reflections between the interfaces.
The permittivity difference between the silicon and absorber could have produced
reflections. The boundary conditions in the simulation which modelled better the
measurement results was a perfect conducting boundary in the silicon’s bottom side
and not an absorbing boundary.

Frecuency (THz)

0.8 0.9 1 1.1

|S
2

1
| 
(d

B
)

-30

-25

-20

-15

3 mm CPW

Measurement

CST

HFSS

(a)
Frecuency (THz)

0.8 0.9 1 1.1

|S
2

1
| 
(d

B
)

-45

-40

-35

-30

-25

-20

-15
3mm PGL

Measurements

CST

HFSS

(b)

Figure 4.2: S21 results comparison of HFSS (green), CST (red) and VNA mea-
surements (blue) of a 3 mm long CPW (a) and a 3 mm long PGL (b).

The results in Fig. 4.2 show that CST models the frequency response of the
structures better than HFSS. To achieve higher agreement between simulations and
measurements, the absorbing material placed under the wafer in the measurements
could be modelled better, since an absorbing boundary condition did not show to
represent its behaviour.

4.3 Characterisation of the PGL

In this section, the designed and fabricated PGL structures are characterised using
RF-probe S-parameter measurements. First, the measurement results of a reference
3 mm long PGL are displayed. In the following sections, the measurement results of
several structures are shown for the purpose of characterising key parameters in the
PGL, including the lengths of PGL, CPW, tapered CPW and PGL launcher, and
the width of the PGL.

4.3.1 3mm long PGL

The physical dimensions of a 3 mm long PGL together with the S-parameter mea-
surement results are presented in Fig. 4.3. The presented PGL will serve as a
reference in this chapter when comparing with other structures.
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Figure 4.3: (a) Layout of the 3 mm long PGL. (b) S11 (blue) & S22 (red) and (c)
S12 (blue) & S21 (red) measurement results.

It can be seen that S11 and S22 stand below −20 dB and show discrepancies
between them, despite measuring a symmetrical passive structure. On the other
hand, the transmission parameters are less noisy and fulfil reciprocity. If an average
transmission value of −30 dB is assumed, the losses per length are −10 dB/mm,
which shows good transmission for these frequencies.

4.3.2 Length of the CPW and PGL

Since the PGL needs a CPW transition to be excited using GSG probes, it is of
interest to compare the losses of the CPW and PGL at these frequencies. For
comparing the difference between two 500 µm long line sections of a CPW and a
PGL, three cases were considered:

• A PGL of length 3 mm, (1) in Fig. 4.4 (a). It will serve as a reference.
• A PGL of length 3 mm, plus 500 µm extra PGL, (2) in Fig. 4.4 (a).
• A PGL of length 3 mm, plus 500 µm extra CPW, (3) in Fig. 4.4 (a).
In this way we can compare the losses from the CPW to the ones from the PGL,

having both the same CPW-to-PGL transition.
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Figure 4.4: (a) Layout of the measured structures in Fig. 4.4 (b). (b) S21 mea-
surements of reference (blue), plus 500 µm extra PGL (red) and plus 500 µm extra
CPW (green). (c) S21 measurements of the reference 3 mm long PGL (red) and a
2.7 mm long PGL (blue), having both the same CPW-PGL transition.

Fig. 4.4 (b) shows a drop of about 2 to 3 dB in S21 when adding 0.5 mm of
CPW to structure (1), and about 7 to 10 dB when adding 0.5 mm of PGL. Since
adding 0.5 mm of PGL to structure (1) drops considerably S21, to better characterise
the losses per unit length of the PGL, the measurement results of a 2.7 mm PGL
is also compared to the reference 3 mm PGL, in Fig. 4.4 (c). Fig. 4.4 (c) shows
an approximate 4 dB average difference between the S21 of both lines, giving an
approximate loss value for the PGL of 13.3 dB/mm. From Fig. 4.4 (b) the CPW
losses can be estimated to approximately 5 dB/mm. These results suggest limiting
the use of the PGL for sensing and using the CPW for a more efficient power
transmission.

4.3.3 Width of the PGL
The width is a design parameter which can be easily varied in the PGL, and thus
studying its impact over frequency is of interest. Several 3 mm long PGLs were
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designed using three different PGL widths (1 µm, 3 µm and 9 µm). The measurement
results of these PGLs can be seen in Fig. 4.5.
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Figure 4.5: (a) Layout of the 1 µm and 9 µm wide PGL structures. (b) S21 mea-
surements of 1 µm (blue), 3 µm (red) and 9 µm (green) wide PGLs. (c) Simulated S21
results of 1 µm (blue), 3 µm (red) and 9 µm (green) wide PGLs using an absorbing
condition on the bottom side of the silicon substrate.

The S-parameter measurements in Fig. 4.5 show similar behaviour for all three
compared PGL widths. Resonances are maintained and the transmission level is
approximately 2 dB higher in the 3 µm width line than in the other cases and a
similar result can be seen from simulation results. A steady increase/decrease in
transmission level was expected with line width variation; however, a higher trans-
mission level was observed for the intermediate width value (3 µm), which suggests
that several factors influence the transmission level.

4.3.4 Length of the tapered CPW
To have higher power reaching the PGL, the tapered CPW was designed to maximise
its transmission. There are two factors which lower the value of S21: the first is
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return losses, which are inversely proportional to the section’s length, as an abrupt
line width change causes reflections; and the second is line losses, which are directly
proportional to the section’s length. In this section, the S21 measurements of two
tapered CPWs with lengths 250 µm and 500 µm are compared to estimate which
losses are more relevant. The 250 µm tapered CPW will have lower line losses
while the 500 µm will have lower reflection losses. 250 µm and 500 µm correspond to
electrical lengths of λ and 2λ, respectively1, which have minimum reflection values
as shown in Fig. 3.
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Figure 4.6: (a) Layout of the measured structures. (b) S11 and (c) S21 measure-
ments comparison of 250 µm (blue) and 500 µm (red) long tapered CPWs.

Results in Fig. 4.6 show a higher transmission level for the shorter 250 µm
tapered CPW than for the 500 µm long one, while reflection levels are slightly higher
for the 250 µm tapered CPW. These results show that line losses are greater than
the reflection losses for the compared lengths, and thus the CPW transition should
be made smaller to maximise S21.

1Considering a frequency of 0.91 THz and a effective permittivity of εeff = 1.7
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4.3.5 Length of the PGL launcher
With the same purpose of maximising transmission in the CPW-PGL transition, the
influence of the length of the PGL launcher was also studied for two cases: 250 µm
and 500 µm long PGL launchers, (see design layout in Fig. 4.7). By comparing
the two structures, one can obtain information of the necessary length for the PGL
launcher to be efficient and maximise the transmission to the PGL.
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Figure 4.7: (a) Layout of the measured structures. (b) S11 and (c) S21 measure-
ments comparison of 250 µm (blue) and 500 µm (red) long PGL launchers.

Fig. 4.7 shows a higher S21 level for the 250 µm long launcher than for the 500 µm
long one, while reflections are practically at the same level. Therefore, the line losses
are higher than the return losses for the chosen PGL launcher lengths; hence the
shorter launcher will increase transmission.
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In this thesis, a PGL and its transition from CPW have been designed, fabricated
and measured between 0.75 THz and 1.1 THz as part of an effort for developing THz
biosensors based on planar structures and excited using RF-probes and a VNA.

When working at THz frequencies, the thickness and permittivity of the substrate
are critical to avoid the coupling of substrate modes, minimise losses and maximise
sensitivity. In this thesis, a 30 µm BCB substrate (εr = 2.65 and α = 2.3 dB/mm)
on top of a 300 µm Silicon wafer (εr = 11.7 and α = 0.035 dB/mm) that provides
mechanical support was the selected substrate. For exciting the PGL with RF
probes, a transition from a 50 Ω CPW to the PGL that minimises reflections was
designed using transmission line theory.

To create an accurate simulation environment, frequency-domain FEM and time-
domain FIT simulations were compared. Particular attention was paid to the port
excitation, critical when performing electromagnetic simulations at THz frequencies.
For the structures done in this thesis and the frequency band under consideration,
time-domain FIT using wave ports was selected as the simulation method as it gave
better agreement with the experimental results with affordable simulation time.

The structures were fabricated in the cleanroom of the Microtechnology and
Nanoscience Department at Chalmers University using electron-beam lithography
and characterised by on-wafer S-parameter measurements between 0.75 THz and
1.1 THz. TRL calibration structures were designed and fabricated on the same
wafer as the PGLs.

S-parameter measurements showed good repeatability and low S21 and S12 noise
level, however, a higher noise level was obtained for S11 and S22. The measurement
results of a 3 mm PGL showed an approximate average transmission of −10 dB/mm
between 0.75 THz and 1.1 THz showing some resonances which are believed to come
from the substrate modes in the Si carrier wafer. The measured PGL losses had
an average of 13 dB/mm while the ones measured for a CPW line in the same
wafer and frequency range had an average of 5 dB/mm. In both cases, substrate
modes and conductor losses are believed to be important contributors to total losses.
The influence of the Si carrier wafer was studied with electromagnetic simulations,
showing losses estimated in 3.3 dB/mm. Regarding the PGL’s width, simulations
and measurements agree that the 3 µm wide PGL line has better transmission than
a 1 µm and a 9 µm wide lines, which suggests that several factors are influencing the
efficiency of the PGL against its width. The influence of the different parts of the
PCW to PGL transition, taper and launcher were studied. Measurements showed
that a 250 µm long tapered CPW and PGL launcher have a higher transmission
than a 500 µm version. These results mean that line losses have a greater impact on
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5. Conclusion

the transmission of the PGL than the reflections introduced by the CPW to PGL
transition.

For future work, to achieve higher transmission levels, substrate modes in the
carrier wafer need to be eliminated, possibly by using alternative ultra-thin sub-
strates which don’t need a carrier wafer. Besides, since losses in the CPW have
shown to be smaller than in the PGL, the use of PGL needs to be limited to the
sensing area and use the CPW when possible. More transmission could also be
achieved by shortening the CPW-PGL transition and study the length which max-
imises the power delivered to the PGL. After optimising the power delivered to
the PGL, resonators will be designed for increasing the sensitivity of the biosensor.
These resonators together with the integration of a microfluidic device would allow
analysing biological samples in their native environment, having a high degree of
control of the sample volume and minimising losses derived from the contact with
water. The proposed THz near-field system is expected to achieve greater sensitiv-
ity and higher dynamic range than present methods, increasing the possibilities of
bio-analysis at THz frequencies.
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