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Microwave circuits are essential for applications such as radio

astronomy, satellites, radars, atmosphere sensing, GPS, and

wasting your time watching videos on your phone. Theoreti-

cally, the higher the frequency of the waves used, the more

information you can send in communication links, the more

resolution a radar can have, for example. Moreover, higher (ter-

ahertz) frequencies have other applications, such as security,

medical applications, pharmaceutical quality control, and bio-

logical sensing. Unfortunately, present technology cannot gen-

erate as much power when frequency is increased. In addition,

the chip loses a lot of power due to waves escaping the chip

and metals absorbing more power. Without power, the signal

quality deteriorates, like when you’re in the middle of the forest

with poor internet. For this reason, if we increase the frequency

used in chips, it is important to minimise power losses to get

the best signal quality. In my thesis, I researched a type of line which transports waves in chips (called

planar Goubau line) which has relatively good power efficiency for terahertz waves, about 500 times

higher frequency than most phones use nowadays. This planar Goubau line became trendy around

the 2000s, and several researchers have already proposed some circuit components for filtering, for

example. My contribution has been to propose the first calibration standard for this line so that it can

be properly measured. I also suggested making the chips very thin, which prevents the waves from

escaping the chip, decreasing the power losses. Apart from that, I designed several circuit compo-

nents with an easy-to-tune design, including a filter (which lets some wave pass but not others), an

absorber (to minimise reflections), and a power divider (which splits the power into two lines). Finally,

I used the planar Goubau line to measure how terahertz waves change their power and velocity when

they pass through a liquid sample, which could help microbiologists understand better the physics of

proteins.
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Abstract
Terahertz-wave technology has a broad range of applications, including radio
astronomy, telecommunications, security, medical applications, pharmaceutical
quality control, and biological sensing. However, the sources, detectors, and
components are less efficient at this frequency band due to parasitic effects and
increased total losses, which hinder the performance of terahertz systems. A
common platform for terahertz systems is planar technology, which offers good
integration, ease of fabrication, and low cost. However, it also suffers from high
losses, which must be minimised to keep the system’s performance. A pivotal
choice to reduce losses is using power-efficient waveguides, and single-conductor
waveguides have shown promisingly high power efficiencies compared to multi-
conductor planar waveguides. The planar Goubau line (PGL) is a planar
single-conductor waveguide consisting of a metal strip on top of a dielectric
substrate which propagates a quasi-transverse magnetic surface wave, similarly
to Sommerfeld’s wire and the Goubau line, a conducting wire coated with a
dielectric layer. Some limitations of the PGL, which complicate the design
of components, are the lack of a ground plane and the weak dependence of
impedance with the metal strip width of the line.

This thesis presents the development of PGL technology and components
for terahertz frequencies. It developed design strategies to maximise the power
efficiency, using electrically-thin substrates, which drastically drop radiation
losses compared to thick substrates. The first PGL calibration standards were
developed, which de-embeds the transition needed to excite the propagation
mode and sets the calibration plane along the line, allowing the direct character-
isation of PGL components. This work also presents several PGL components
with a straightforward design procedure, including a stopband filter based
on capacitively-coupled λ/2 resonators, an impedance-matched load based
on an exponentially-tapered corrugated line, and a power divider based on
capacitive-gap coupled lines to a standing wave in the input port. Finally,
the PGL was integrated with a microfluidic channel to measure changes in
the complex refractive index of a high-loss aqueous sample (water/isopropyl
alcohol) as the first step toward a biological sensor.

Keywords: Impedance-matched load, microfluidic channels, on-wafer mea-
surements, planar Goubau line, power divider, silicon membrane, stopband
filter, terahertz spectroscopy, Through-Reflect-Line (TRL) calibration, vector
network analyzers (VNA)
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d Substrate thickness
E⃗ Electric field
Et Tangential electric field
Ez Longitudinal electric field
Eρ Radial electric field in cylindrical coordinates
f Frequency
fc Cutoff frequency
G Conductance
H⃗ Magnetic field
Ht Tangential magnetic field
Hz Longitudinal magnetic field
Hϕ Azimuthal magnetic field in cylindrical coordinates
hx Radial decay constant
I Current
Jc Conduction current density
Jd Displacement current density
Jα Bessel function of the first kind of order α

j Imaginary unit,
√

−1
K Complete elliptic integral of first kind
K ′ Complete elliptic integral of second kind
k0 Wavenumber in vacuum
ku Wavenumber in periodic unit cell
L Inductance
l Length
lc Corrugation length
ls Sample length
lu Length of unit cell
ñ Complex refractive index
n Real refractive index
ng Real effective refractive index of guide
ns Real refractive index of substrate
P Power
P ′

c Conductor power losses per unit length
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P ′
d Dielectric power losses per unit length

R Resistance
Rs Surface resistance
S⃗ Poynting vector
Sij S-parameter from portj to porti
s Strip width (CPW and PGL)
t Time
vp Phase velocity
w Gap width (CPW)
Xi Bessel or Hankel functions of the 1st kind of order i

Yp Periodic admittance
ZB Characteristic impedance of periodically loaded waveguide
Zc Characteristic impedance
Zin Input impedance
ZL Load impedance
ZP I Power-current-defined characteristic impedance
z Axial coordinate in cylindrical coordinates
z⃗ Cartesian and cylindrical coordinate vector. Propagation direction
α Attenuation constant
αc Attenuation constant due to conductor loss
αd Attenuation constant due to dielectric loss
αr Attenuation constant due to radiation loss
β Phase constant
γ Propagation constant
γu Propagation constant of unit cell
tan δ Loss tangent, (ϵ′′ω + σ)/ϵ′ω

ϵ̃ Complex dielectric permittivity
ϵ′ Real part of dielectric permittivity
ϵ′′ Imaginary part of dielectric permittivity
ϵ0 Dielectric permittivity of vacuum
η Intrinsic impedance
θr Radiation angle
κ Imaginary part of refractive index
λ Wavelength
λ0 Wavelength in vacuum
λd Substrate wavelength, λ0/ns

λg Guide wavelength, λ0/ng = 2π/β

µ Magnetic permeability
µ0 Magnetic permeability of vacuum
σ Electrical conductivity
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ϕ̂ Cylindrical-coordinate vector
ω Angular frequency

x



Contents

Abstract i

List of publications iii

Acknowledgements v

Acronyms vii

Mathematical symbols viii

1 Introduction 1

2 Single-wire waveguides 5
2.1 Surface waveguides . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Sommerfeld line . . . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Goubau line . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.3 Planar Goubau line . . . . . . . . . . . . . . . . . . . . 9

2.2 Planar transmission lines . . . . . . . . . . . . . . . . . . . . . 11
2.3 Transmission-line theory . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Substrate modes . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Losses in waveguides . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 Periodic structures . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6.1 Corrugated structures . . . . . . . . . . . . . . . . . . . 18

xi



3 Electromagnetic simulation and design of PGL components 21
3.1 Electromagnetic simulations . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Simulation of PGL port . . . . . . . . . . . . . . . . . . 22
3.2 Choice of substrate . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 Design of planar waveguides . . . . . . . . . . . . . . . . . . . . 25

3.3.1 Coplanar waveguide . . . . . . . . . . . . . . . . . . . . 26
3.3.2 Planar Goubau line . . . . . . . . . . . . . . . . . . . . 27
3.3.3 Planar Goubau line calibration standards . . . . . . . . 29

4 Fabrication of PGL devices 31

5 Terahertz characterisation of PGL components 35
5.1 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 PGL calibration standards . . . . . . . . . . . . . . . . . . . . . 37
5.3 Planar waveguide loss . . . . . . . . . . . . . . . . . . . . . . . 40
5.4 Planar Goubau line components . . . . . . . . . . . . . . . . . . 41
5.5 Spectroscopy of aqueous samples . . . . . . . . . . . . . . . . . 43

6 Concluding remarks and future outlook 47

7 Summary of appended papers 49

A Fabrication steps 53

References 55

Appended papers 67

xii





CHAPTER 1

Introduction

Terahertz (THz) waves, spanning between 0.3 THz and 10 THz in the electro-
magnetic spectrum, lie between the microwave and infrared bands. Tradition-
ally, THz technology has been used in astronomy for detecting light-weight
molecules [1], making this discipline a vital driver for THz technology in the
early days. As new instrumentation was developed, the application of THz
waves expanded to many other fields, including high-speed communications
[2], pharmaceutical control [3], security [4], medicine [5], and biomolecular
dynamics [6].

Terahertz components can be built in several technologies, including rectan-
gular hollow waveguides [7], dielectric waveguides [8], and planar transmission
lines [9]. Planar transmission lines consist of two or more flat conductors
deposited on a dielectric substrate and have the advantages of good integration,
ease of manufacturing and low cost. However, losses tend to increase at high
frequencies, particularly radiation and ohmic losses. Therefore, it is paramount
to minimise losses to have a high signal-to-noise ratio if this technology is used.
Some of the most common metal planar waveguides used at THz frequencies
are microstrip [10], coplanar waveguide [11], coplanar stripline [12], and planar
Goubau line (PGL) [13]. Despite having a simple cross-section and a low
attenuation constant, the PGL was relatively unexplored until the 2000s. The
PGL consists of a metal strip on top of a dielectric substrate and propagates
a quasi-transverse-magnetic (TM)—hybrid EH—surface wave [14]. Its field
drops exponentially away in the transverse direction, similar to other surface
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Chapter 1 Introduction

waveguides [15], such as the Zenneck wave [16], [17], Sommerfeld wire [18], or
the Goubau line [19], [20]. At low frequencies, the field extension of surface
waveguides, such as the PGL, is physically large and can be impractical since
it interacts with its surroundings. However, the field extension is reduced at
higher frequencies, becoming practical, and the attenuation constant is low
above 100 GHz [21], [22].

The propagation regime of the PGL mode depends on the electrical thickness
of its substrate [23]. Electrically-thin substrates minimise radiation losses and
dispersion and have demonstrated one of the highest power efficiencies for planar
metal waveguides [24], thus being a good candidate to design circuit elements
at THz frequencies. Some constraints of the PGL are that its characteristic
impedance is weakly dependent on its strip width and lacks a ground plane.
Both these characteristics complicated the design of circuit components, as
opposed to other transmission lines. Nonetheless, some circuit elements have
been designed for PGL, including stopband elements based on line corrugations
[25], resonators [26]–[29], matched-loads [30]–[32], antennas [33]–[35], and power
dividers [30], [31]. Table 1.1 shows the state-of-the-art in PGL circuit elements.
However, most components have been designed and measured below sub-
millimetre-wave frequencies, with a few exceptions passing 300 GHz [26], [28],
[35], [36], which are shown in bold in Table 1.1. In addition, many of the
components lack a straightforward design procedure. Moreover, the lack of
calibration standards for PGL didn’t allow direct measurements of the PGL,
as it was not possible to de-embed the transitions used to excite the PGL
mode.

This thesis has studied using the PGL as a planar waveguide at THz
frequencies. Paper A proposes the first calibration standards developed for
PGL, which de-embed the transition used to excite its surface wave and set the
measurement reference plane along the PGL. Paper B shows how the PGL
drastically reduces its attenuation constant by choosing an electrically-thin
substrate which avoids leakage into other modes, demonstrating a higher power
efficiency than a coplanar waveguide. This thesis also proposes several circuit
components for PGL, which have a clear design procedure, unlike some of the
hitherto proposed components. Paper C presents a stopband filter based on
capacitively-coupled λ/2 resonators placed next to the PGL, with relatively
low insertion losses. Paper D proposes an impedance-matched load based
on an exponentially-corrugated PGL, which gradually increases conductor
losses, and has a wideband operation with about 20 dB return loss, as good as
the noise floor of our measurement setup. Paper E proposes a capacitively-
coupled PGL power divider, which has a relatively wide bandwidth of operation,
higher output power and isolation between output ports, and lower input-port

2



reflections than T- and Y-shaped power dividers. Finally, the PGL was used
for the spectroscopy of aqueous samples using microfluidic channels clamped
on top of the substrate, obtaining similar sensitivity results from the ones
presented for coplanar waveguide in Paper F.

Table 1.1: State-of-the-art in PGL components. Above 300 GHz in bold
Year Circuit element Meas. Freq. (GHz) Reference
2006 Transition 140-220 [13]
2008 Microfluidic 0-220 [37]
2009 Corrugated PGL 140-220 [25]
2009 Stub 0-1000 [26]
2010 Filter 140-220 [27]
2011 Transition, load, pow.div. 40-65 [30]
2011 Filter 200-325 [28]
2012 Corrugated PGL 140-220 [38]
2012 Pow. div., load 0-325 [31]
2012 Microfluidic 50-110 [39]
2013 Resonators 140-220 [29]
2013 Antenna 37-41 [33]
2017 Corrugated PGL 2-10 [40]
2017 Microfluidic 100-800 [36]
2017 Antenna 4-7 [41]
2018 Antenna 5.4-6.6 [42]
2018 Filter Simulations [43]
2018 Calibration standards 750-1100 Paper [A]
2021 Corrugated PGL 250-300 [44]
2021 Microfluidics 750-1100 Paper [F]
2022 Filter Simulations [45]
2022 Resonator Simulations [46]
2022 Load Simulations [32]
2022 Antenna 7-40 [34]
2022 Antenna 300-500 [35]
2022 Filter 500-1100 Paper [C]
2022 Load 500-1100 Paper [D]
2022 Power divider 500-1100 Paper [E]

This thesis is structured as follows. Chapter 2 gives a theoretical background
to the thesis, talking about transmission lines, surface waveguides, substrate
modes, losses, characteristic impedance, and periodical structures. Chapter 3
explains the simulation environment used for the thesis and the design of the

3



Chapter 1 Introduction

PGL components and coplanar waveguide transition. Chapter 4 briefly de-
scribes the fabrication process of the chips designed on two different substrates,
with a complete description available in Appendix A. Chapter 5 presents the
measurement setup used to characterise the PGLs and components, together
with results validating the PGL calibration standards, measurement of the
proposed PGL components, and spectroscopy of high-loss aqueous samples
using a PGL. Finally, chapter 6 finished with conclusions of the thesis and
future outlook.
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CHAPTER 2

Single-wire waveguides

This chapter gives a background for single-wire waveguides. The chapter starts
presenting surface waveguides (Section 2.1), including the Sommerfeld line,
Goubau line, and planar Goubau line—the waveguide studied in this thesis.
It then lists some common planar transmission lines (Section 2.2) and gives
an overview of the transmission line model (Section 2.3). Follows by substrate
modes (Section 2.4), sources of losses in waveguides (Section 2.5), and finally,
periodic structures and corrugations (Section 2.6).

2.1 Surface waveguides
Surface waveguides are structures which can support the propagation of surface
waves. Surface waves [15], [47] are waves that can propagate at the interface
between two media—dielectric-dielectric or dielectric-conductor—and are char-
acterised to have a field which decays exponentially away from the interface.

Uller [16] and Zenneck [17] studied at the beginning of the 20th century the
TM surface waves propagating between two dielectric media with different
permittivities. TM surface waves are possible when dielectric permittivity is
different and the magnetic permeability is the same. By duality, transverse-
electric (TE) surface waves are only possible when the permeabilities are
different, with the same permittivities. TM surface waves require a boundary
condition with an inductive surface impedance, whereas TE surface waves
require a capacitive surface impedance [48].
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Chapter 2 Single-wire waveguides

In the case of surface waves propagating in metals, the characteristic
impedance of metals is:

Zm =
√

jωµ

σ
, (2.1)

where j =
√

−1, ω is the angular frequency, µ the magnetic permeability,
and σ is the conductivity. Then, finite-conductivity metals will present an
inductive term; thus, TM modes surface waves are more relevant. A TM surface
wave can propagate in the interface of a plane conductor and vacuum. Still, it
will be too loosely bound to the surface, making it an unpractical waveguiding
structure, as it will be prone to power leakage. To increase the field confinement
to the metal, the surface reactance must increase without a major increase
in the surface resistivity, which adds losses. This can be achieved by either
coating the metal with a dielectric layer [19], [49] or by corrugating the surface
of the metal [50]–[53]. If, on the contrary, the surface reactance tends to zero (a
flat, perfect electric conductor), the surface wave will be poorly bound to the
surface, and the longitudinal component of the electric field will be infinitely
away from the surface, and the wave will have infinite power for a finite wave
amplitude, similar to a plane wave.

The same principles can be applied to the case of a cylindrical metal. A
single metal wire can propagate a TM surface wave as long as the surface
impedance has an inductive term, and similarly, the inductive term can be
increased with a layer of a dielectric material or by corrugating the wire. The
main single-wire waveguides are the Sommerfeld line, the Goubau line, and
the planar Goubau line, and they will be discussed in the following sections.

2.1.1 Sommerfeld line
In 1899 Sommerfeld described how a single conducting wire could propagate a
TM surface wave [18] (Fig. 2.1a)—for an explanation in English from the same
author, refer to sections 20 and 22 in [54]. The equations for the electric and
magnetic field components travelling both inside and outside the conducting
wire are, in cylindrical coordinates [20]:

Ez = AX0(hxρ)ej(ωt−βz), (2.2a)

Eρ = jA
β

hx
X1(hxρ)ej(ωt−βz), (2.2b)

Hϕ = jA
k2

x

ωµhx
X1(hxρ)ej(ωt−βz), (2.2c)

hx =
√

k2
x − β2, (2.2d)
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2.1 Surface waveguides

where inside the conducting wire (0 ≤ ρ ≤ a), the wavenumber kx =√
ωµcσce−jπ/4 and outside (a ≤ ρ < ∞), kx = ω

√
ϵµ, A is a constant to

be determined, hx is a radial decay constant, ρ is the radial cylindrical co-
ordinate, t is time, β is the phase constant, z is distance in the direction of
propagation, and ϵ the dielectric permittivity. The cylindrical functions Xi are
taken as Bessel functions of the first kind of order i inside the conductor and
as Hankel functions of the first kind of order i outside the conductor. This TM
wave is symmetrical around the axis of the wire, has an electric field which
spreads radially from the metallic wire (Fig. 2.1b) and has no cut-off frequency.
Naturally, the Sommerfeld line has many parallelisms to the surface wave
propagating in a conducting plane [16], [17], and also requires an inductance
term in the characteristic impedance of the metal wire to bind the surface
wave to it. In the limit, when the radius of the wire is infinitely large, the
solutions should converge with the case of the conducting plane. A detailed
analysis of the Sommerfeld line can be found in [55], sections 9.16-17, where it
covers the limit case when the Sommerfeld line has an infinite conductivity,
and thus no surface reactance. As the conductivity increases, the E⃗z longitu-
dinal component appears further away from the wire, being infinitely away
for σ → ∞. At this point, the mode becomes TEM, similar to a coaxial with
conductors in infinity and with infinite power (similar to a plane wave), and
thus, it is physically impossible.

𝐻

𝐻

𝐻
𝑧̂

𝑧̂
𝑧̂

𝜌ො 𝜙෠

(a)

𝐸

𝐻

𝐽௖

𝐽ௗ

(b) (c)

Figure 2.1: (a) Sketch of a Sommerfeld line and its transverse magnetic field. (b)
Illustration of the side view of a Sommerfeld wire, showing the electric field, E,
magnetic field, H, and conduction and displacement currents, Jc and Jd, respectively.
(c) Mode-launching structure for a single-wire waveguide, as depicted in [56]. The
coaxial’s TEM mode is progressively converted into the TM mode, which propagates
in the wire.

Despite needing to limit the conductivity of the wire to allow the propagation
of waves, Sommerfeld’s line has low attenuation constant and a phase velocity
only a fraction smaller than c; however, it was never widely used since its
extensive field (several metres for 1 GHz [20]) could be easily affected by nearby
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Chapter 2 Single-wire waveguides

objects, since the wave is poorly bound to the metal wire.
The Sommerfeld surface wave needs to be launched by establishing the

field distribution of its TM surface wave around the wire, which can be done
with a coaxial line which gradually increases its outer conductor diameter
progressively with a conical shape [56] (see Fig. 2.1.c). If this mode launcher
does not replicate perfectly the field distribution of the surface wave (e.g.
for having limited diameter), a supplementary radiating wave will be excited
as well to satisfy the continuity of the field [56], decreasing the excitation
efficiency. How about antennas with a single-wire feed? Do they propagate TM
surface waves like the Sommerfeld wire? They don’t since they lack the mode
transition, which sets the TM surface wave field distribution and hence they
mostly excite the radiating wave instead [56]. Additionally, the radiating wave
is barely affected by the conductivity of the wire, unlike Sommerfeld’s wire.

In 1959, Goubau pointed out how the nature of the propagation waves in
metal wires was a controversial topic, in particular, if they intrinsically radiate
power [57]. He suggested separating the propagating wave into a "truly guided"
surface wave and a "partially-guided" radiating wave. These two waves must
be orthogonal. Expressed mathematically:∫

S

(E⃗S × H⃗R)ndS =
∫

S

(E⃗R × H⃗S)ndS = 0 (2.3)

where E⃗S , H⃗S and E⃗R, H⃗R are the field vectors of the surface wave and the
radiating wave, respectively, and the integration is made in an equiphase surface
of the surface wave. Goubau also pointed out that the excitation of a surface
wave is always connected with the simultaneous excitation of a radiating wave,
which can be minimised by correctly matching the field distribution of the mode
converter. In [58], he implied that excitation of the Goubau line with a single
dipole would give rise to both the surface and radiating wave, whereas a layer
of properly distributed dipoles would excite the surface wave only. A possible
explanation of why the TM surface wave does not radiate could come from its
TM nature. The time-varying longitudinal electric field creates a displacement
current, ϵ̃dE⃗z/dt, in the direction of propagation, which has been suggested to
be the return line for single-wire waveguides supporting TM surface waves [59],
with the advantage that it does not suffer ohmic losses. According to Balanis
[60], for radiation to occur, it is necessary to have a time-varying current or an
accelerating charge. In the case where the displacement current is equal to the
conducting current, the wire appears as current-neutral at a sufficiently long
distance and thus does not radiate. This might explain why there are cases of
published wires that experience radiation losses [61].

Sommerfeld’s wire can support higher-order modes with a periodicity in the
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2.1 Surface waveguides

ϕ̂ coordinate [62], but these asymmetric modes have most of the field inside the
conductor and thus attenuate extremely fast [63], [64] due to ohmic losses ([54],
pp.186). In addition, unlike the main TM propagating mode, these higher-order
modes have cut-off frequencies below which they cannot propagate since their
lateral wavenumber outside the conductor becomes zero, and thus the wave
ceases to be bound to the wire, leaking the power.

To make the Sommerfeld line a more practical waveguide, the field needs to
be more confined around the wire, a problem which can be solved by adding a
dielectric layer, creating the Goubau line.

2.1.2 Goubau line

𝐻

𝐻

𝐻
𝑧̂

𝑧̂
𝑧̂

Figure 2.2: Sketch of
Goubau line, whose field
is more confined than in
Sommerfeld’s wire.

To increase the confinement of waves propagating
in wires, Harms considered adding a dielectric
layer to Sommerfeld’s line [19] (Fig. 2.2), and
the idea was further studied in detail by Goubau
[20], [56]–[58], [65]. In almost all respects, the
dielectric-coated wire, now commonly referred
to as Goubau line, has the same properties as
the Sommerfeld line. However, the higher con-
finement of the field in the Goubau allows it to
propagate waves even when the metal wire has
perfect conductance and makes it less susceptible
to suffer radiation loss from bends in the waveg-
uide compared to Sommerfeld’s line, at the cost
of an increase in ohmic losses [66]. Also, the increased field confinement makes
mode-launching structures smaller and less prone to exciting radiating waves
[57]. King et al. [21] reviewed the solutions for Sommerfeld and Goubau lines
using more suitable approximations1 for frequencies between 100 and 1000 GHz,
and in 1961 [67] measurements were already made up to 140 GHz, showing an
attenuation of 0.33 dB/m compared to more than 3.3 dB/m for rectangular
waveguide.

2.1.3 Planar Goubau line
The low-loss and ultra-wide bandwidth performance of single conducting
waveguides impulsed the development of the planar Goubau line (PGL) [13],
consisting of a metallic strip deposited on top of a dielectric substrate (Fig. 2.3a),

1Goubau assumed that |γa| ≪ 1 if the wire’s radius, a is not too large. Whereas King
assumed J0/J1 ≈ j if the radius is large compared to the skin depth, where Jα are Bessel
functions of order α.
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Chapter 2 Single-wire waveguides

𝐻

𝐻

𝐻
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𝑧̂
𝑧̂

(a) (b)

Figure 2.3: (a) Sketch of planar Goubau line where as a consequence of the higher
permittivity of the substrate, the field is stronger on the substrate’s side of the PGL.
(b) Simulated electric field in the CPW-to-PGL mode converter, where the CPW’s
quasi-TEM mode is progressively converted into the PGL’s quasi-TM mode.

which also has low loss and wideband characteristics. The term "planar Goubau
line" was first used by [68] in 2004. For having such a simple cross-section, it is
surprising that—to be the best of the author’s knowledge—barely any studies
were published in the 20th century on the propagation of surface waves in a
metal strip on top of a substrate. In 1950 Coleman [69] studied the propagation
of waves in a thin wire in between two media, but with no reference to surface
waves. Others studied the diffraction caused by a metal strip to a plane wave in
the boundary between two media [70] or the induced current in the strip [71].
Some researchers [72] found that the coplanar stripline’s even mode propagated
a surface wave whose propagation was not altered when both metals were
united into a single strip—indirectly demonstrating the PGL. Propagation of
surface waves along a metal strip in a homogenous medium was studied in [73]
and in the boundary of two semi-infinite dielectrics [74].

Similarly to Sommerfeld’s wire and the Goubau line, the PGL can propagate
a surface wave, and instead of propagating a pure TM mode, it propagates a
quasi-TM mode (or hybrid EH mode) due to its asymmetrical heterogeneous
environment [14]. Unfortunately, many publications mention the planar Goubau
line having a quasi-TEM mode [27]–[29], [38], [39], [75], [76] which, based on
surface-wave theory, the author of this thesis humbly believes it’s incorrect. The
PGL mode decays exponentially perpendicular to the metal—as the Sommerfeld
and Goubau lines—but also has a higher field concentration around the edges
of the metal strip. Naturally, the electrical size of its substrate will influence
the propagation regime of the surface wave, [23]. A thin substrate will produce
phase velocities slightly below c for low enough frequencies, whereas at high
enough frequencies, the field extension decreases and gets more confined in
the substrate, lowering the phase velocity.

The PGL mode can be excited from another transmission line using a tran-
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2.2 Planar transmission lines

sition which gradually sets its field distribution. The most common transition
used to launch the PGL mode is from CPW [75] (see Fig. 2.3b), although
some transitions have been published for microstrip [30]. The CPW transition
can be seen as the two-dimensional version of the metallic conical launching
structure of Goubau’s and Sommerfeld’s waveguide. The PGL launcher starts
as a three-conductor CPW and progressively separates the lateral ground strips
to smoothly transform the coplanar waveguide’s propagating even mode to
the PGL’s propagating mode, avoiding reflections and losses [77], [78] in the
process.

Circuit components exist for PGL, increasing the applications it can be
used for. However, most components have been designed and measured below
sub-millimetre-wave frequencies, with a few being measured around 300 GHz
[28], [31] and higher frequencies [26], [35], [36], which are shown in bold font
in table 1.1, in the Introduction section.

The PGL has been used for sensing [36], [37], [75] for its low-loss characteris-
tics, negligible dispersion, wideband operation, good liquid sample deposition
and large field extension, which allows it to sense larger volumes. However,
these planar waveguides have never been demonstrated for sensing around
1 THz using vector network analysers due to a lack of available technology
until recently.

2.2 Planar transmission lines
A transmission line is a waveguiding structure consisting of at least two con-
ductors which have a constant cross-section perpendicular to the propagation
direction. Having two or more conductors enables the propagation of TEM
modes with no cut-off frequency and uniquely-defined voltages and currents.
Some of the most common planar transmission lines include:

• Parallel-plate waveguide: it consists of two infinite long conducting planes
sandwiching a dielectric material (Fig. 2.4.a). Since it has a homogeneous
dielectric, a pure TEM mode can propagate inside of it without dispersion.

• Coplanar waveguide (CPW) [11]: it consists of three metal strips with
a ground-signal-ground configuration on top of a dielectric substrate
(Fig. 2.4.b). This transmission line has wideband characteristics, negligible
dispersion, manageable losses at THz frequencies, high sensitivity to
its near-field environment, and provides easy interfacing with ground-
signal-ground probes. Its main propagation mode is the quasi-TEM even
mode, which has a magnetic-plane symmetry across the centre line. An
additional ground plane can be added in the backside of the substrate
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Chapter 2 Single-wire waveguides

and is called a conductor-backed coplanar waveguide [79].

• Coplanar stripline [12]: similar to the coplanar waveguide, it consists of
two metal strips on top of a dielectric substrate (Fig. 2.4.c). Its main
propagation mode is the quasi-TEM odd mode, where there is an electric-
plane symmetry in the gap between the strips. An even mode with
magnetic-plane symmetry can also propagate and has the properties of
a surface wave in a PGL [72]. In the case where the conducting strips
are electrically wide, it is referred to as coplanar slotline [80].

• Microstrip [10]: it consists of a finite width conducting strip and a
conducting plane sandwiching a dielectric material (Fig. 2.4.d), where
most of the field lies between the two conductors. When the dielectric
substrate is electrically small, the microstrip’s propagating mode can
be considered quasi-TEM with a certain effective permittivity. However,
the inhomogeneous environment of the microstrip makes it a dispersive
transmission line.

𝐸 𝐸 𝐸

(a)

𝐸 𝐸 𝐸𝐸

(b)

𝐸 𝐸 𝐸𝐸

(c)

𝐸 𝐸 𝐸

(d)

Figure 2.4: Sketches of the planar transmission lines (a) parallel-plate waveguide, (b)
coplanar waveguide, (c) coplanar stripline, and (d) microstrip, depicting the electric
field of their main propagation mode. Orange colour is used to depict conductors,
whereas green represents dielectrics.

2.3 Transmission-line theory
The transmission-line model [81]–[84] is a lumped-element electric circuit
which describes the propagation of voltages and currents in an electrically-
short transmission line. The model (shown in Fig. 2.5) has a series inductor,
L dz, to account for the magnetic field around the conductors, and a shunt
capacitance, C dz, to account for the displacement current flowing from the
upper to the lower conductor. The series resistance, R dz, models the conductor
losses, whereas the shunt conductance, G dz, models the dielectric loss. Then,
the voltage and current waves propagating in the positive and negative direction
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2.3 Transmission-line theory

Figure 2.5: Equivalent circuit of a transmission line with an infinitesimal length.

of the ẑ-axis are:

V (z) = V +e−γz + V −eγz (2.4a)

I(z) = 1
Zc

(V +e−γz − V −eγz) (2.4b)

where propagation constant, γ, and the characteristic impedance of the line,
Zc, are then given by:

γ = α + jβ =
√

(R + jωL)(G + jωC) (2.5a)

Zc =

√
R + jωL

G + jωC
(2.5b)

where γ describes how the magnitude and phase of the wave changes per
unit length, whereas Zc is the voltage-to-current complex ratio, in which if
GL = RC, there is no phase difference between voltage and current.

In a lossless transmission line R = G = 0, and the following equation holds
for l ≪ λg or ϕ = βl ≪ 2π:

L = Zcnl

c
= Zcϕ

ω
(2.6a)

C = nl

Zcc
= ϕ

Zcω
. (2.6b)

where n is the real effective refractive index of the transmission line, ϕ is
its electrical length, l is the physical length, and λg is the wavelength in the
transmission line.

The definition of characteristic impedance relates voltage-currents with
electric-magnetic fields and needs to be power-consistent between the two
domains. According to Schelkunoff [85], the characteristic impedance can be
defined in several ways, and the definition choice does not matter as long as
it is used consistently within a circuit. This thesis studied single-conductor
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Chapter 2 Single-wire waveguides

waveguides in inhomogeneous media—planar Goubau lines—where the voltage
difference between the conducting strip and infinity is not uniquely defined.
For this reason, the impedance was defined based on power and current:

ZP I = P

|I|2 =

∫
A

E⃗ × H⃗∗ dA⃗∣∣∣∣∮
C

H⃗ d⃗l

∣∣∣∣2 , (2.7)

where the current was integrated around the conductor cross-section bound-
ary, C, since displacement currents exist in the vicinity of the planar Goubau
line, similarly to other single-conductor waveguides [59]. This definition of
impedance has been used before for single-wire transmission lines [86]. In
this thesis, this definition was equally applied to multi-conductor waveguides

—like coplanar waveguide or coplanar stripline—where the current was defined
by integrating the magnetic field in those conductors with a current in the
direction of propagation of the wave. For example, for the coplanar stripline’s
odd mode, the current magnitude is that of a single metal strip, whereas, for
the even mode, the current would be that of both strips.

2.4 Substrate modes

When the propagating mode in a planar transmission line has an effective
refractive index, ng, lower than the refractive index of an infinitely-thick
substrate, ns, it will produce radiating losses from the propagating mode in
the transmission line to the substrate [87]. The wave will leak in the direction
where both modes have a phase match [88], forming a radiation semi-cone with
angle θr given by:

cos θr = ng/ns. (2.8)

Note that in the case when ns < ng, there is no angle which satisfies the
phase-matching condition between the two modes, and thus there won’t be
any leakage.

In finite-thickness substrates, surface waves can propagate, mainly the
Zenneck modes (for conductor-backed dielectric sheets) and dielectric slab
modes (for a dielectric sheet with no metal). For example, a transmission line
with electrically large ground planes can be seen as a semi-grounded dielectric
slab which can propagate a Zenneck wave [15], which are the same as the odd
TE and even TM modes of an ungrounded dielectric slab of twice the thickness
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2.5 Losses in waveguides

[49]. The cut-off frequency of these surface modes is given by [48]:

For TEm modes: fc = m

4d

c√
n2

s − 1
where m = 1, 3, 5, ... (2.9a)

For TMm modes: fc = m

4d

c√
n2

s − 1
where m = 0, 2, 4, ... (2.9b)

where d is the thickness of the substrate. If the transmission line doesn’t
have a large metal plane, a TE0 surface mode can propagate in the metal-less
part of the substrate [89], increasing the possibilities for different types of
parasitic mode excitation. In general, the cut-off frequency of the surface waves
that can propagate in a ground-less dielectric slab is given by [90]:

For TEm modes: fc = m

2d

c√
n2

s − 1
where m = 0, 1, 2, ... (2.10a)

For TMm modes: fc = m

2d

c√
n2

s − 1
where m = 0, 1, 2, ... (2.10b)

The interaction between the transmission line’s propagating mode with these
surface waves depends on the overlap of their field distributions [91] and if they
can satisfy a phase-matching condition, causing dispersion and radiation losses.
This phenomenon is similar to what happens in an optical fibre, where the light
will leak from the core if the refractive index of the cladding is higher than in
the core. At the frequency where the phase velocity of the two waves is equal,
the dispersion will be maximum, whereas the leakage losses are proportional
to frequency [91]. To minimise these undesirable effects, the phase velocity of
the substrate modes can be lowered, and the cut-off frequency of all modes can
be multiplied by choosing an electrically-thin substrate [92]. A conservative
rule-of-thumb is given in [91], where the substrate thickness is suggested to be
taken as:

d < 0.12λ0/ns (2.11)

Other suggested methods for reducing radiation losses include narrowing
the conductors (≲ λ/30) [87], although conductor losses become too high
at THz frequencies; adding a superstrate on top of the transmission line or
adding corrugations [38], which would decrease the phase velocity, decreasing
or stopping radiation losses to the substrate.

2.5 Losses in waveguides
The three sources of power loss in waveguides are dielectric, ohmic and radiation
losses.

15



Chapter 2 Single-wire waveguides

Dielectric losses are caused by dielectric materials which absorb the power
of a wave, converting the power to heat. The expression for the attenuation
constant due to dielectric losses is [93]:

αd = P ′
d

2Pt
=

σ+ωϵ′′

2

∫
A

∣∣∣E⃗∣∣∣2
dA

2
∫

A

⟨S⃗⟩ dA⃗

[Np/m] (2.12)

where Pt is the total power transported by the line, in the cross-section A

covering all its field, P ′
d is the power lost per unit length through dielectric

losses, ϵ′′ is the imaginary part of the dielectric permittivity, and S⃗ is the
Poynting vector.

Ohmic losses are caused by finite-conducting materials posing resistance to
the flow of electrons and absorbing the power of the wave. The equation for
calculating the attenuation constant due to ohmic losses is [93]:

αc = P ′
c

2Pt
=

Rs

2

∫
A

∣∣∣H⃗t

∣∣∣2
dA

2
∫

A

⟨S⃗⟩ dA⃗

[Np/m] (2.13)

where P ′
c is the power lost through ohmic losses per unit length, Rs =√

ωµ/(2σ) is the surface resistance, Ht is the magnetic field tangential to
the conductor, and S is the surface area of the metal through a length of
∆z. This equation holds accurate for η = jωµ/γ ≪ η0, which for gold at
1 THz has |η| ≈ 0.0022η0, making it a good approximation. The ohmic losses
are proportional to Rs, that is, proportional to

√
f , and naturally to the

metal’s properties
√

µ/σ, which µ ≫ 1 for metals like iron and nickel. Also,
the dielectric material around the metal can influence the conductor loss since
dielectrics with higher permittivity will tend to concentrate the field.

Radiation losses are power leakage into other modes outside the waveguide.
As seen in Section 2.4, the transmission line can leak power into another mode
if a phase-matching condition can be satisfied [94], as well as having a non-
orthogonal field distribution overlap [91]. This means that an open waveguide
can radiate if its wave travels faster than other possible modes, including plane
waves, dielectric slab modes, and other surface waves [94]. On a thick substrate,
the power is radiated in a half cone towards the substrate, in a similar way
to a shock wave [95], where the angle of radiation is given by eq. (2.8). The
attenuation constant, αr, from radiation losses from a CPW with a thick
substrate gives an order of magnitude for radiation of planar waveguides. It is
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approximated by [96]:

αr =
(

π

2

)5 (1 − 1/n2
s)2√

2(1 + 1/n2
s)

(s + 2w)2

λ3
dK(ζ)K ′(ζ) (2.14)

where αr is given in Neper per metre, s is the CPW’s central strip width, w

is the CPW’s gap width, ζ = s/(s + 2w), and K and K ′ are the complete
elliptic integrals of the first and second kind, respectively. In [97], it gives
approximations for power losses to TE and TM waves from a CPW (page
61) and a single narrow strip (page 63) in a thin substrate. Expressions are
complex and need the context presented in the book, so the reader is referred
to the book [97].

Some methods to reduce radiation are to increase β by adding a superstrate
or corrugating the line, decreasing the phase constant of the allowed modes in
the substrate, or reducing the substrate’s thickness. More information about
this type of radiation can be found in [87], [96].

2.6 Periodic structures

Periodic structures [98]—used in Papers C and D—are waveguides which are
loaded at regular intervals with an identical impedance. They show a bandpass-
stopband response and can support a wave with phase velocity much smaller
than the speed of light [99]. These properties can be useful, amongst others, for
the design of travelling-wave tubes, which amplify microwaves. Since the phase
velocity is vp = (LC)−1/2, one could theoretically reduce the phase velocity
by either increasing the inductance or capacitance of the transmission line in
question. However, they are inversely proportional when the cross-section of the
transmission line is constant. This can be solved by allowing the cross-section
to vary periodically in the propagation direction, decreasing the capacitance
without changing the inductance and, as a consequence, decreasing the phase
velocity of the transmission line.

The waves travelling in the periodic waveguide are often referred to as
Bloch waves. The periodic structure can be seen as a repeating unit cell. The
ABCD matrix of a periodic unit cell can be built as a shunt element with a
transmission line of length lu/2 on each side (Fig. 2.6a). The result is:

A = cosh γulu + YpZc sinh γulu, (2.15a)
B = YpZ2

c (cosh γulu − 1) + Zc sinh γulu, (2.15b)
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C = Yp(cosh γulu + 1) + 1
Zc

sinh γulu, (2.15c)

D = A , (2.15d)

where γu and Zc are the propagation constant and characteristic impedance

Yp

Zc, γulu/2 Zc, γulu/2
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Figure 2.6: (a) Transmission-line network of the unit cell of the periodic structure.
(b) Example of a k-β diagram of a periodic structure with Yp = kuluZc/2, where
the passbands are the values of kulu where a real value of β exist, and stopbands
have been shadowed in red.

of the unloaded transmission line, and Yp is the input admittance of the
periodic shunt element. Assuming lu ≪ λg, the effective impedance of the
periodically loaded transmission line is ZB =

√
B/C . However, ZB is not

uniquely defined since it depends on the choice of periodic boundaries of the
unit cell. The impedance of the periodic transmission line can be matched to
a regular transmission line by tapering the shunt element throughout a length
of λg, but a broadband matching will be challenging since ZB has a frequency
dependency.

A k-β diagram of a periodic structure (Fig. 2.6b) shows the pass- and
stopbands, where there is a passband edge every time kulu is a multiple of π,
where ku = Im(γu). The group velocity will approach zero at each edge of the
passbands except for when kulu = 0.

2.6.1 Corrugated structures
Corrugations can be seen as a periodic structure in a waveguide, where the
metal’s dimension is varied perpendicular to the direction of propagation. Sec-
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2.6 Periodic structures

tion 2.1.2 presented how a conducting wire could increase its surface reactance
by applying a thin layer of dielectric material, increasing the confinement of
the field in the Goubau line. An alternative method for changing the surface
impedance of a conducting plane is by using corrugations. The corrugations
in a conducting plane can be seen as parallel-plate waveguides, which are
terminated in a short-circuit (ZL = 0) [100]. The input impedance at the tip
of the corrugations will then be:

Zin = Zc
ZL + jZc tan βlc
Zc + jZL tan βlc

= jZc tan βlc (2.16)

where lc is the corrugation length, and β is the phase constant in the
corrugation. If 0 < βlc < π/2, the input impedance of the corrugated metal
surface will increase its inductance term (supporting TM surface waves), and
if π/2 < βlc < π, it will have a capacitive term instead (supporting TE
surface waves). Thus, corrugations will produce a frequency-periodic passband-
stopband regime, where either TM or TE modes can propagate [51], where
TM modes are more relevant since they propagate at lower βlc. The increase of
inductance from longer corrugations will increase the effective refractive index
of the TM mode, its confinement to the metal and its conductor loss [50].

These properties can be used to increase the conductor losses to design low-
reflective impedance-matched loads [32], [101]. Another possible application
is to reduce radiation losses of a planar waveguide with an electrically-thick
substrate [38] by increasing the phase constant of the waveguide above that of
the substrate (see Section 2.5). Unfortunately, this method increases conductor
loss since it induces more surface currents in the metal, and it is unlikely
to decrease losses more than using electrically-thin substrates, especially at
THz frequencies where conductor losses are higher. Sometimes corrugated
waveguides are referred to in the literature as "spoof surface plasmon polariton
waveguides" [102], taking their name from the highly-dispersive behaviour close
to the corrugations cut-off frequency, whose propagation resembles surface
plasmon waves naturally occurring at optical frequencies.
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CHAPTER 3

Electromagnetic simulation and design of PGL
components

This chapter describes in Section 3.1 the simulation environment used to analyse
the developed waveguides and components presented in this thesis, including
a description of the PGL simulation port used to excite the PGL without
needing a CPW-to-PGL transition. Section 3.2 explains the criteria for the
choice of substrate and presents the two substrates used in this thesis. Finally,
Section 3.3 explains the design considerations for CPWs and PGLs and the
impact of different parameters.

3.1 Electromagnetic simulations
This thesis ran 3D electromagnetic simulations in CST Studio Suite® using
the "time-domain solver" (based on finite-integration technique method [103])
for the design of the CPW and PGL structures, and to contrast results with
measurements. The "time-domain solver" has the advantage of being efficient
for elements without a strong resonance, such as transmission lines, filters
and antennas. The "time-domain solver" was compared with the "frequency-
domain solver" (based on the finite-element method [104]) and the "multilayer
solver" (based on the method of moments), but for our case, they were more
time-consuming without added accuracy. All simulated materials accounted
for conductor and dielectric loss, and their parameters were taken from the
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Chapter 3 Electromagnetic simulation and design of PGL components

literature. The simulated circuit elements were excited using waveguide ports.
Simulation trials using discrete and lumped-element ports did not succeed in
correctly exciting the PGL. The simulation environment had "open" (absorbing)
boundary conditions in its contour so radiated waves could exit the simulation
environment without causing reflections. The "open (add space)" boundary
was used when simulated structures were too close to the boundary edges.
The boundary conditions for the port’s plane were taken as an "electric"
(Et = 0) or "magnetic" (Ht = 0) boundary to force the electric field to be
perpendicular or parallel to the port edge, respectively. Using open boundary
conditions forces a parallel electric field in the port edges, similarly to the
magnetic boundary. Regarding the mesh, the impact of increasing mesh density
in simulation results was studied, showing that the default mesh settings
produced convergent results. The mesh type chosen was hexahedral, with an
accuracy of -40 dB, which was changed to -80 dB when circuit elements had
very low levels of S11 or S21. For wideband simulations, the "Inhomogeneous
port accuracy enhancement" option was used, as otherwise, the port would
be adapted for a certain frequency range, showing a lower magnitude of the
transmission on the side of the simulated bandwidth. The waveguide in contact
with the port kept its cross-section constant in the direction of propagation
for a minimum length equal to the 40-dB-attenuation length of higher-order
modes, avoiding a significant power of the evanescent modes to return to the
port. Whenever possible, the electric and magnetic symmetry planes were used,
as well as reciprocity and port symmetries, to decrease simulation time.

Other electromagnetic simulation software were explored for comparing
results, in particular Ansys® Electronic Desktop (HFSS), based on finite-
element method. The conclusion was that unlike CST Studio Suite®, it could
not excite the PGL mode using a "wave port" or "lumped port", exciting other
hybrid higher-order modes instead. The excitation of the PGL mode using
CST Studio Suite® is discussed in the following section. However, COMSOL
Multiphysics®, based on the finite-element method, was used to numerically
calculate the impedances and phase velocities of the waveguides used since it
allowed complete control of their definition.

3.1.1 Simulation of PGL port
The possibility of exciting the PGL directly, without needing an intermediate
CPW-to-PGL mode transformer, would reduce simulation time and provide a
better simulation environment for future analysis/synthesis of PGL elements.

The simulated PGL was excited with a square wave port centred around its
conducting strip. Since the wave port has perfect conducting edges, the excited
mode can be seen as a square coaxial-line mode. In [56] Goubau explains
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3.1 Electromagnetic simulations

(a)

125 150 200 300 400 500 600 700 800

240

250

260

Port Diameter (µm)

PG
L

po
rt

im
pe

da
nc

e
(Ω

)
(b)

Figure 3.1: Simulated PGL port impedance is coherent with theory. (a)
Figure taken from [56] depicting the impedance of coaxial with dielectric coating in
inner conductor. (b) Simulated PGL port impedance vs square port size, showing
similar behaviour as Goubau’s results.

how a coaxial with an inner conductor coated in dielectric causes the field
to have a longitudinal electric component. If the outer conductor radius of
the coaxial 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. 3.1.a). Since the PGL has a similar TM mode
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Figure 3.2: Simulation results using PGL port converge for sufficiently
large PGL port size. CST simulation results of (a) S11 and (b) S21 of a 3-mm-long
PGL on a 30-µm-thick benzocyclobutene substrate for different port sizes.

to the Goubau line, these results suggest that for a sufficiently large wave

23



Chapter 3 Electromagnetic simulation and design of PGL components

port, both the S-parameter results and the impedance value should converge.
Indeed, simulation results (Fig. 3.1.b) show that the port impedance saturated
for increasing port size, similarly to Goubau’s results. Similarly, S-parameter
simulations results also converged for increasing port size (Fig. 3.2). Thus the
port size was taken as the smallest size, which yielded convergent simulated
S-parameter results, with 800 µm sides in a square wave-port, around 2λ.

3.2 Choice of substrate
THz planar waveguides must be designed to minimise the high losses occurring
at THz frequencies to maximise the measurement signal-to-noise ratio (SNR).
The main source of losses in planar structures is conductor and radiation
losses if the substrate material is chosen with sufficiently-low dielectric losses.
Apart from having low dielectric losses, an electrically-thin substrate is key
for minimising radiation losses, as seen in seen Section 2.4 and 2.5. Fig. 3.3a
shows the power leakage of a thick substrate compared to a thin one. In the
course of the thesis, two electrically-thin substrates were used: a 23-µm-thick
(∼ 0.14λ0/ns) polyethene-terephthalate (PET) film, and a 10-µm-thick high-
resistivity silicon membrane (∼ 0.11λ0/ns) fabricated on a silicon-on-insulator
wafer.
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Figure 3.3: (a) Side view of the wave propagation in a PGL at 1 THz with thin
(10-µm-thick) and thick (semi-infinite) silicon substrate (in red). The thick substrate
produces power leakage from the PGL. (b) Refractive index vs. frequency for CPW,
PGL and substrate modes for the 10-µm-thick silicon membrane. Power leakage can
occur when the refractive index is lower than that of the substrate modes.

Plastics usually have very low losses at THz frequencies [105] and have a
low dielectric constant, which makes them ideal for having a low-loss and
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3.3 Design of planar waveguides

electrically-thin substrate. Some plastics cannot handle the high temperatures
(100 °C) required in the chip’s fabrication process, so a plastic with good
electrical properties was chosen while having a relatively high melting point
and mechanical strength. Considering this, a 23-µm-thick PET film (Mylar®

A, fabricated by DuPont) was chosen as substrate, which was modeled in
simulations with a relative permittivity of ϵ′ = 3.15 and tan(δ) = 0.017 around
1 THz [105]. For the substrate to be electrically-thin for the transmission line,
the plastic-film substrate needs to be suspended in air, which was done by
placing it on a supporting substrate with cavities under the transmission lines,
which required careful alignment.

The silicon membrane substrate had the advantage of not requiring aligning
with the supporting substrate. Instead, the bulk silicon of the chip was removed
from below the transmission lines in the fabrication process, making the
devices suspended completely in the membrane, having air below. The relative
permittivity of high-resistivity silicon was modeled in simulations with a relative
permittivity of ϵ′ = 11.7 and tan(δ) = 1.7 · 10−5 around 1 THz according to
[106].

Fig. 3.3b shows the refractive index vs frequency for CPW, PGL and substrate
modes for the 10-µm-thick silicon membrane substrate, simulated in COMSOL.
The CPW has a 10-µm strip width and 15 µm gap, and the PGL has a 10-µm
strip width. Both CPW and PGL have a higher refractive index than the
substrate modes for frequencies considered in this thesis, below 1.1 THz, and
therefore won’t suffer from leakage to these modes. Zenneck modes arise
only on metal planes with dielectric, in this case, CPWs with large ground
planes, whereas slab modes appear on ungrounded dielectric slabs. The CPW
is simulated up to 2 THz since, at higher frequencies, hybrid modes would be
excited.

3.3 Design of planar waveguides

Different waveguides have different attenuation constants. Fig. 3.4 shows an
example of simulation results of the attenuation constant of several types of
planar waveguides using the same 10-µm-thick high-resistivity silicon substrate
and using the same strip width and separation between metals of 10 µm. In
this case, the PGL and CPW show lower simulated losses.

This thesis used PGL and CPW based on several reasons: they have the
maximum field at the top, accessible to possible spectroscopy of samples; their
easy fabrication and measurement with ground-signal-ground probes and their
relative low-losses compared to other planar waveguides, as is shown in Fig. 3.4.
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Figure 3.4: The PGL shows to have the lowest simulated attenuation
constant in a 10-µm-thick silicon membrane. Simulated attenuation constant
of different transmission lines in the same substrate and using the same conductor
width and gap dimensions, 10 µm. PPW: parallel-plate waveguide. MS: microstrip.
CPS: coplanar stripline (odd mode). CPW: coplanar waveguide (even mode). PGL:
planar Goubau line.

3.3.1 Coplanar waveguide
The CPWs presented in this thesis were designed to have low losses [107] and
to be suitable for probing with ground-signal-ground probes [108]. The main
design parameters of the CPW are its strip-, gap-, and ground plane width
and the substrate’s material and thickness. The strip, s, and gap, w, widths
were designed to have the centre of the CPW gaps between the centre of the
probe tips for better probing alignment, having the sum s + w equal to the
probe pitch, 25 µm. The degree of freedom for the CPW dimensions was solved
with two strategies. The first, having the same characteristic impedance as
the probe, 50 Ω, minimising reflections, yielding s = 23.5 µm and w = 1.5 µm
for the PET substrate (see Fig. 3.5a and Fig. 3.8a). The second, minimising
loss by avoiding small s and w values, choosing s = 10 µm and w = 15 µm
(see Fig. 3.5b and Fig. 3.7a). This second strategy resulted in higher delivered
power and thus was preferred. Ground planes were chosen to be electrically
big, although it has been reported that it increases radiation losses [109]. With
an infinite ground plane, the surface wave with the lowest cut-off frequency is
a Zenneck TM0 mode, eq. (2.9b), whereas with a finite ground plane it is a
dielectric slab TE0 mode, eq. (2.10a). The CPW will leak to these modes when
its phase velocity becomes higher than those of the substrate modes.

Multi-tine Through-Reflect-Line (TRL) calibration standards were also
designed for CPW and fabricated and integrated into the devices’ chip. The
Through standard has a total length of 210 µm, placing the calibration plane
at its mid-point, 105 µm from the start of the CPW. The Line standards were
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Figure 3.5: (a) Characteristic impedance and (b) attenuation constant in dB/mm
of a simulated CPW on a 23-µm-thick PET substrate as a function of the CPW strip
width and gap. CPWs with wider strips and gaps show lower simulated attenuation.
The characteristic impedance is proportional to the gap size and inversely proportional
to the strip width.

designed with electrical lengths of λg/4, 3λg/4, and 11λg/4 at the centre of
the measured band, 910 GHz.

3.3.2 Planar Goubau line
Simulation results indicate that the PGL radiation losses are proportional to
the substrate’s thickness [87], as it can be seen in Fig. 3.6a; therefore, it is key
to choose an electrically-thin substrate. Once an electrically-thin substrate is
chosen, the only design parameter of a PGL is the strip width. An increase in
strip width decreases both the characteristic impedance of the PGL and its
effective refractive index, according to simulations (Fig. 3.6b). However, the
impedance has a weak dependence with strip width, so changing the width has
limited applications. The attenuation constant due to conductor loss are also
inversely proportional to the strip width. Therefore a reasonably wide 10-µm
strip was chosen.

The PGL can be excited with ground-signal-ground probes using a CPW-to-
PGL mode converter (Fig. 3.7a and Section 2.1.3). The probes contact the CPW
section in the converter, exciting the CPW’s quasi-TEM even mode, which is
then converted into the PGL’s TM mode. This mode converter progressively
separates the lateral ground planes of the CPW until the propagating mode is
confined exclusively on the central strip, thus becoming a PGL.

For designing a low-loss CPW-to-PGL mode converter, (1) its characteristic
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Figure 3.6: Simulation results of PGL parameters. (a) Losses at 1 THz of a 1.6-mm-
long PGL with CPW-PGL mode converters as a function of the silicon substrate
thickness. (b) Characteristic impedance and effective refractive index of a PGL in
10-µm-thick silicon membrane substrate as a function of the PGL strip width.
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Figure 3.7: The CPW-to-PGL mode converter can be used to excite a PGL
with ground-signal-ground probes. (a) Micrograph of the ground-signal-ground
probe contacting the CPW mode converter on the silicon-membrane substrate. (b)
Power-current defined impedance, eq. (2.7), for PGL and CPW. The high-frequency
dependence of the PGL’s impedance will hinder a broadband impedance match with
the less frequency-dependent CPW impedance.
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Figure 3.8: Layout of PGL Reflect standard. (a) Micrograph of one of the
fabricated PGL Reflect standards on the PET substrate. (b) Electric-field distribution
around the PGL Reflect standard, showing a minimum at the T-shaped junction: a
short-circuit.

impedance was varied geometrically to minimise reflections, (2) small CPW
strip and gap dimensions were avoided, which would increase conductor losses,
and (3) the total length was chosen to minimise insertion losses, as a too-short
converter would have high reflections, and a too-long converter would add
unnecessary line losses. Unfortunately, the characteristic impedance of the
PGL is very frequency-dependent, unlike the CPW’s (Fig. 3.7b), and thus a
broadband impedance match between the two is challenging.

3.3.3 Planar Goubau line calibration standards
To the best of the author’s knowledge, no calibration standards for PGL had
been reported before. Therefore, Paper A proposes multi-line TRL calibration
standards, which enable setting the measurement reference plane in the PGL,
effectively de-embedding the CPW-to-PGL mode transformers. Three Lines
standards were designed with electrical lengths of λg/4, 3λg/4 and 11λg/4
at the geometrical centre frequency of the band, at 910 GHz. For the Reflect
calibration standard, a highly-reflective element needs to be designed. Several
designs of Reflect standards were tested using electromagnetic simulations.
The best performance was achieved by a T-shaped structure terminating the
planar Goubau line (Fig. 3.8.a) with a span of λg/2. The Reflect standard has
a maximum electric field intensity at the ends of the T-sidearms (Fig. 3.8.b),
creating a null of electric field intensity in the intersection; thus, the structure
behaves as a short-circuit at the intersection point of the T-shaped structure.
All fabricated devices were designed to have the same layout environment close
to where the probes make contact, improving repeatability [110].
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CHAPTER 4

Fabrication of PGL devices

This chapter briefly describes the fabrication technique of membrane-based
PGL components. The PGLs with their corresponding dedicated calibration
standards were fabricated in our in-house cleanroom using electron-beam
lithography and evaporation of 20-nm-thick titanium and 350-nm-thick gold
on top of the substrate. Throughout this thesis, chips were fabricated in two
substrates: polyethene-terephthalate (PET) films, with a thickness of 23 µm,
and high-resistivity silicon membranes with a thickness of 10 µm.

Gold
PMMA
Copolymer

5

1 2 3 4

6 7

Wax

LR Silicon
PET

MMA 8.5 EL10

PMMA A2
e‐beam

Gold

Figure 4.1: Sketch of the fabrication steps for the PET substrate. The figure is not
to scale

The fabrication for the PET chip was done according to the process seen in
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Figure 4.2: Pictures of two chips fabricated on different substrates. (a) On
polyethylene-terephthalate substrate and (b) on high-resistivity silicon membranes.

Fig. 4.1. First, the PET substrate was mounted onto a silicon wafer using wax
(#1). The electron-beam lithography resist was added (#2), exposed (#3) and
developed (#4). A 350-nm-thick layer of gold was deposited (#5), lift-off was
done in acetone (#6), and finally, the plastic substrate was detached from the
silicon carrier wafer (#7). Fig. 4.2a shows the finalised PET chip held against
a background of a beautiful city.

The fabrication process for the high-resistivity silicon membranes was done
with a 20 mm by 20 mm silicon-on-insulator wafer purchased from University
Wafers. The top layer had 10-µm-thick high-resistivity (>10 kΩ cm float-zone)
silicon, the oxide layer was 1 µm thick SiO2, and the bulk silicon was 400-µm-
thick. The fabrication steps are represented in Fig. 4.3. First, a silicon-on-
insulator wafer is coated with a resist, exposed to electron-beam lithography
(#1) and developed (#2). A 350-nm-thick gold layer was deposited (#3) and
lift-off in acetone (#4). The silicon membranes were made by spinning a resist
on the backside of the chip, exposing it to laser writer (#5), and developed to
form the mask to etch the backside silicon (#6). The chip was mounted onto
a carrier wafer and exposed to a Bosch process (#7). After etching, the carrier
wafer was left in acetone for detachment (#8). Finally, the resist residues were
removed with oxygen plasma (#9). Fig. 4.4 shows pictures of the 10-µm-thick
silicon membranes.

A full description of both fabrication processes can be found in Appendix A.
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Figure 4.3: Sketch of the fabrication steps for the high-resistivity silicon membranes.
The figure is not to scale

1mm
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Figure 4.4: Pictures of the silicon membranes (a) SEM profile picture of
the silicon membranes, with the PGLs on top. Unfortunately, the silicon membrane
cracked when the chip was cleaved to take the membrane picture. (b) Photograph of
the backside of the chip shown in Fig. 4.2b, where the membranes have a dark-green
colour. One of the top membranes was over-etched and later broke
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CHAPTER 5

Terahertz characterisation of PGL components

This chapter starts by describing the experimental setup used for measuring
the scattering parameters of the PGL components proposed in this thesis
(Section 5.1). In following sections it presents the main measurements results
of this thesis: the validation of the PGL calibration standards (Section 5.2),
a loss comparison between PGL and CPW (Section 5.3), measurements of
designed PGL devices (Section 5.4) and finally a demonstration of the PGL
for spectroscopy of aqueous samples (Section 5.5).

5.1 Measurement setup
The devices were characterised by measuring 2-port S-parameters. Fig. 5.1a
shows a sketch of the measurement setup including:

• Vector Network analyser (VNA): model Keysight N5242B (10 MHz
to 26.5 GHz). The intermediate-frequency bandwidth was set to 50 Hz
for lowering the noise floor.

• Frequency extenders: when measuring S-parameters at THz frequen-
cies, signal multipliers are used to convert the VNA’s signal into a higher
frequency signal, covering the band which needs to be measured. Fre-
quency extenders were used, VDI WR1.5SAX and VDI WR1.0SAX, for
frequency bands WR1.5(0.5 THz to 0.75 THz) and WR1.0 (0.75 THz to
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1.1 THz), respectively. For the WR1.5SAX extenders the typical dynamic
range is around 90 dB and for the WR1.0SAX is around 70 dB.

• Ground-signal-ground probes (Fig. 5.1b): used as the interface
between the frequency extenders and the measured devices. The probes
couple the fields to the devices under test from the rectangular waveguides
of the frequency extenders. Two pairs of cascade’s T-Wave probes [108]
were used for measuring between 0.5 THz and 1.1 THz (for WR 1.5 and
WR1.0 bands) and have a probe pitch of 25 µm.

A picture of the entire measurement setup can be seen in Fig. 5.1c.

VNAExtender

Probe DUT

Incident Transmitted

Extender

Probe

Reflected

10 MHz ‐ 26.5 GHz0.5‐0.75 THz
0.75‐1.1 THz

0.5‐0.75 THz
0.75‐1.1 THz

(a)

(b)

VNA

DUT

(c)

Figure 5.1: (a) Sketch of on-wafer S-parameter measurements setup measuring a
generic Device Under Test. (b) Picture of probes while measuring devices in the PET
chip on top of the supporting substrate. (c) Picture of the setup used to measure the
S-parameters of the devices presented in this thesis. The setup consists of a VNA
with frequency extenders and the probes shown in (b).

The fabricated chips were placed on a supporting substrate, isolating the
devices from the metal chuck. The use of a supporting substrate is critical in
the case of the PET substrate, which is just 23 µm thick, whereas the silicon
membrane is suspended on top of the 400-µm-thick silicon chip. Since the
PGL’s field distribution decays exponentially in the transverse direction, its
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5.2 PGL calibration standards

propensity to leak power is affected by other surrounding materials, such
as the supporting substrate. For that reason, the supporting substrate was
selected with a lower refractive index than the substrates to avoid leakage
from the PGL’s propagating mode [87]. The supporting substrate was chosen
as a 6 cm in diameter and 1-cm-thick polyethylene (PE) cylinder, with a
relative permittivity of ϵ′ = 2.3ϵ0 and a loss tangent of tan(δ) = 0.004. The
chip was clamped onto the supporting substrate to avoid movement during
measurements. The supporting substrate has a 1-mm-deep and 1-mm-wide
cavity, which is aligned with the measured devices in the PET chip to create
an air-suspended membrane (see Fig. 5.9a) and avoid radiation losses. The
devices on the silicon membrane are suspended in air (Fig. 4.4a) and therefore
do not need a cavity in the substrate to create a suspended membrane.
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Figure 5.2: Simulations and measurements of the PGL Reflect have good
agreement when using (a) a established CPW calibration as well as with (b)
the proposed PGL calibration. S-parameter comparison of simulations (dashed
line) and measurements (solid line) of the Reflect standard. In (a) the simulated S21 is
lower than −40 dB in all the band. The inset shows a micrograph of the PGL Reflect
fabricated in the PET substrate, showing the calibration plane of the simulation and
measurements depicted as a dashed line.

5.2 PGL calibration standards
The Through and Line standards for a PGL TRL calibration have a trivial
design and a known frequency response. On the other hand, the designed
Reflect standard presented in Paper A and Section 3.3.3 needs to be char-
acterised, first with a well-established CPW calibration and then with the
proposed PGL calibration. Fig.5.2a shows good agreement between simulations
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Chapter 5 Terahertz characterisation of PGL components

and measurements of the designed and fabricated Reflect standard on PET
substrate. These measurements were calibrated with CPW multi-line TRL
standards that set the reference plane 105 µm inside the CPW, marked with a
discontinuous red line in the inset of the figure. Simulated S21 is lower than
−95 dB in all the band, whereas the measured S21 lies at the noise-floor level,
around −35 dB.

The Reflect was measured again, this time after calibrating with the multi-
line TRL calibration standards for PGL proposed in Paper A, which set the
calibration plane after the CPW-to-PGL mode converter (see dashed line in
the inset of Fig. 5.2b). The measurements were done using a different Reflect
standard from the one used for calibrating. The S-parameter measurement
results of the PGL Reflect show to have high and wideband reflection char-
acteristics, with over −1.1 dB in all the band (Fig. 5.2b). The transmission
measurements are very low, below −21 dB, as expected. Simulations using a
PGL wave-port agreed with the measurements results, having high reflectivity
and low transmission. The simulation results showed in Fig. 5.2b were obtained
by exciting a PGL line terminated in the Reflect standard and de-embedding
the PGL line in the simulation software.
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Figure 5.3: Measurements of PGLs of different lengths after calibrating
demonstrate a correct de-embedding of the CPW-PGL transitions. Mea-
sured magnitude of (a) reflection (S11) and (b) transmission (S21) of the Through
and multiple lines in the calibration standard. The low value of |S11| indicates a
correct de-embedding of the CPW-PGL mode transformer, while the values of |S21|
yield expected behaviour for lines at these frequencies.

In addition to the PGL Reflect, the PGL Through and Line standards
were measured after PGL calibration, choosing structures that weren’t used
during the calibration. Fig. 5.3 shows the measured transmission and reflec-
tion of Through and Lines from the calibration standards after applying the
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PGL calibration. The low levels of |S11| and the smooth |S21| indicate that
the calibration method has correctly de-embedded the CPW-to-PGL mode
converter.
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Figure 5.4: Simulations and measurements of a 1-mm-long PGL on silicon
membrane after calibrating with the proposed PGL TRL standards. S-
parameter comparison of simulations (dashed line) and measurements (solid line).
Simulated S11 results are below −39 dB in all the band, whereas measured S11 are
limited by the noise floor, around −20 dB. Inset shows a micrograph of the 1-mm-long
PGL, with the calibration plane of the simulation and measurements depicted as a
dashed line, set after the CPW-to-PGL mode converter, along the PGL.

Fig. 5.4 shows the simulated and measured S-parameters for a 1-mm-long
PGL on the silicon-membrane substrate using the PGL TRL calibration. The
results of the magnitude of the transmission, |S21|, show to be flat except for
a subtle decrease proportional to the frequency for both measurements and
simulations. The phase results have a linear frequency response, indicating
negligible PGL dispersion. There is a slight difference in the slope of the
phase of the transmission between measurements and simulations, indicating
that the substrate might be thicker or have a higher permittivity value than
the one used for simulations, based on literature values [105]. The measured
reflection parameter, S11, shows to be typically below −20 dB—the noise floor
of reflection measurements—with higher values at the sides of the rectangular
waveguide bands. Ideally, these values should be as low as possible. Still, the
reflection coefficient is very susceptible to the probing conditions, especially
when having the probing area behind the reference plane, making reflection
measurements more unreliable than transmission measurements. Overall, the
developed PGL calibration standards set the calibration plane along the PGL,
accurately de-embedding the CPW-to-PGL mode converter and probe-chip
interface.
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Chapter 5 Terahertz characterisation of PGL components

5.3 Planar waveguide loss
At THz frequencies, the available power of electronic sources is lower than at
lower frequencies, and conductor and radiation losses increase with frequency.
Thus it is essential to minimise losses to have a higher dynamic range and
SNR.
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Figure 5.5: The PGL losses drop dramatically when an electrically-thin
substrate is used. The figure shows the attenuation coefficient measurements of
a 1 mm long CPW and PGL in PET substrate. Measurements were done on two
setups: placing the device on top of a polyethylene (PE) supporting substrate or
suspending it on air, creating a membrane (see Fig. 5.9a).

Paper B compares the measured attenuation constants of two planar metal
waveguides, a CPW and a PGL, fabricated in the same ultra-thin PET film
chip. For each waveguide, CPW or PGL, the measurements were calibrated
using dedicated calibration standards included in the same chip, and a 1-mm-
long line was measured for each case. Fig. 5.5 shows the measured CPW and
PGL attenuation constant for two cases: having the line on top of the cavity in
the supporting substrate, creating a membrane, and having the line directly on
top of the supporting substrate. When using the PE supporting substrate, the
CPW has lower losses than the PGL. However, when the measured waveguides
are suspended on air—by placing them on top of a micromachined hole in the
PE supporting substrate—the losses of the PGL drop drastically, whereas the
CPW losses remain unchanged. When suspended in air, the PGL becomes
a more power-efficient planar waveguide compared to the CPW, with an
attenuation coefficient of 0.32 Np/mm at 1 THz. The main reason for this is
that the PGL’s field distribution is much broader, making its phase velocity
higher than in the supporting substrate’s. In contrast, the CPW has a more
confined field, and the phase velocity is more affected by the PET substrate,
producing a lower phase velocity than the supporting substrate’s.
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5.4 Planar Goubau line components

5.4 Planar Goubau line components
Some PGL design components have been suggested, but many of them lack a
clear design procedure. In this thesis, I proposed three PGL circuit components
measured at THz frequencies and with a straightforward design procedure: a
stop-band filter (Paper C), an impedance-matched load (Paper D), and a
power-divider (Paper E).

The PGL stopband filter presented in Paper C is based on a PGL which is
periodically loaded with capacitively-coupled λ/2 resonators (Fig 5.6a). The
electrical behaviour of the filter is modelled using a transmission-line model
of a repeating unit cell consisting of a shunt resonator coupled to the line
by a capacitance (Fig. 5.6b). Fig. 5.6c shows the measured magnitude of S21
compared with electromagnetic simulations and the proposed transmission-line
model showing good agreement between them.
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Figure 5.6: Proposed PGL filter based on coupled resonators. (a) Micrograph
of the PGL filter with CPW-PGL transitions fabricated in the silicon membrane. The
red lines show the reference plane of S-parameter results. (b) Transmission-line model
of the filter’s unit cell. (c) Magnitude of S21 of the filter, comparing measurements
with simulations and the transmission line model, showing good agreement.

The impedance-matched load presented in Paper D is based on an exponentially-
tapered corrugated PGL (Fig. 5.7a). As seen in Section 2.6.1, longer corruga-
tions increase the effective refractive index of the TM mode, its confinement
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Chapter 5 Terahertz characterisation of PGL components

to the metal and its conductor loss, but corrugations longer than λ/4 cannot
propagate TM modes. The corrugations are exponentially increased over dis-
tance, avoiding reflections and increasing losses progressively. The ohmic losses
drastically increase when the corrugations are nearly λc/4-long for a given
frequency. Fig. 5.7b shows the measured magnitude of S11 compared to elec-
tromagnetic simulations of the proposed load, being the measurements limited
by the noise-floor of the measurements setup, around −20 dB. Simulations of
the same load made using a perfect electric conductor show a high magnitude
of S11, meaning that the matched load works due to ohmic losses and not
radiation.
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Figure 5.7: Proposed PGL impedance-matched load based on an
exponentially-tapered corrugated line. (a) Micrograph of the PGL matched
load fabricated on a silicon membrane. The red line shows the reference plane of
S-parameters. (b) Magnitude of S11 of the filter, comparing measurements with sim-
ulations, showing good agreement. The simulation with a perfect electric conductor
(PEC) load shows that conductors and not radiation produce losses.

The PGL power divider presented in Paper E is based on the combination
of two concepts already mentioned in this thesis: the short-circuit proposed in
Paper A and the coupled lines used for the filter proposed in Paper C. The
output lines are coupled to the standing wave of the input line caused by a PGL
short-circuit (Fig. 5.8a). This design achieves higher output power, lower input
reflections and higher isolation between output ports than T- or Y-shaped line
junctions, as shown in Paper E. Fig 5.8b-c show measurement results of the
power divider, together with electromagnetic simulations. If the power split
and line losses are discounted, the power divider has an approximate insertion
loss of around 0.5 dB around its centre frequency.
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Figure 5.8: Proposed PGL power divider based on output lines coupled
to the input port standing wave. (a) Micrograph of the PGL power divider
on silicon membrane, designed at a centre frequency of 0.9 THz, being measured
with probes. Red dashed lines indicate the measurements reference plane. One of the
output ports of the power divider was terminated with a PGL impedance-matched
load, as required for two-port S-parameter measurements. (b) Magnitude of S11,
showing relatively low input port reflections. (b) Magnitude of S21, where frequencies
away from the design frequency show lower transmission levels.

5.5 Spectroscopy of aqueous samples
One of the characteristics of the PGL is its large field extension compared to
other planar transmission lines. This makes the PGL an attractive candidate
to be combined with microfluidic channels to create liquid sensing platforms at
THz frequencies. When creating a spectroscopy setup for aqueous samples, the
goal is to detect small changes in the real and imaginary parts of the sample’s
refractive index. Unfortunately, liquid water has an extremely high dielectric
attenuation constant around THz frequencies, in the order of 100 dB/mm [111],
which can reduce the SNR and thus the sensitivity of the system. Therefore, it
is essential to have control of the sample’s dimensions and avoid unnecessary
losses. Microfluidic channels offer an excellent solution for the control of the
dimensions of the sample with micrometre precision, avoiding its evaporation
and guiding liquid samples into the sensing area of a chip. The microfluidic
channels used in this thesis were fabricated in polydimethylsiloxane (PDMS)
with a rectangular cross-section channel of width ls = 120 µm and height 95 µm
(see Fig. 5.9a). The microfluidic channel was aligned under the microscope
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and attached to the PGL using a metal clamp that tightened the PDMS
to the supporting substrate (Fig. 5.9b). Clamping the microfluidic channel
allowed the possibility to change channels without the need to fabricate new
structures. The sample under test was delivered to the microfluidic channel
using a manually-operated syringe through tubings connected to the PDMS
microfluidic channel.

t=23 µm

Polyethylene 
supporting 
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PET 
substrate

Liquid 
sample PGL

Microfluidic 
channel

Calibration 
plane

Calibration 
plane
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Figure 5.9: (a) Representation of the PGL crossing the microfluidic channel con-
taining the aqueous samples. Probes contact the CPW-to-PGL transitions at the
edge of its sides. (b) Photograph showing the PET chip with devices held on to the
PE supporting substrate. The PDMS with the microfluidic channels is clamped to
the supporting substrate and remains in contact with the devices. Tubes are attached
to the microfluidic channel to pump the samples.

The sample’s refractive index was obtained from the measured complex trans-
mission parameter, S21, of a PGL crossing the microfluidic channel containing
the sample, similarly to Paper C, in which a CPW was used instead. The
diagram in Fig. 5.10 offers an overview of the process to obtain the sample’s
refractive index from the transmission measurements, consisting of two main
steps: (1) obtaining the effective refractive index (or propagation constant) of
the PGL section with the sample, and (2) translating this effective refractive
index into the sample’s refractive index.

Considering a reference sample with a known refractive index, ñr, the
effective refractive index of the PGL with the sample, ñe, can be calculated
using relative measurements as:

ñe = ñr −
ln

[
S

(s)
21 /S

(r)
21

]
jk0ls

, (5.1)

44



5.5 Spectroscopy of aqueous samples

𝑛෤௦ ൌ 𝑓ሺ𝑛෤௘ሻ
conformal
mapping

𝑙௦

Meas.
𝑆ଶଵ
௦

𝑛෤௥

Simulations

Ref. idx. H2O
𝑆ଶଵ
௥

References

𝑛෤௘

From transmission measurements, 
𝑇෨௦, to effective refractive index, 𝑛෤௘ .

Sample = 
water

From effective refractive index, 
𝑛ො௘, to sample refractive index, 𝑛ො௦. 

𝑛෤௦

PGL

Eq. (5.1)

Figure 5.10: Diagram showing how the sample’s complex refractive index, ñs was
obtained from the transmission measurements S

(s)
21 .

where S
(s)
21 and S

(r)
21 are the complex transmission coefficient for sample and

reference, respectively, k0 is the vacuum wavenumber, and ls is the effective
length of the sample. The reference effective refractive index, ñr, for the PGL
was obtained using electromagnetic simulation results of a PGL with water [112].
Water is a sample that has been measured extensively at THz frequencies and
thus has accurate material properties. After calculating the effective refractive
index of the PGL containing the sample, with the eq. (5.1), the sample’s
permittivity was calculated using conformal mapping based on electromagnetic
simulations of the setup, sweeping the sample’s real and imaginary refractive
index.

Fig. 5.11 shows the calculated sample’s real and imaginary refractive index
for water/propan-2-ol mixtures—between 50 and 100%, in steps of 10%—using
pure deionised water as a reference sample. Each sample was measured five
times in consecutive VNA frequency sweeps, and their mean and standard
deviation were calculated. Both the magnitude and phase measurements show
sufficient SNR for distinguishing between samples despite the high losses
of the aqueous samples, being magnitude measurements more sensitive to
changes than phase measurements. The sensitivity of the setup can be defined
as the slightest possible refractive index change that can be detected from 5
measurements with a probability of 95%. With that definition, the sensitivity of
the setup is ∆n = 0.03 for the real part of the refractive index and ∆κ = 0.0035
for the imaginary part. This sensitivity is similar to the CPW system presented
in Paper F. These results show better performance than on-chip systems
measuring aqueous samples with time-domain spectroscopy, the most popular
experimental setup for measuring the complex transmission of THz waves.
Time-domain spectroscopy could not resolve measurements of water above
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0.5 THz using a similar PGL setup [36], or needed to avoid direct contact
between the line and sample, sacrificing sensitivity, to achieve sufficient SNR
[113].
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Figure 5.11: The sample gradient yields distinguishable magnitude and
phase changes in the transmission. Extracted (a) real and (b) imaginary part of
the sample’s refractive index, calculated using the process shown in Fig. 5.10. Samples
consist of propan-2-ol/deionised-water mixtures with water volume concentration
from 50% to 100% in steps of 10%. Measurements were performed five times in
consecutive frequency sweeps.

It is worth noting that the PDMS channel swells by pure propan-2-ol, which
reduces the microfluidic width to 113 µm. However, samples with a propan-2-ol
concentration lower than 50% showed no impact on the channel width, and
only samples between 0% and 50% propan-2-ol concentration were measured.
Similarly, propan-1-ol (with a similar Hildebrand solubility parameter and
dipolar moment as propan-2-ol) was reported to have a swelling factor of 9%
in PDMS, whereas water produced no swelling [114].
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CHAPTER 6

Concluding remarks and future outlook

This thesis has presented the study of planar Goubau lines (PGL) at THz fre-
quencies, developed calibration standards and circuit elements, and performed
spectroscopy measurements of high-loss aqueous samples.

Paper A presents the first calibration standards proposed for PGL. The
PGL calibration standards, based on multi-line Through-Reflect-Line, enable
de-embed the mode converters used to excite the PGL and set the calibration
plane along the PGL. The Reflect standard is designed as a λ/2 T-shaped
structure and forces the electric field to zero at its junction, behaving like
a short circuit. The calibration standards are demonstrated by measuring
PGLs of different lengths, where the low levels of |S11|, S21 flat magnitude and
adequate phase delay show that the mode converters have been de-embedded
correctly.

At terahertz frequencies, ohmic and radiation losses are high and must be
minimised to avoid lowering the SNR. Paper B presents how PGLs fabricated
on electrically-thin substrates drastically reduce their radiation loss, becoming
more power-efficient than a coplanar waveguide in the same substrate.

Designing components for PGL is challenging for the lack of ground plane
and the weak relation between metal strip width and impedance. Papers C,
D and E present PGL circuit components designed and measured at THz
frequencies, between 0.5 and 1.1 THz. Paper C presents a stopband filter based
on capacitively-coupled open-ended λ/2 resonators periodically placed along the
PGL. The filter’s functioning is explained using a transmission line model of the

47



Chapter 6 Concluding remarks and future outlook

periodic unit cell, showing good agreement with measurements and simulations.
This component is an alternative stopband filter design that is easy to tune and
has relatively low insertion loss. Paper D presents a PGL impedance-matched
load based on an exponentially-tapered and densely-corrugated PGL. This
design with dense corrugations avoids using a supplementary lower-conductivity
material to achieve high conductor loss, simplifying the fabrication process.
The corrugations steeply increase the conductor loss, the phase constant and
the confinement of the field when the corrugation length approaches λ/4. The
smooth corrugation taper ensures an impedance match to avoid reflections.
Paper E presents a PGL power divider based on capacitively-coupled lines to
the standing wave produced by a short circuit in the input port. The proposed
design has higher output power, lower reflections and better isolation between
output ports than a Y-shaped junction.

Finally, this thesis presents the use of PGLs with microfluidic channels to
measure changes in the real and imaginary refractive index of water/isopropan-
2-ol mixture samples, similarly to Paper F, where CPWs were used instead.
These on-chip measurements can detect slight sample differences up to 1 THz,
whereas previous on-chip measurements using time-domain THz spectroscopy
either lacked the SNR or sensitivity.

In summary, this thesis presents evidence to support that PGL holds promise
as a power-efficient metal planar waveguide for THz applications, with an
attenuation constant around 3 dB/mm at 1 THz for electrically-thin suspended
substrates. Suspended silicon membranes have shown to be a suitable substrate
of choice for their ability to be made ultra-thin using a relatively easy fabrication
process and having plenty of mechanical strength. The relatively low losses, the
contribution of circuit elements with a straightforward design, and calibration
standards increase the PGL’s possibilities as a planar waveguide to use at THz
frequencies.

Other waveguides exist with a higher power efficiency at THz frequencies
than PGLs, for example, planar dielectric waveguides and hollow rectangular
waveguides. However, the PGL could offer the niche of being planar, easy to
fabricate and capable of using circuit components. This thesis may also inspire
component designs for the Sommerfeld wire and the Goubau line, which have
even higher power efficiency than rectangular waveguides.
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CHAPTER 7

Summary of appended papers

Paper A

Multiline TRL Calibration Standards for S-parameter
Measurement of Planar Goubau Lines from 0.75 THz to
1.1 THz

This work presents a calibration standard for planar Goubau lines based on
Through-Reflect-Line (TRL) standards. The calibration standards are validated
with an established CPW calibration and with the proposed PGL calibration,
showing good agreement with simulations in both cases. The calibration is
used to demonstrate measurements of a 1 mm long PGL between 0.75 THz to
1.1 THz, with losses between 0.13 Np/mm to 0.35 Np/mm, negligible dispersion
and wide-band characteristics. The proposed calibration standard opens up
possibilities for studying and measuring the PGL and its circuit elements in
detail.
My contributions: design, measurements, post-processing, interpretation,
writing.
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Paper B

Transmission Loss in Coplanar Waveguide and Planar Goubau
Line between 0.75 THz and 1.1 THz
This work compares the losses of 1 mm CPW and PGL under two circumstances:
with the polyethene supporting substrate below the device and with the device
being suspended on air. The CPW has a lower attenuation constant than
the PGL if the supporting substrate is present below the devices. When the
supporting substrate is removed from below the measured device, maintaining
the substrate suspended on air, the attenuation constant of the CPW remains
unaltered, whereas the PGL’s drops drastically, becoming more power-efficient
than the CPW.
My contributions: design, measurements, post-processing, writing.

Paper C

Capacitively-coupled resonators for terahertz
planar-Goubau-line filters
This work presents a bandstop filter design for PGL based on capacitively-
coupled λ/2 resonant lines, showing relatively low insertion losses, high stop-
band rejection, and a simple design. It demonstrates the design by measuring
a filter with 49 pairs of resonators between 0.5 and 1.1 THz using VNA and
ground-signal-ground probes, showing good agreement between measurements
and simulations. Future work could study modulating the electrical length of
the resonators to produce a desired stopband.
My contributions: design, measurements, post-processing, interpretation,
writing.

Paper D

A corrugated planar-Goubau-line matched load for terahertz
waves
This work presents an impedance-matched load for PGL with low reflections
based on an exponentially-tapered corrugated PGL. The corrugations increase
the ohmic losses of the PGL by inducing surface currents in its contour from
the magnetic field. The matched load was designed to have high corrugation
density to maximise the ohmic losses induced in the corrugations, thus avoiding
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using a second lower-conductivity material, simplifying the fabrication process.
The matched load was measured between 0.5 and 1.1 THz using VNA and
ground-signal-ground probes, showing good agreement between measurements
and simulations. The return losses were better than 19 dB in the bandwidth of
operation, being limited by the noise floor of the reflection measurements.
My contributions: design, measurements, post-processing, interpretation,
writing.

Paper E

A capacitively-coupled terahertz planar-Goubau-line power
divider
This work presents an equal-split power divider design for PGL based on
lines coupled to the standing wave produced by a short circuit. Results show
higher delivered power to the output ports than simpler T- or Y-power divider
designs, lower input port reflection, and higher isolation between ports. The
disadvantage is the lower bandwidth of operation, showing poor performance at
lower frequencies. The power divider was demonstrated by being measured with
VNA between 0.5 and 1.1 THz, showing good agreement with simulations, and
an insertion loss lower than 1 dB for the bandwidth of operation if reflection,
power-split and line losses are discounted.
My contributions: design, measurements, post-processing, interpretation,
writing.

Paper F

On-Chip Characterisation of High-Loss Liquids between
750 GHz and 1100 GHz
The characterisation of aqueous samples is relevant since it is the native
environment of biological samples, and their extreme absorption poses a
big challenge to chip measurements. This work performed THz transmission
spectroscopy of high-loss aqueous samples using a chip excited with VNA and
probes. The chip integrated CPWs and microfluidic channels, which would
guide and control sample volumes. Similar attempts using THz time-domain
spectroscopy in chips could not resolve water measurements above 0.5 THz
or had to avoid having the sample on the transmission line’s region with
the strongest field intensity, losing sensitivity. The proposed solution yielded
high-SNR measurements and took a step towards a miniaturised system for
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THz spectroscopy of high-loss liquids.
My contributions: design, measurements, post-processing, interpretation,
writing.
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APPENDIX A

Fabrication steps

The fabrication for the polyethylene-terephthalate substrate was done according
to the following steps, represented in Fig. 4.1:

1. Mount the 23-µm-thick PET film on low-resistivity 2-inch silicon wafers
using thin-film wax.

2. Spin electron-beam lithography resist and auxiliary layers:
a) Spin HMDS (negligible thickness) at 3000 rpm for 30 s. Acceleration

time: 1 s. No baking.
b) Spin MMA 8.5 EL10 (450 nm thick) at 3000 rpm for 30 s. Accelera-

tion time: 1 s. Bake in oven for 10 min at 110 °C. Spin PMMA A2
(70 nm thick) at 3000 rpm for 30 s. Acceleration time: 1 s. Bake in
oven for 10 min at 110 °C.

c) Spin Espacer 300Z (20 nm thick) at 1500 rpm for 60 s. Acceleration
time: 1 s. Bake on hot plate for 90 s at 80 °C.

3. e-beam lithography (current 30 nA, dose 320 µC/cm2).

4. Substrate development:
a) Developed in IPA:DI-H2O in 10:1 volume ratio for 40 seconds.
b) Ash O2 plasma for 5 s at 40 W.

5. Deposit Ti/Au 20/350 nm.
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6. Lift-off in 65 °C acetone.

7. Detach the PET film from the silicon wafer

The fabrication steps for the PGLs on high-resistivity silicon membranes
are the following, and are represented in Fig. 4.1:

1. Spin of the electron-beam lithography resist and auxiliary layers in a
silicon-on-insulator (SOI) wafer with 10-µm high-resistivity silicon layer,
and 1-µm silicon oxide layer: HMDS process 100 °C 60 seconds. Spin
MMA 8.5 EL10 (450 nm thick) at 3000 rpm for 30 s. Acceleration time: 1 s.
Bake at 110 °C for 10 min. Spin PMMA A2 (70 nm thick) at 3000 rpm for
30 s. Acceleration time: 1 s. Bake at 110 °C for 10 min. e-beam lithography
(current 120 nA, initial dose 320 µC/cm2).

2. Substrate development: Developed in IPA:DI-H2O in 10:1 volume ratio
for 40 seconds. Ash O2 plasma at 40 W for 5 s.

3. Deposited Ti/Au 10/350 nm.

4. Lift-off in 65 °C acetone and 65 °C IPA.

5. Turn chip face down. Sputtering 20 nm of aluminum on backside of silicon
on insulator chip. HMDS process at 100 °C for 60 seconds. Spin SPR220-
3.0 at 3000 rpm for 30 s. Acceleration time: 0.3 s. Bake on hot-plate for
90 s at 115 °C. Laser writer exposure.

6. Develop resist and continue etching aluminum in MF24A.

7. Spin resist AZ4562 on 6-inch carrier wafer at 3000 rpm for 30 s. Accelera-
tion time: 0.3 s. No baking. Place SOI chip face down and gently press
it into the carrier wafer. Bake at 120 °C for 90 min. Deep reactive-ion
etching (Bosch process). Gases: SF6 + O2. Passivation: C2F8. Etching
rate: 1 µm per cycle.

8. After etching, leave 48 hours in room temperature acetone to detach
chip from carrier wafer by dissolving the resist AZ4562.

9. Remove resist residues with O2 plasma.
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