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In this thesis, novel broadband waveguides capable of operating at terahertz (THz) 

frequencies are introduced. We explore in detail the two-wire waveguide showing that it 

can have absorption as low as 0.01 cm-1, fairly good coupling efficiency, and is free from 

group-velocity dispersion (GVD). We also propose two low loss, planar slot-line 

structures for guiding THz waves. Rigorous theoretical analyses, numerical simulations, 

and experimental results are presented to evaluate and verify the performance of the 

waveguides at THz frequencies. We also present a tapered structure to couple effectively 

THz waves from a photoconductive source to a two-wire waveguide. Finally, practical 

structures to realize the first THz low-loss cable using the two-wire waveguide are 

introduced. 
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Chapter 1 
 

Introduction 
 

The terahertz wavelength range, between 30-1000 μm, is located between microwave and 

infrared frequencies, as shown in Fig. 1.1. This frequency range has been one of the least 

explored regions of the electromagnetic spectrum. This could be attributed to the lack of 

practical sources and detectors of terahertz radiation.  

 
Figure 1.1 Terahertz spectrum. 

1.1  THz Applications 

The general interest in terahertz frequencies rose mainly due to unique abilities in 

spectroscopy and imaging, contributing to new tools for exploring material properties and 

several biomedical applications. Other techniques using visible and near-infrared 

radiation have been extensively employed in studying such effects. However, many basic 

excitations in strongly correlated electron systems occur at terahertz frequencies, 

motivating the use of terahertz spectroscopy [1,2]. There are numerous applications for 

THz waves in areas like security, inspection, and spectroscopy. These applications 



 

 

2 
benefit from short wavelength and unique penetration and absorption of photons in the 

THz wavelength range.  

For biomedical applications, THz imaging can reveal the contrast between regions of 

healthy skin and Basal Cell Carcinoma (BCC) [3]. THz waves are capable of penetrating 

below the skin surface, providing the potential for medical imaging, particularly, of 

epithelial tissues where most cancer originates. THz waves also offer a non-invasive 

imaging method as they do not damage human body like X-rays do [4]. 

Gas-phase detection has been a major application of Terahertz Time-Domain 

Spectroscopy (THz TDS). Early work includes the investigation of absorption, 

dispersion, and inversion spectrum of ammonia vapor (NH3)2 [5]. Terahertz spectroscopy 

was also used to investigate the laser induced ionization and plasma formation in pure 

oxygen and nitrogen to obtain the specifications of gases, such as the free electron 

density and the electron scattering time [6]. A long-baseline THz time domain 

spectrometer, capable of detecting gas species in the low part-per-million (PPM) range in 

near real-time, was reported [7]. This spectrometer was used to observe coherent 

transients from methyl chloride vapor directly in the time-domain. The analysis of 

chemical compositions is a fundamental issue in molecular spectroscopy. Studies of the 

coherent transient response of resonantly excited gases and gas mixtures can be 

accomplished by THz TDS. Coherent transient phenomena appear in the time-domain 

spectra as free induction decays described by fast oscillations with corresponding echoes 

occurring after impulse excitation. A time-domain chemical-recognition system to 

classify gases and analyze gas mixtures based on this method was presented [8]. The 

detection and identification of polar gases and gas mixtures based on THz TDS was 

presented for real-time spectroscopic measurements over a broad bandwidth up to several 

THz [9]. This has been realized to distinguish between CH3CN and CD3CN [9] and 

separately, NH3 and H2O [10].  

Rotational transitions of light polar molecules and low frequency vibrational modes of 

large molecular systems can be probed by THz spectroscopy. As an atmospheric 

pollutant, small molecules like hydrogen sulphide (H2S), OCS, formaldehyde (H2CO), 

and ammonia (NH3) possess intense transitions in the THz range, ideal for THz 



 

 

3 
spectroscopy [11]. Large amplitude motions of bio-molecules can also be examined in 

the THz domain with a highly sensitive spectrometer. 

THz TDS also has several applications in the area of explosive detection. Especially in 

the gas-phase, flames, plumes, and explosive vapour are of great interest. Many 

explosives have unique spectral fingerprints in the THz range. The vapor-phase spectrum 

of DNT from 0.05 THz to 2.7 THz was reported utilizing pulsed THz TDS [12]. 

Combustion processes have attracted intensive investigation for commercial as well as 

scientific reasons. Of great importance are understanding and modeling of combustion, 

and that requires knowing the species present in the flame and the spatial distribution and 

temperature on these species. The first comprehensive THz absorption measurement of 

combustion products in a premixed laminar hydrocarbon-air flame was presented using 

THz TDS in [13]. A large number of absorption lines including those of water, CH, and 

NH3 were observed. The flame temperature was also determined by comparison of the 

relative strength of the water vapour lines.  

1.2  THz generation and detection 

The objective of broadband THz generation and detection is to produce and probe an 

ultra-short electrical pulse with the duration within the ps range corresponding to a 

spectrum in the THz frequency range. There are methods to generate such pulses using 

only optical means (optical rectification), or using only electronic means (nonlinear 

transmission lines, resonant tunnelling diode, etc) [2]. However, in the most common 

generation method, the THz photoconductive antenna, mixed optical and electronic 

means are used to generate THz pulses. The photoconductive antenna is basically a small 

dipole antenna deposited on an ultra-fast substrate with less than 1 ps carrier lifetime. A 

fs pulse laser with photon energy greater than the substrate bandgap is focused on the 

antenna feed gap, exciting electron-hole pairs. The photo-excited carriers are accelerated 

by the bias voltage applied across the gap, yielding emission of a pulsed electromagnetic 

radiation with a bandwidth in the THz range. 

THz detection is also a challenging task since THz sources are usually weak, and 

ambient thermal noise dominates over THz signals due to low photon energy of THz 

waves (4 meV). However, heterodyne detection used in terahertz time-domain 
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spectroscopy (THz TDS) can increase significantly signal-to-noise-ratio. In heterodyne 

detection methods, the same photoconductive antenna is used as a receiver. THz waves 

impinging on the receiver dipole antenna induce a pulsed voltage across the antenna gap. 

This voltage can be probed by measuring the receiver current when a fs optical pulse 

excites free carriers in the receiver gap. 

1.3  THz waveguides 

One important component for advancing optical and microwave systems is the use of 

waveguides for channeling electromagnetic fields. The existence of practical and low-

loss waveguides like optical fibers, coaxial cables and planar transmission lines drove 

generations of high-speed communication systems. Terahertz systems, unfortunately, 

suffer from the lack of a low-loss well-behaved waveguide despite substantial research 

conducted on the subject. 

Confining THz radiation within waveguide structures offers tremendous potential 

advantages in size, performance, and versatility, driving research on many types of THz 

waveguides. Using transmission lines and waveguides can help the integration of THz 

systems, avoiding the difficulties associated with THz beam-shaping and beam-steering 

optics.  

 
Figure 1.2 (a) THz pulse in time and frequency domain without waveguide, (b) THz 
pulse in time and frequency domain with the circular waveguide, (c) THz pulse in time 
and frequency domain with the rectangular waveguide [15]. 

(a) (b) (c) 
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Early terahertz waveguides include coplanar transmission lines, with an attenuation 

constant of 20 cm-1 [14]. Microwave metal-pipe waveguides can have lower loss (about 1 

cm-1) but they are highly dispersive due to the existence of cutoff frequencies for 

propagating modes, and multi-mode propagation limits usable bandwidth [15]. Test 

results for circular and rectangular waveguide, reported in [15], are illustrated in Fig. 1.2. 

Pulse stretching is evident for both cases due to the strong group-velocity dispersion of 

the waveguides. There is also a sharp cutoff frequency in the spectra due to the cutoff 

frequency of the first-order mode supported by the waveguides. The strange oscillations 

in the spectra are attributed to multi-mode propagation in the waveguides. 

Waveguides fabricated with dielectrics like sapphire or high-density polyethylene 

(HDPE), which have low loss in the THz range, were reported with about 1 cm-1 loss 

[16,17]. Figure 1.3 shows a THz pulse transmitted through unclad sapphire fibers with 

different diameters as reported in [17]. There is significant pulse reshaping due to the 

strong group-velocity dispersion of the waveguide.  

 
Figure 1.3 Measured and calculated terahertz pulse transmitted through sapphire fibers 
with 325μm, 250μm and 150μm diameter [17]. 

Supporting TEM modes, parallel-plate waveguides solve the problem of dispersion 

and have reasonably low loss (0.1 cm-1) [18]. Dielectric fiber with sub-wavelength 

diameter for terahertz waveguiding has been demonstrated [19]. The sub-wavelength 

fiber was designed to carry most of the terahertz energy in the air surrounding the fiber. 

0.01 cm-1 loss at 0.3THz and 20% coupling coefficient with a 200μm-diameter fiber 

made of polyethylene (PE) was reported. But waveguide and material dispersion limit the 

applicability of this waveguide for broadband applications. Also, this waveguide suffers 



 

 

6 
from large bend loss since electromagnetic energy is mostly extended in air surrounding 

the fiber.  

With a similar motivation to carry a terahertz wave in air, a stainless steel bare metal 

wire shows less than 0.03 cm-1 absorption at 1 THz [20]. A fundamental challenge for the 

single metal wire waveguide is that it is difficult to couple the electromagnetic wave 

efficiently to the radially-polarized mode supported by this waveguide. In [20] the THz 

wave is scattered by another metal wire perpendicular to the first one, to couple to the 

surface mode supported by the waveguide. Fig. 1.4(a) shows the surface wave profile 

supported by the metal wire waveguide. The THz wave emitted from common dipole 

antennas is linearly-polarized and highly mismatched with the surface mode supported by 

the waveguide, resulting in poor coupling efficiency. Coupling efficiency less than 1% 

has been reported for the scattering coupling method [21]. Radially-symmetric 

photoconductive antennas, shown in Fig. 1.4(b), can significantly enhance the coupling 

efficiency but at the price of losing efficiency of the photoconductive generation process 

[21]. 

 
Figure 1.4 (a) The surface wave propagating on the metal wire, (b) coupling terahertz 
wave into the surface mode of the single wire by radially-symmetric photoconductor. 

Two-wire waveguides [22,23] combine both low loss and efficient coupling 

properties. The field polarization of the TEM mode supported by this type of waveguide 

is very similar to the field emitted from a simple dipole, resulting in efficient coupling of 

the electromagnetic energy from typical terahertz sources into that mode. Also, for the 

TEM mode there is no cut-off frequency and no group velocity dispersion. Thus, one can 

enjoy the low loss of the wire waveguide along with dispersion-free propagation of the 
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TEM mode. Confining electromagnetic energy in a small area between the two wires is 

another important advantage of this waveguide that makes it more practical and more 

tolerant to bend loss [24]. Also, a wide variety of interesting choices and field 

configurations can be developed by simply varying the space between two wires, a 

degree of freedom unavailable to alternative waveguides. 

Planar transmission lines like microstrips, coplanar striplines, and slot-lines have also 

been proposed to support terahertz waves [14,25,26]. They are compact and fairly easy-

to-make, helping the integration of THz systems. Passive components like 

dividers/combiners and couplers can be realized using planar transmission lines. In the 

THz range, however, dispersion and loss limit the applicability of conventional 

transmission lines. 

1.4  Scope of this thesis 

In this dissertation, we first evaluate the performance of the two-wire waveguide 

theoretically and with numerical simulations in the THz frequency range in Chapter 2. In 

Chapter 3, we introduce and evaluate two novel planar transmission lines: slot-line in 

homogenous medium and slot-line on a layered substrate, capable of operating in the THz 

range without significant loss. Chapter 4 presents experimental results for the two-wire 

waveguide and the slot-line in GaAs. In Chapter 5, a tapered structure is introduced to 

couple efficiently THz waves from a source to a two-wire waveguide. We will show how 

we exploit both excellent coupling coefficient of the slot-line and low loss property of the 

two-wire waveguide in the tapered structure. Finally, Chapter 6 deals with an important 

application of the two-wire waveguide in realizing a THz cable. 
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Chapter 2 
 

Two-Wire Waveguide for Terahertz Waves 
It is anticipated that waveguides will form an important part of future THz systems. 

Using waveguides can be a way to avoid the alignment and loss challenges associated 

with the manipulation of THz waves by THz optics. Several microwave and optical 

waveguide structures have been used for THz applications like coplanar strip line (CPL), 

metal pipes, dielectric fibres, etc. But they have either high attenuation or high dispersion 

that prevents THz wave or pulse transmission over long distances. In this chapter, we 

introduce the two-wire waveguide as a low-loss, non-dispersive waveguide for THz 

waves. Rigorous theoretical analysis of the two-wire THz waveguide is presented for 

evaluating absorption and coupling coefficient in terms of the dimensions of the 

waveguide. Theoretical results are validated by numerical simulations. 

2.1  TEM mode 

Obtaining field distributions for the two-wire waveguide calls for solving Maxwell's 

equations with the boundary conditions forced by the structure of the waveguide. We 

developed a mapping function for solving this problem [23], similar to the method 

described in [27]. As mentioned before, the two-wire waveguide can support a TEM 

mode as well as TE and TM modes. The Helmholtz wave equation for the electric field is 

    022 =+∇
→→
EkE ,                                                                                (2.1)  

    µεω=k .                                        

For a wave propagating in the z-direction with e-iβz dependence, the wave equation 

reduces to 

    0)( 22 =+∇
→

tct Ek ,                                                                           (2.2) 

where,  

   2222 // yxt ∂∂+∂∂=∇ , 
∧∧→

+= yExEE yxt , 22 β−= kkc . 
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For the TEM mode, the problem of obtaining fields outside the conductors reduces 

from the wave equation to the 2D Laplace equation, a considerable simplification, 

because kc=0. Indeed, the transverse fields of the TEM mode are the same as the static 

fields between the conductors. One powerful mathematical method for solving the 2D 

Laplace equation is conformal mapping based on the properties of harmonic functions 

[28]. In this method, a complicated geometry is mapped to a simpler one through a 

complex analytic function. The Laplace equation is solved in the simpler region and the 

solution is transformed to the original geometry. 

The following two functions map the cross section of the two-wire waveguide to two 

concentric circles like the cross section of a coaxial cable as shown in Fig. 2.1. 

     ,)(1 Dz
Rzf
+

=                                                                     (2.3) 

     ,)(
2

1
2 zC

Czzf
−

−
=                                                                   (2.4) 

     1
22

,
2

21 −





=

R
D

R
DCC   .                                              (2.5) 

 
Figure 2.1 Conformal mapping of the cross section of two-wire waveguide to two 
concentric circles. 

The potential function in the region between the two concentric circles is 

     
 

,
)/ln(
|)|/ln(

0 ab
zbVV =                                                              (2.6) 

where a and b are the radius of inner and outer circles, respectively: 
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Substituting z in the potential according to the mapping functions results in having the 

potential in the desired region, namely the cross section of the two-wire waveguide. The 

electric field can be derived from the gradient of the potential: 

     VE −∇=
→

,                                                                        (2.7) 

that, with some algebraic simplifications, yields 

 
 wires theinside
 wires theoutside

0
)/(

)/(
)/(

)/(
)/ln( 22

1

1
22

2

20





















++
+

−
++

+
= yCRx

CRx
yCRx

CRx
ab

V
Ex  ,                         (2.8) 

 
 wires theinside
 wires theoutside

0
)/()/()/ln( 22

1
22

2

0





















++
−

++= yCRx
y

yCRx
y

ab
V

Ey  .                         (2.9) 

Figure 2.2 shows the distribution of the amplitude of the electric field in the cross 

section of the two-wire waveguide obtained from the theoretical analysis. The field 

distribution is consistent with the simulation results reported in [22]. 

 

Figure 2.2 Electric field distribution of the TEM mode supported by two-wire waveguide. 
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Figure 2.3 also compares the electric field amplitude in the x-axis (Y = 0) between the 

two wires obtained from the theory with our numerical simulation results using Ansoft 

HFSS solver at 1 THz. It is quite clear that the results are in good agreement, confirming 

the validity of our theory. 

  

Figure 2.3 Electric field in the x-axis obtained from the theory (solid line) and our 
numerical simulations (dashed line). 

Figure 2.4 shows the field distribution for different values of the wire centre-to-centre 

distance D. The figure illustrates the wide variation in field distribution with change in D. 

When the wires are close, the field concentrates in the gap between the wires. When the 

wires are distant, the field more evenly surrounds the wires. Therefore, we expect that 

conductor loss would be lower for larger distances between the wires since the current 

produced by the field in the wires passes a larger cross section area when the field is 

more distributed, reducing the effective resistivity. However, moving the wires farther 

apart allows the waveguide to support higher-order modes. Multi-mode propagation is 

not desirable for broadband applications as it distorts the spectrum of the THz pulse after 

propagation along the waveguide. Numerical simulations can be used to determine cutoff 

frequencies of higher-order modes for different dimensions of the waveguide. Also, a 



 

 

12 
lower center-to-center distance of the wires results in a more confined field, leading to 

smaller bend loss and radiation loss. These factors limit the maximum value of D. We 

anticipate that this dependence of field strength on D can form the basis of future 

interesting sensor devices. The radius of the wires also has a large impact on the field 

distribution. As the radius R increases, the field is distributed over a larger area, 

suggesting lower conductor loss for bigger wires. 

 

Figure 2.4 Electric field distribution for different values of D. 

2.2  Loss estimation 

One important property of a waveguide working in the THz frequency range is having 

low absorption. Since available THz sources are usually weak, it is important to avoid 

any loss in delivering THz signals from the emitter to the receiver. For the two-wire 

waveguide in free space, conductor loss is the only absorption mechanism as the 
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propagation medium, free space, does not have dielectric loss. In this section, we estimate 

the conductor loss of the two-wire waveguide in terms of the dimensions using analytic 

expressions we derived in the previous section for the potential function and the field of 

the TEM mode supported by the waveguide.  

In a perfect conductor, the surface charge density should be 

     Dns


⋅= ˆρ                                                                (2.10) 

to give zero electric field inside the perfect conductor. The movement of electric charges 

also produces a surface current  

     HnJs


×= ˆ                                                                (2.11) 

to give zero magnetic field inside the perfect conductor. Therefore, just outside a perfect 

conductor there are only normal electric field and tangential magnetic field. A good, but 

not perfect, conductor must exhibit approximately the same behavior. In [29], it is shown 

that the fields inside a good conductor are 

     ,//
||

δξδξ i
c eeHH −=
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                                                         (2.12) 
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     ,2
ωµσ

δ =                                                                (2.14) 

where ξ is the normal coordinate inward into the conductor, H|| is the tangential magnetic 

field outside the surface, Ec and Hc are the electric and magnetic field inside the 

conductor, μ is the permeability of the conductor, δ is the skin depth (Eq. 2.14) and σ is 

the conductivity. Accordingly, the time-averaged power absorbed per unit area is 

     ,||
4

2
||

→
= H

dA
dPloss µωδ                                                       (2.15) 

where A is the surface area of the conductor. Eq. 2.15 shows how the conductor loss 

changes with the frequency (or wavelength) and with the material of the conductor 

through the skin depth. To estimate the waveguide loss, Eq. 2.15 suggests that we must 

obtain the tangential magnetic field just above the metal surface. 
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For the TEM mode, the magnetic field can be derived easily from the electric field 

with the following relationships: 

     ,0η=
y

x

H
E                                                                           (2.16) 

     ,0η=
−

x

y

H
E

                                                                         
(2.17) 

where η0 is the intrinsic impedance of free space. Knowing the magnetic field just outside 

the surface of the conductor allows us to estimate the power loss per unit length of the 

waveguide according to      

     ,
4

2

|| dsHP

S

loss ∫=
µωδ                                                     (2.18) 

where ds is the infinitesimal surface element of the conductor. Note that there is no 

attenuation due to dielectric loss because the two wires are surrounded by air. Another 

necessary parameter for determining attenuation constant is P0, the power flowing on the 

lossless line:        
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where S' is the surface element of the cross section of the waveguide. Calculation of P0 

includes a complicated surface integral on the cross section of the two-wire waveguide. 

The following theorem may be used to simplify the integration.  

Theorem: Suppose the potential function Φ is transferred from the xy-plane to the uv-

plane by an analytical complex function. The energy stored in the fields, calculated in 

both planes is the same [30]: 
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Therefore, the integration can be calculated on the simpler plane, namely the two 

concentric circles shown in Fig. 2.1 that yields 
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The attenuation constant is then 

     ,
2
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P lossl ==α                                                          (2.22) 

where Pl is the power loss per unit length and L is the length of the waveguide. 

Substituting Pl and P0 into Eq. 2.22 with some algebraic simplifications results in: 
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Figure 2.5 illustrates the dependence of the attenuation constant on D, the distance 

between the wires, and R, the radius of the wires, at 1THz for a waveguide made out of 

gold. The attenuation constant decreases as D becomes larger, consistent with the 

conclusion we derived from the field distribution. Increasing R also results in a smaller 

attenuation constant, also inferred from the field distribution. All the curves 

corresponding to the different values of R show similar behavior, i.e. decreasing loss with 

increasing D. There is also a knee in each curve that corresponds to an appropriate value 

for D, because further increase in D would not reduce absorption considerably. A closer 

look at the difference between the curves shows that increasing R more than 300μm does 

not change the loss significantly. Therefore, this value is probably a good choice for R for 

a wide range of applications.                                     

 
Figure 2.5 Two-wire waveguide conductor loss vs. center-to-center distance of the wires 
for 100 μm to 600 μm radii of the wires. 
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2.3  Coupling efficiency 

Dipole antennas are used widely in terahertz photoconductive sources [31–33]. The 

radiation pattern of a dipole on a dielectric substrate has been investigated in detail in 

[34‒38]. Inside the substrate, the terahertz wave is like a spherical wave. A silicon lens 

transforms this spherical wave approximately to a plane wave [39]. Coupling efficiency 

determines how much power can be coupled from the dipole source to the two-wire 

waveguide. Calculating the coupling efficiency is, in general, not a trivial problem, 

especially for a complicated structure like the dipole and the two-wire waveguide. 

However, given [39], we make the assumption that the far-field radiation of the dipole on 

the substrate can be approximated by a plane wave in the plane perpendicular to the 

dipole. This approach assumes that a plane wave with certain dimensions (depending on 

the directivity of the source) impinges on the input port of the waveguide. This 

approximation is valid when the waveguide cross section is comparable to or smaller than 

the far-field radiation pattern of the dipole, which is the case for a typical terahertz source 

[39‒41].  

A second approximation replaces the radiated plane wave with certain dimensions at 

the input port of the two-wire waveguide by the TEM mode of a fictitious parallel-plate 

waveguide of the same dimensions, as shown in Fig. 2.6. If the plane wave is a good 

approximation for the incident THz wave, the field incident on the two-wire waveguide is 

the same whether the incident wave is a plane wave or the TEM mode of a parallel-plate 

waveguide with the same dimensions. What matters in coupling to the two-wire 

waveguide is the distribution of the field at its input port, which is identical for both 

cases. This approximation enables us to use a simple mode-matching technique to 

calculate the coupling efficiency from the TEM mode of a parallel-plate waveguide into 

the TEM mode of a two-wire waveguide. 

We assume that the TEM mode of a parallel-plate waveguide (with the cross section 

of w × d and with 1W power) corresponding to a plane wave, impinges on the input port 

of a two-wire waveguide. The coupling efficiency is the ratio of the transmitted power to 

the incident power [15]. 
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Figure 2.6 Intersection of the parallel-plate waveguide and the two-wire waveguide. 

The physical modes supported by the waveguides form a complete, orthogonal basic 

set; therefore, the fields can be expressed in terms of the modes on both sides [29,42]: 

     ( )∑ +=
m

mmm ebaE 2,12,12,12,1


,                                         (2.24) 

     ( )∑ −=
m

mmm hbaH 2,12,12,12,1


,                                        (2.25) 

where E, H are the electric and magnetic field, ɑm, bm are the coefficients for forward and 

backward waves, em, hm are the normalized electric and magnetic fields of the mth mode, 

and subscripts 1, 2 are for the parallel-plate waveguide and the two-wire waveguide, 

respectively. The orthonormalization of the modes can be written [42] 

     ( ) lmml dszhe δ∫∫ =⋅×
∧

∗

2
1 ,                                                 (2.26) 

where l, m are the mode subscripts, and δlm is the Kronecker delta. The boundary 

conditions at the interface of the two waveguides require: 

     ( ) ( )+− === 00 21 zEzE tt


,                                                (2.27) 

     ( ) ( )+− === 00 21 zHzH tt


,                                               (2.28) 

where the subscript t indicates the transverse components of the fields. The single lowest-

order TEM mode is incident from the left side. Continuity of the transverse electric field 

expanded in terms of the orthogonal modes on both sides gives: 
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where r, t are the reflection and transmission coefficients, respectively. Multiplying both 

sides of Eq. 2.28 by 1/2(h1)TEM
 *, integrating over the transverse plane (XY-plane), and 

using orthoganality relations for the parallel-plate waveguide modes yields  
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where, 
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Similarly, continuity of the transverse magnetic field expanded in terms of the orthogonal 

modes on both sides gives 
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multiplying both sides of Eq. 2.32 by 1/2(e2)TEM
*, integrating over the transverse plane, 

and using the orthogonality relations for the two-wire waveguide modes yields  
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Neglecting the effects of the higher order modes results in simple relations for the 

transmission and reflection coefficients: 
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Therefore, reflection and transmission coefficients can be obtained by calculating κ. 

According to the Eq. 2.31, calculation of κ calls for knowing the electric and magnetic 

fields of the TEM mode for the two waveguides. The TEM mode for the parallel-plate 

waveguide is [43]: 
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where η0 is the intrinsic impedance of free space and A1 is the normalization constant that 

is chosen so that the TEM mode carries 1 W, 
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where w are the width of the plates, and d is the distance between the plates. Explained in 

Section 2.1, the TEM mode for the two-wire waveguide is [23] 
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where, e2x and e2y can be obtained from Eq. 2.8 and Eq. 2.9, respectively. A2 is the 

normalization constant that can be obtained from the equation below,   
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that yields 
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Substituting the fields in Eq. 2.31 yields 

   ( )
( )

( )
( )

ds
yCRx

CRx
yCRx

CRxAA

S
∫∫ 












++
+

−
++

+
=

1

22
1

1
22

2

2

0

21

/
/

/
/

2η
κ ,                            (2.43) 

where S1 is the surface specified with the pattern in Figure 2.6. Green's theorem makes 

the surface integration in Eq. 2.43 significantly easier.  

Green's Theorem: Let F1 and F2 be continuous differentiable functions on a simply 

connected domain D, and let Γ be a positively oriented simple closed contour around D. 

Then Eq. 2.44 is valid: 
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Eq. 2.6 and Eq. 2.7 show that the electric field is 

   ( )( ) ( )( ) ( )( ) 







∂
∂

+
∂
∂

=∇=
∧∧→
yz

y
xz

x
AzAe t 222222 lnlnln ,                                 (2.45) 

where z2 is the complex variable in the region between the two concentric circles in 

Figure 2.1, and can be expressed in terms of x ,y by 
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Figure 2.7 Integration contour for coupling. 

Substituting the x component of the electric field in Eq. 2.31 and using Green's 

theorem yields  
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where the surface S1 and the contour Γ are shown in Figure 2.7. The integrations on the 

routes 1 and 2 are zero because y is constant. So are the integrations on the routes 3 to 10 

because the integrand is the even function of y. Thus, the calculation of κ  reduces to the 

integrations on the routes 2, 11 and 13 that yield 
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Note that Eq. 2.31 is valid provided the cross section of the parallel-plate waveguide is 

larger than the one for the two-wire waveguide. This method can be applied to the other 

cases as well. Figure 2.8(b) shows the contour for the case that the separation of the 

parallel plates is smaller than the edge-to-edge distance of the wires. The integrations on 

routes 2 and 4 are zero because y is constant. So the calculation of κ reduces to the 

integrations on routes 1 and 3 that result in the same equation as Eq. 2.31. However, the 

case shown in Fig. 2.8(a) results in a different relationship for κ. The integrations over 1 

and 6 are zero because y is constant, and so are the integrations on routes 3, 4, 8, and 9 

because the integrand is the even function of y. Therefore, the calculation of κ reduces to 

the integrations on routes 2, 5, 7, and 10 that yields 
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Figure 2.8 (a) Integration contour when D - 2R < d < D + 2R, (b) when d < D - 2R. 
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To verify the method, we first consider the case where the edge-to-edge distance of the 

two wires is kept constant and equal to the parallel-plate separation. As shown in Fig. 

2.9(a), if the radii of the wires increase, the two-wire waveguide becomes more like the 

parallel-plate waveguide. Obviously, this change should lead to higher transmission and 

lower reflection coefficients. Figure 2.9(b) shows the transmission and reflection 

coefficients of the power (|t|2, |r|2) versus R, obtained from the proposed method for the 

same situation. They show the expected behavior, consistent with the intuitive 

conclusion. 

 
Figure 2.9 (a) Cross section of the two-wire waveguides with the same edge-to-edge 
wires' distance but different R, (b) the transmission and reflection coefficients.  

Ideally, theoretical predictions would be validated experimentally. However, there are 

significant difficulties associated with the experimental measurement of the coupling. For 

instance, the absolute value of the radiated power from the source is difficult to measure. 

Also, other properties of the waveguide, like attenuation, vary with the change in the 

geometry of the waveguide, making it difficult to distinguish the impact of changes in 

each property. So we present numerical simulations to confirm the theoretical results. 
We compare the coupling obtained from theory with results from 3D, full-wave 

simulations with the Finite Element Method (FEM) using the Ansoft HFSS frequency-

domain solver. The simulations are applied to two-wire waveguides made out of gold 

with constant center-to-center distance of 400μm and different radii of the wires. Two 

cases are considered, both at 1THz. First, the waveguide is excited by a 0.5mm-long 

parallel-plate waveguide with 1mm × 0.4mm cross section, as shown in Fig. 2.10(a). 

Second, the waveguide is excited by a dipole, as shown in Figure 2.10(b). The 
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simulations are bounded by a rectangular box with 1mm × 1mm × 2mm size with 

radiation boundaries assigned to the walls of the box to avoid reflection. Only the TEM 

mode of the parallel-plate waveguide is excited in x-direction, using a wave port as the 

input port of the parallel-plate waveguide. For the dipole case, the distance between the 

dipole source and the input port of the two-wire waveguide is 200 μm and the direction of 

the dipole is in x-direction. 

 

Figure 2.10 The amplitude of the electric field obtained from 3D full-wave simulations 
with FEM using Ansoft HFSS excited by (a) a 0.5mm-long parallel-plate waveguide with 
1mm × 0.4mm cross section, (b) a dipole, 200 μm away from the input port of the two-
wire waveguide, at 1THz .    

To make a correct comparison between the results from the theory and the 

simulations, the incident power at the input port of the two-wire waveguide should be the 

same for both cases (theory and simulations), so we first measure numerically the power 

after the 0.5 mm-long parallel-plate waveguide and also the radiating power of the dipole 

at 200 μm away from the source, in the absence of the two-wire waveguide, using the 

Field Calculator of HFSS. Then we normalize all the measured power to those values so 

that we have the same input power to the two-wire waveguide in each case (1W). Then, 

the coupling efficiency is the normalized power measured at the output port of the two-
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wire waveguide. Note that at the input port of the waveguide, many modes, both 

propagating and evanescent, must be superposed in order to keep the boundary conditions 

satisfied. This is responsible for the peculiar shape of the field near the input of the 

waveguide that is conspicuous in Figure 2.10(b). Far away from the input port, however, 

the field is relatively simple, with only the TEM mode (provided the dimensions of the 

waveguide allow just single-mode propagation) propagating with appreciable amplitude. 

The cutoff modes have considerable amplitude just near the input port and they fade over 

distances [29]. We also choose the length of the two-wire waveguide to be small enough 

that the waveguide loss is negligible and does not affect the coupling. As a result of these 

considerations, the measured normalized power at the output port appears to provide a 

legitimate value for the coupling efficiency. 

 
Figure 2.11 Coupling obtained from the theory (solid line), and from full-wave 
simulations using FEM (dark squares), for a two-wire waveguide with D = 400μm at 
1THz (a) the parallel-plate excitation for simulations and w × d = 1mm × 0.4mm for 
theory, (b) the dipole excitation for simulations and w × d = 1mm × 1mm for theory. 

Figure 2.11 compares the coupling obtained from the theory with the one from the 

simulations. In the theoretical calculations, we choose w × d = 1mm × 0.5mm (equal to 

the parallel-plate dimensions) for the parallel-plate case, and w × d = 1mm × 1mm (equal 

to the cross section of the box) for the dipole one. At the lower limit, when the radii of 

the wires go to zero, there is no waveguide to support the TEM mode; thus, the coupling 

should go to zero. Coupling should also go to zero at the higher limit, when the radii of 

the wires become equal to D/2 (the center-to-center distance of the wires, D, is constant 

and equal to 400μm) because the edges of the two wires touch each other and the 

waveguide cannot support the TEM mode. Therefore, there should be an optimum value 
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for the radius corresponding to the peak value of the coupling between the limits. Figure 

2.11 shows that the results are consistent with this expectation. The results from the 

theory and the simulations with the parallel-plate waveguide, depicted in Fig. 2.11(a), 

show good agreement. Figure 2.11(b) also illustrates the results from the theory and the 

simulations with the dipole source. They show the same overall behavior even though 

there are some discrepancies due to neglecting the excitation of radiating and higher-

order modes at the input port in the theoretical calculations. 

We also studied the case where a plane wave with the cross section of w × d = 1mm × 

1mm impinges a two-wire waveguide with constant radii of the wires, 500 μm, for 

different center-to-center distances. Figure 2.12 shows the coupling efficiency for this 

case. D starts from its minimum value, 2R, where the two wires touch each other and the 

coupling is zero. As D increases, the waveguide starts to support the TEM mode that 

overlaps with the field of the plane wave, enhancing the coupling. But when the edges of 

the wires are too close, the TEM mode supported by the waveguide is mostly 

concentrated in a very small area between the wires, resulting in small coupling. 

However, as D becomes larger the field is more distributed on the surface of the wires 

[23], increasing the overlap area and, in turn, the coupling. This trend continues up to the 

point that the edge-to-edge distance of the wires is equal to the size of the plane wave.  

 

Figure 2.12 Coupling vs. D, for R = 500μm and w × d = 1mm × 1mm. 
This is the point where the TEM mode can capture the most power from the impinging 

plane wave, as shown in Figure 2.13(a). After that point, the field area with high 
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amplitude escapes from the plane wave region as shown in Figure 2.13(b), leaving small 

field overlap and coupling. These results are consistent with the experimental and 

theoretical results reported in [23], [24]. 

 
Figure 2.13 (a) overlap region of the plane wave (black square) and the waveguide field 
for R = 500μm and D = 2mm, (b)overlap when R = 500μm and D = 3mm. 

The coupling efficiency is highly dependent on the dimensions of the aperture 

defining the plane wave impinging the waveguide, as well. If this is large or small 

compared to the waveguide, the waveguide cannot possibly pick up sizeable power, as 

clearly shown in Figure 2.13(b). Given the size of the aperture, Eq. 2.48 and Eq. 2.49 can 

give optimum values for the dimensions of the two-wire waveguide, R and D. But, 

roughly speaking, the optimum point always corresponds to when the size of the aperture 

is close to the edge-to-edge distance of the wires, like the case shown in Figure 2.13(a). 

Note that the proposed method is only accurate when a single TEM mode dominates the 

behavior of the waveguide. Avoiding higher-order modes limits the dimensions of the 

waveguide. However, the fact that the linearly-polarized incident field is well-matched 

with the TEM mode supported by the waveguide alleviates that concern to some extent. 
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Chapter 3 
 

Slot-lines for Terahertz Waves 
Transmission lines are an important part of RF and microwave systems. Generations of 

high-speed communication systems exploited planar transmission lines like microstrips, 

striplines, slot-lines, and coplanar striplines to carry electromagnetic waves. Unlike the 

two-wire waveguide studied in Chapter 2, they are compact, low in cost, and capable of 

being integrated easily with other components of systems. In the terahertz range, 

however, loss and dispersion prove to be two major obstacles, limiting the applicability 

of conventional planar transmission lines. 

 
Figure 3.1 (a) Conventional slot-line, (b) slot-line in a homogeneous medium , and (c) 
slot-line on a layered substrate. 

Of many planar alternatives, the slot-line structure with a thin slot in a conductive 

coating on one side of a dielectric substrate (Fig. 3.1a) is quite compatible with terahertz 

photoconductive switches. The electrostatic field resulting from the applied bias voltage 

in the emitter is exactly the same as the field distribution of the propagating mode. This 

allows essentially perfect coupling efficiency of waves into the transmission lines [44]. 

However, at higher frequencies where the substrate thickness is larger than the 

wavelength, the slot-line, like other asymmetrical transmission lines, becomes extremely 

lossy due to electromagnetic shock-wave radiation [45,46]. This radiation occurs when 

charges move faster than the phase velocity of electromagnetic radiation in a material 

[47]. The geometry of conventional slot-lines results in some of the field lines in the 

dielectric region, with the rest in the air region above the substrate. Hence, in 

asymmetrical transmission lines, the group velocity of the propagating mode is higher 
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than the phase velocity in the dielectric, yielding emission of electromagnetic shock-wave 

radiation (leaky waves) [48,49]. Also, as a result of the phase mismatch at the dielectric-

air interface, the slot-line cannot support a pure TEM mode. Therefore, the basic 

electrical parameters of the slot-line, like the characteristic impedance and the phase 

velocity vary with frequency, making the slot-line a dispersive line.  

In this chapter, we present two solutions to the challenge of shock-wave radiation loss 

for slot-lines: using a slot-line in a homogeneous medium (Fig. 3.1b), and using a slot-

line on a layered substrate (Fig. 3.1c). The former is suitable for broadband applications 

for it supports a pure TEM mode that is free from cutoff frequency and group velocity 

dispersion. The latter, on the other hand, is more appropriate for narrowband applications. 

Theoretical and numerical analyses are used to verify that the slot-line in a homogeneous 

medium and a slot-line on a layered substrate can be used for guiding terahertz waves 

with 2 cm-1 and 3 cm-1 absorption, respectively, due to conductor loss. 

3.1  Slot-lines in a homogeneous medium 
3.1.1 Theoretical analysis of the slot-line in a homogeneous medium 
Analysis of the TEM mode supported by a slot-line in a homogenous medium entails 

solving the 2D Laplace equation for the electric potential function on the cross-section of 

the slot-line with fixed potential values on the two metal plates. Conformal mapping can 

be exploited to solve the problem. The following complex analytic function maps the 

cross section of the slot-line to two parallel lines like the cross section of a parallel-plate 

waveguide as shown in Figure 3.2(b,c) [27]: 
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where V0 is the absolute value of the potential on the plates and s is the separation. The 

equipotential curves in the uv-plane are simply the lines parallel to the v-axis 

corresponding to a family of confocal hyperbolas whose foci are located at distance s/2 

from the origin in the xy-plane: 
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Figure 3.2 (a) Slot-Line in a homogeneous medium, (b,c) mapping the cross section of 
the slot-line (b) to the cross section of a parallel-plate waveguide, (c) dotted-lines show 
the constant potential curves. 

The asymptotes of these hyperbolas make the angle (1-V/V0)π/2 with the x-axis. The 

electric field can be derived from the gradient of the potential: 
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that, with some algebraic simplifications, yields 

( ) ( )( ) ( ) ( ) ( ) ( ) 







−

+
=

∧∧→
yvuxvu

vus
VE sinhsincoshcos

sinhcos2/ 22
0 ,                       (3.5) 

     
→∧→

×= EzH
η
1 ,                                                                         (3.6) 

where, 

     























 +

ℑ=















 +

ℜ=

−

−

2/
sin

2/
sin

1

1

s
iyxmv

s
iyxeu

,                                                   (3.7) 

and η is the intrinsic impedance of the surrounding medium. Note that the metal plate 

thicknesses are assumed to be zero here. The effect of the finite thicknesses of the plates 

will be discussed later. 

Figure 3.3(a) shows the equipotential curves and the electric field for a slot-line with 

10 μm separation. Around the gap between the plates, the potential function varies 

significantly with a small spatial change, resulting in a high field amplitude, especially at 

the edges. Far from the gap, on the other hand, the potential function has a slow spatial 
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change, leading to a small field amplitude as shown in Figure 3.3(b). These results are 

consistent with the ones from numerical simulations using the finite-difference frequency 

domain (FDFD) method reported in [50]. 

 
Figure 3.3 (a) Equipotential curves and electric field vector (blue arrows), (b) electric 
field amplitude square. 

3.1.2 Loss estimation of the slot-line in a homogeneous medium 
The time-averaged power absorbed per unit area due to ohmic losses in the body of the 

conductor can be determined by Eq. 2.15. Eqs. 3.5 and 3.6 give the tangential magnetic 

field at the surface of the conductors with infinitesimal thicknesses. For small, but not 

zero thicknesses of the conductors, a good estimate can be obtained by approximating the 

planar metal plates with two branches of a hyperbola whose asymptotes make very small 

angles with the x-axis, like the ones shown in Figure 3.4. This hyperbola corresponds to 

the lines u = ± u0 in the uv-plane when u0 is very close to π/2 and depends on the 

thickness of the plates. 

 
Figure 3.4 Approximation of two thin planar plates by two branches of a hyperbola. 
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The power loss per unit length of the transmission line is then [29] 
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where C, the domain of integration, is the hyperbola shown in Figure 3.4. The following 

parameterization of the curve C is used to calculate the integral: 
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that yields,  
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where, 

      ( )swv /cosh 1
0

−= .                                                            (3.11) 

The plate width is assumed to be much larger than the separation (s << w). Otherwise the 

equipotential curves on the uv-plane in Figure 3.2(c) cannot be simply the lines parallel to 

the v-axis. The power flowing on the lossless line, is 
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where S', the surface of integration, is the cross section of the transmission line. 

Calculation of P0 includes a complicated surface integral on the cross section of the slot-

line. However, the integration can be calculated in the simpler uv-plane shown in Figure 

3.2(c) instead that yields 
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The attenuation constant is then 
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where v0 depends on s and w by Eq. 3.12, and u0 depends on the thickness of the metal 

plates. Eq. 3.14 shows how conductor loss changes with the waveguide dimensions, the 
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operating frequency, and the waveguide materials including materials of the metal plates 

and surrounding medium (through skin depth of the metal and intrinsic impedance of the 

medium). The total loss also includes dielectric loss that depends on the material of the 

surrounding medium. Using crystalline silicon, crystalline GaAs, and crystalline 

germanium as propagation media, all of which have very low loss tangent in the THz 

frequency range [51], minimizes the dielectric loss. In Section 3.3, we discuss how 

conductor loss changes with slot width and metal plate thickness and we estimate the 

dielectric loss for the slot-line in GaAs.   

3.2  Slot-lines on a layered substrate 

The previous section discusses slot-lines in a homogenous medium. But a slot-line on one 

side of a dielectric substrate is a more suitable structure if surface mounted components 

are required to be integrated with the waveguide. Also, optical excitation of such THz 

slot-lines on one side of a substrate are easier compared to the slot-lines in a 

homogeneous medium. However, large loss due to electromagnetic shock-wave radiation 

[45] renders these planar waveguides useless for THz frequencies. In this section, we 

present a novel slot-line structure on one side of the substrate that is free from radiation 

loss. 

A slot-line on a layered substrate, shown in Figure 3.1(c), can also solve the problem 

of shock-wave radiation. The slot-line on a layered substrate has a continuous 

translational symmetry in the z-direction leading to the modes with the form eikz as an 

eigenfunction [52]. Therefore, the modes must have the form 
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where the wave number kz is a conserved quantity due to the continuous translational 

symmetry. In the lower half-space, the periodic substrate also creates a discrete 

translational symmetry in the y-direction, resulting in the modes in Bloch state forms: 
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where uky is a periodic function of y with the same periodicity as the substrate. This 

periodicity induces a so-called "photonic band gap" in the band structure of the crystal. A 

mode that has a frequency within the gap cannot propagate through the crystal and has an 
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amplitude that decays exponentially into the crystal since ky becomes an imaginary 

number. The size of the band gap depends on the thickness of the layers, periodicity, 

dielectric constants of the layers, and frequency. For two materials with refractive indices 

n1 and n2 and thicknesses d1 and d2 = a – d1 the normal-incidence gap is maximized when 

d1n1 = d2n2 (a is the periodicity) [53]. The frequency at the middle of the gap ωm in this 

case is [54,55] 
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with the corresponding vacuum wavelength λm that satisfies the quarter-wavelength 

conditions: λm / n1 = 4d1 and λm / n2 = 4d2. 

The air-substrate interface breaks the translational symmetry, making the structure 

sustain localized modes within the photonic band gap. These are evanescent modes on 

both sides of the surface with their field spatially bounded in the direction perpendicular 

to the substrate as shown in Figure 3.5(a). The metal plates of the slot-line also confine 

the waves in the x-direction (Figure 3.1c), leaving only the z-direction for waves to 

propagate. The field distribution of the surface mode supported by the slot-line on a 

layered substrate is difficult to obtain analytically due to the presence of two metal plates 

of the slot-line. However, we present the mode profile supported by the waveguide 

obtained from the numerical simulations using the Finite Element Method (FEM). Figure 

3.5(b) shows the electric field distribution of the surface mode supported by a slot-line on 

a quarter-wave stack of Si/SiO2 with 10 μm separation of the metal plates. The field 

amplitude is exponentially damped on both sides of the substrate, as expected from the 

theory. Similar to the slot-line in a homogeneous medium, the field is highly concentrated 

at the edges of the plate, but more distributed inside the substrate due to higher average 

refractive index of the substrate. 

 
Figure 3.5 (a) Electric field amplitude associated with a localized mode at the surface of a 
layered substrate, (b) the electric field distribution for a slot-line on a periodic Si/SiO2 
layered substrate (d1 = 13.8 μm, d2 = 37.5 μm, s = 10 μm, w = 500 μm) from a 3D full-
wave FEM simulations. 
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3.3  Results and discussion 

Figure 3.6 shows simulation results for slot-lines obtained from full-wave 3D FEM 

simulations using the Ansoft HFSS frequency-domain solver. Three cases are considered: 

a conventional slot-line on a GaAs substrate, a slot-line in GaAs, and a slot-line on a 

periodic Si/SiO2 layered substrate. The slot-lines are excited by a surface current source 

at 1THz, emulating a current generated in a terahertz photomixer. The simulations are 

bounded by a rectangular box with 0.5 mm × 0.5 mm × 2 mm size, and with radiation 

boundaries assigned to the walls to avoid reflection, as shown in Figure 3.6. The 

absorption coefficient can be calculated from the power measured at two different lengths 

of the transmission line.  

For the slot-line on the half-space GaAs, the substrate/superstrate mismatch causes 

large radiation loss into the substrate as clearly shown in Figure 3.6(a). This radiation loss 

changes in proportion to the third power of frequency. Simulation results show 23.9 cm-1 

loss for a slot-line on a half-space GaAs substrate with 20 μm separation of the plates. 

However, conductor loss that changes in proportion to the square root of frequency is the 

only dominant absorption mechanism for the slot-line in GaAs, allowing significantly 

longer distance wave propagation (Figure 3.6b). 

 

Figure 3.6 The electric field amplitude from a 3D full-wave simulations with FEM using 
Ansoft HFSS for (a) a slot-line on a half-space GaAs substrate, (b) a slot-line in GaAs, 
and (c) slot-line on a periodic Si/SiO2 layered substrate (d1 = 13.8 μm, d2 = 37.5 μm), all 
with s = 20 μm, w = 500 μm. 

Figure 3.7(a) shows the conductor loss versus s, the slot width, obtained both from the 

theory (Eq. 3.14) and the simulations at 1 THz for a slot-line in GaAs. At the lower limit, 

when the separation goes to zero, the edges of the two plates touch each other and the 

transmission line cannot support the TEM mode. The conductor loss is a decreasing 
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function of s. There is also a knee in the curve after which the loss changes rather slowly. 

The results from the simulations, illustrated by green squares in Figure 3.7a, show good 

agreement with the theoretical expectations (blue solid line). The conductor loss for slot-

lines with enough separation (> 5 μm) is in the order of 2 cm-1, consistent with the 

conductor loss experimentally measured on a 20-mm-long coplanar transmission line 

with 15 μm separation of the lines at 1THz in [45]. In that paper, the relationship α = Ac 

f1/2 + Arad f3 was presented for the absorption, where Ac and Arad are resistive and radiative 

loss coefficients, respectively, and f is the frequency in THz. Curve fitting of 

experimental data resulted in Ac = 2 cm-1, Arad = 6.5 cm-1.  

Figure 3.7(b) shows the conductor loss versus u0 for a slot-line with s = 10 μm, w = 500 

μm made out of gold in GaAs. At u0 = π/2 the plate thickness is zero, making infinitely 

high conductor loss. For the finite thickness, however, the loss is relatively independent 

of the thickness, as expected since the current density is confined to such a small 

thickness (skin depth δ = 78.6 nm for gold at 1THz) just below the surface of the 

conductor.  

 
Figure 3.7 (a) The conductor loss vs. separation s, for slot-line made out of gold in GaAs, 
obtained from the theory (solid blue line) and from the simulations (dashed-line with 
green squares), and for a slot-line on a quarter-wave stack of Si/SiO2, obtained from the 
simulations (dotted-line with purple circles), (b) the conductor loss for slot-line in GaAs 
vs. u0, for s = 10μm. 

For the waveguide that is completely filled with a homogenous dielectric, the dielectric 

loss can be calculated from the propagation constant regardless of the type of guide [56]. 

For instance, the dielectric loss for crystalline high-resistivity GaAs is measured to be 0.5 

cm-1 at 1THz [51]. The total loss is the sum of dielectric and conductor loss. For a slot-

line with more than 10 μm separation and more than 100 nm thickness of the plates, the 
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total loss would be about 2.5 cm-1, an order of magnitude lower than the slot-line on a 

dielectric substrate (23.9 cm-1) at 1THz. This shows that the radiation loss is the dominant 

loss for the asymmetric slot-line, consistent with the experimental results in [45,46,57]. 

For the slot-line on multilayer substrate, shown in Figure 3.6(c), a quarter-wave stack 

of Si/SiO2 (4d1 = λ / n1, 4d2 = λ / n2) is chosen to maximize the photonic band gap size 

[52,53]. Figure 3.6(c) shows that the multilayer film can effectively prevent wave 

radiation into the substrate, making this slot-line efficient for guiding terahertz waves. 

Figure 3.7(a) (purple circles) shows the conductor loss versus s, the separation of the 

plates, obtained from numerical simulations at 1THz. Similar to the slot-line in a 

homogeneous medium, the conductor loss is a decreasing function of s. The results show 

the conductor loss for this slot-line with enough separation (> 5 μm) is in the order of 3 

cm-1. 
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Chapter 4 
 

Experimental Results 
After developing the theory of the two-wire and slot-line waveguides, we conducted 

series of experiments to verify the performance of the waveguides. This chapter deals 

with the details of the experiments and results. First, a THz generator and a detector are 

needed to test the waveguide. We use Photoconductive Antennas (PCAs) as the 

transmitter and the receiver. The PCA is basically a small dipole antenna deposited on an 

ultra-fast semiconductor substrate like Low Temperature-Grown GaAs (LTG-GaAs) as 

shown in Figure 4.1. A comprehensive description of LTG-GaAs can be found in [58]. 

The optical pulse excites electron-hole pairs in the gap area inside the semiconductor. 

The excited carrier density increases with a rise time roughly equal to the optical pulse 

rise time (about 30 fs). The photo-carriers then recombine in the average time equal to the 

carrier life time of the substrate, decreasing carrier density with a fall time equal to the 

carrier life time. Using a fast substrate like LTG-GaAs with less than 1 ps carrier lifetime, 

we can have the carrier density pulse in the ps range or THz bandwidth.  

 

Figure. 4.1 THz generation by photoconductive antenna (PCA). 
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This pulsed free carrier density produces a ps-pulsed modulated conductivity across 

the gap. The bias voltage creates an electric field across the gap, accelerating the photo-

carriers. The acceleration of charges, in turn, creates electromagnetic pulse radiation in 

the ps range.  

As an optical source, we use a Ti-Sapphire laser from KMLAbs (Kapteyn-Murnane 

Laboratories) shown in Figure 4.2, capable of generating less than 25 fs optical pulses at 

810 nm with 80 MHz pulse repetition rate and more than 150 mW average power. 

 

Figure 4.2 KMLabs fs Ti-Sapphire Laser. 

Figure 4.3 shows a typical broadband THz pulse setup. A 30 fs optical pulse from a 

Ti-Sapphire laser is divided into two beams by a 50/50 beam splitter, one for the 

transmitter branch and the other for the receiver branch. In the transmitter branch, the 

beam passes through a delay line and then is focused on the transmitter PCA. The biased 

transmitter generates ps pulses that can be detected by the receiver. The delay line 

comprises of a retro-reflector mounted on an automatic translational stage connected to a 

computer.  
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Figure 4.3 Broadband THz pulse setup. 
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The receiver optical pulse excites electron-hole pairs in the antenna gap of the receiver 

PCA, resulting in an ultra-fast pulsed carrier density in the ps range. The conductivity of 

the antenna gap changes in proportion to the pulsed carrier density. A THz pulse 

impinging on the receiver antenna induces a pulsed voltage across the gap. The electric 

field amplitude of this THz pulse can be probed by measuring the low-frequency or 

down-converted component of receiver current (I(t) = G(t)×V(t)). A highly sensitive 

Lock-In amplifier is used to measure this receiver current. Maximum current is measured 

when the induced voltage peak coincides the carrier density peak, and no current is 

measured when there are no excited carriers or zero induced voltage. Therefore, sweeping 

the delay line stage, which changes the time at which the THz pulse reaches the receiver, 

convolves the induce pulsed voltage with the pulsed conductivity, resulting in the pulse 

waveform in the time-domain. Taking the Fourier transform of this waveform will give 

the spectrum of the received THz pulse. The bias voltage of the transmitter is chopped at 

100 Hz so that the Lock-In amplifier at the receiver can lock to that frequency and filter 

out other frequencies, decreasing noise level at the receiver. Two silicon lenses and two 

Teflon lenses are used to focus the THz beam generated by the transmitter onto the 

receiver.  

One main challenge with the setup shown in Figure 4.3 is the alignment. The 

transmitter and receiver have to be aligned with both optical pulses and THz waves, 

making it difficult and yet critical to align the system. Another downside of this setup is 

that THz optics components are usually bulky, making the spectrometer rather large. 

Also, THz waves cannot be focused very well on the sample. The diffraction limit 

theoretically restricts the best focus to the half of the wavelength (150 μm at 1 THz).  

A waveguide structure overcomes these difficulties. A THz setup with a waveguide is 

less sensitive to alignment, so a good THz waveguide can help the integration of the THz 

setup. Also, THz waves can be confined in sub-wavelength dimensions using two-wire 

and slot-line THz waveguides. 

4.1  Experimental setup and results for the two-wire waveguides 

To make a two-wire waveguide we need two straight cylindrical metal wires supported 

by a holder that has low loss at THz frequencies. Gold is obviously the best choice for the 

material of wires in terms of conductivity. But gold is soft, making it difficult to have two  
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Figure 4.4 12-inch-long brass two-wire waveguide within a glass tube supported by two 
plastic end caps. 

 

 

Figure 4.5 Broadband THz setup with a 12 inch, brass two-wire waveguide with 1.6 mm 
diameter and 2 mm center-to-center distance of the wires. 
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straight wires along the entire waveguide. So we can either use hard rods with a layer of 

gold deposited on them or use brass that is hard enough to stand straight and has fairly 

good conductivity. The two wires are supported within a glass tube between two plastic 

end caps as shown in Figure 4.4. This structure is particularly designed to be used as a 

long-interaction-range gas-phase sensor. Gas inlet and outlet ports allow nitrogen purge 

gas and the admission of gas phase samples. 

To test the performance of the waveguide, we replace the THz optics of the setup 

shown in Figure 4.3 with a 12-inch-long brass two-wire waveguide, with 1.6 mm 

diameters and 2 mm center-to-center distance of the wires, shown in Figure 4.5. PCAs 

used as the source and detector are TERA15 THz antenna from MenloSystems. Although 

these were originally designed to be optically excited at 1550nm, we used 810nm due to 

the limited frequency range of the fs Ti-Sapphire laser being used. 

Figure 4.6 compares the result obtained from the setup with THz optics components 

(purple solid-line) with those from the setup with the two-wire waveguide (blue dashed-

line). A higher signal amplitude is delivered to the receiver by the waveguide, confirming 

low loss operation of the waveguide. There is also no pulse broadening, indicating 

dispersion-free propagation of THz waves along the waveguide. 

 
Figure 4.6 Comparison of results obtained from the setup with THz lenses (purple solid 
line), and from a 12 inch, brass two-wire waveguide with 1.6 mm diameter and 2 mm 
center-to-center distance of the wires. 
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Figure 4.7 Electric field amplitude vs. delay time detected at the receiver for three cases: 
waveguide parallel to the dipole source (blue line), waveguide perpendicular to the dipole 
source (purple line), and waveguide removed (green line). 

Being designed to operate at 1550 nm, PCAs from MenloSystems excited at 810 nm 

do not give the best response in terms of the pulse width. Therefore, we replace them 

with LTG-GaAs PCA-40-05-10-800-a from BATOP Optoelectronics specifically 

designed to operate at 810 nm. We conducted the THz waveguide experiments for three 

cases: waveguide parallel to the dipole source, waveguide perpendicular to the dipole 

source, and waveguide removed. Figure 4.7 compares the results. A ps pulse is detected 

in the first case where the waveguide is parallel to the dipole source and no signal is 

detected in the other cases. When the waveguide is perpendicular to the dipole source, the 

polarization of waves impinging on the input port of the waveguide is completely 

mismatched with the TEM mode supported by the waveguide, preventing proper 

excitation of the TEM mode. Due to the high refractive index of the PCA substrate (n = 

3.4), outgoing waves from the source are strongly diffracted at the substrate-air interface. 

Therefore, without the waveguide, the power density at the receiver, 30 cm apart from the 

transmitter, is too small to be detectable. However, when the waveguide is parallel to the 

dipole source, the polarization of incident waves is well-matched with the TEM mode of 

the waveguide, resulting in efficient coupling. Given the low loss of the waveguide, 
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coupled waves are effectively transferred to the receiver. Figure 4.8 shows the detected 

THz signal from the two-wire waveguide setup in the time and frequency domains. 

 

Figure 4.8 The detected signal from the two-wire waveguide setup in (a) time-domain, 
(b) and frequency-domain. 
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Figure 4.9 also compares the results of the two-wire waveguide with the results with 

THz optics components including two silicon lenses and two Teflon lenses. About nine 

times higher signal amplitude is detected at the receiver for the waveguide setup. 

 

Figure 4.9 Electric field amplitude vs. delay time detected at the receiver for THz setup 
with the two-wire waveguide (blue line) and THz setup with THz optics components 
(green line). 

4.2  Experimental setup and results for the slot-line in GaAs 

We used the THz broadband setup shown in Figure 4.10 to test the slot-line in GaAs. At 

the generation side, a bias voltage was applied across the plates of the slot-line to 

accelerate photo-excited carriers. This creates a current pulse that, in turn, excites the 

propagating mode of the waveguide. The electromagnetic pulse will be detected by 

another fs optical pulse after propagation along the slot-line to the receiver. Exciting 

electrons and holes, the second optical pulse creates a ps pulsed carrier density, 

modulating the conductivity of the antenna gap. When the THz pulse reaches the 

receiver, the pulsed electric field drives photo-excited carriers, producing a current in the 

receiver. The current amplitude, measured by a Lock-In amplifier at the receiver, changes 

in proportion to the electric field and conductivity. Sweeping the delay line stage results 

in the pulse waveform in the time-domain in the same way as prior setups. The fs optical 

pulse of the transmitter is chopped at 100 Hz to allow the Lock-In amplifier to filter out 

other frequencies and reduce the noise level at the receiver. 
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Figure 4.10 THz setup used to test slot-line in GaAs. 
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There is a small gap in the line to isolate the receiver side from the bias voltage at the 

generation side. This gap behaves like a coupling capacitor, blocking out very low 

frequency signals including DC voltage while passing high frequency ones. The small 

gap (less than 10 µm) does not create significant reflection at THz frequencies, according 

to the data obtained from FEM simulations using Ansoft HFSS. For the fabrication of the 

slot-line in GaAs, we used well-known UV-lithography including the following steps: 

• depositing 500 μm AZ5214 photo-resist on the GaAs sample by spin coater (5000 

rpm for 1 min), 

• baking the sample with photo-resist for 1 min at 90 degrees Celsius to harden the 

photo-resist layer, 

• UV exposing for 14 seconds with the mask on the sample, 

• removing photo-resist of the exposed area by AZ 300 MIS developer for 1:40 

min., rinsing with water, and blow drying the sample, 

• depositing 2 nm Cr or Ti and 100 nm gold by E-beam deposition (Cr or Ti acts as 

an adhesion layer between GaAs and gold), 

• and finally removing the gold and Cr in the exposed area by Acetone. 

Another GaAs wafer is placed on top of the sample as a superstrate. Two circuit boards 

and two screws hold the two pieces together with a bit of pressure to make sure there is 

no significant air gap, relative to the THz wavelength, between them as shown in Figure 

4.10.  

Figure 4.11 shows the experimental results we obtained from a slot-line with 20 μm 

gap on a Semi-Insulating GaAs (SI-GaAs) substrate with about 400 ps carrier lifetime. 

The fs optical pulse of the transmitter increases the carrier density with 30 fs rise time. 

Photo-excited carriers then recombine in the average time equal to the carrier lifetime of 

SI-GaAs, reducing the carrier density. The 20V bias voltage across the slot of the 

generator accelerates excited carriers, creating a current pulse. This current pulse excites 

the TEM mode of the slot-line in GaAs and this propagates along the waveguide to the 

receiver according to the theory we developed in Chapter 3. Another fs optical pulse 

modulates the conductivity of the receiver slot. The convolution of the electric field pulse 

of the TEM mode with the pulsed conductivity of the receiver is obtained by sweeping 

the delay line translational stage.  
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We measured a pulse with high signal-to-noise-ratio with width of about 400 ps, 

consistent with the carrier lifetime of SI-GaAs. The waveguide loss, calculated from 

signals measured for two different lengths of the slot-line, was 0.02026 cm-1. The 

conductor loss calculated by Eq. 3.14 in Chapter 3 for the structure in question is 0.013 

cm-1. The loss tangent of SI-GaAs in the GHz range is 5.6 × 10-3 [59], which results in 

dielectric loss of 2.1 × 10-3 cm-1. Therefore, the expected total loss, 0.0151 cm-1, obtained 

from the theory developed in Chapter 3 is in good agreement with loss measured 

experimentally by the setup shown in Figure 4.10. 

 

Figure 4.11 Electric field amplitude vs. delay time detected at the receiver for a slot-line 
with 20 μm gap in SI-GaAs. 

Figure 4.12 shows the experimental results we obtained for a 1 cm-long slot-line on a 

1.2 μm-thick LTG-GaAs layer grown on a SI-GaAs substrate. This sample was made in 

the MBE lab at the University of Victoria. Another SI-GaAs wafer is placed on top of the 

sample to avoid radiation loss. Results from the well-known pump-probe technique on 

this sample showed 12 ps carrier lifetime. Also, the AFM (Atomic Force Microscopy) 

image of this sample reveals a high surface roughness due to relaxation of the LTG-GaAs 

layer on the SI-GaAs substrate that degrades photo-excitation process. We measured 20 

μA photo-current with 20V bias voltage for this sample, which is about 50 times smaller 
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than the photo-current we measured from the SI-GaAs sample (about 1 mA). This small 

photo-current is responsible for the small amplitude of the detected signal. However, the 

pulse width of this sample shown in Figure 4.12(a) is about 5 ps, indicating a vast 

reduction of the sample carrier lifetime compared to the SI-GaAs sample. Figure 4.12(b) 

compares the results from the sample with and without the GaAs cap layer. Removing the 

GaAs superstrate causes large radiation loss into the substrate, resulting in the anticipated 

extinction of the pulse. These results show that the slot-line in a homogeneous medium 

can support THz pulses, verifying the theory presented in Chapter 3. 

 
Figure 4.12 (a) Electric field amplitude vs. delay time detected at the receiver for a slot-
line with 20 μm gap in LTG-GaAs, (b) comparison of the results with and without 
superstrate. 
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Chapter 5 
 

Adiabatic Coupling Tapers 
A low-loss two-wire waveguide can capture only a small amount of the power emitted 

from a highly divergent terahertz dipole source, regardless of its good coupling 

capability. The terahertz beam cross section after the silicon lens is approximately 25 

mm2 for a typical dipole on a LTG-GaAs substrate. This is a large area compared to the 

dimensions of the waveguide. The terahertz beam should be focused to the dimensions 

comparable to the size of the waveguide for good coupling efficiency. Generally, this 

would require precise alignment of terahertz lenses, with associated loss. Another way to 

get higher coupling efficiency is to circumvent the antenna part in the system. We need 

an intermediate device or structure that matches the generated terahertz field to the mode 

supported by the waveguide. This matching network would deliver power efficiently 

from the source to the load (the waveguide). Inspired by the structure of slot-lines, we are 

developing a tapered structure, as shown in Figure 5.1, to couple THz waves from the 

source to the waveguide.  

 

Figure 5.1 Taper structure to couple efficiently THz waves from the source to the two-
wire waveguide. 
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The structure consists of two gold plates separated by a thin slot deposited on an ultra-

fast semiconductor substrate such as LTG-GaAs. The slot width starts from 10 μm and 

increases along the length of the structure in a tapered shape to 400 μm (equal to the 

edge-to-edge distance of the two wires shown in pink in Figure 5.1). Another GaAs wafer 

is placed on top of the gold plates as a superstrate. Given the analysis presented in 

Chapter 3, this cap layer prevents radiation loss into the substrate. A 20V bias voltage 

applied across the plates can create a ps pulsed current when a fs optical pulse shown in 

red in Figure 5.1 excites free carriers in the gap. The resulting pulsed current excites the 

TEM mode of the slot-line that is efficiently coupled to the two-wire waveguide mode by 

the tapered structure. Note that the optical excitation should be near the cap layer, 

otherwise radiation loss cannot be effectively avoided by the superstrate. 

5.1  Analytic framework 

To study the tapered structure we break the taper into many tiny steps, as illustrated in 

Figure 5.2. Each step can be considered as a slot-line with a different gap width 

compared to the others. Since the tapered structure starts from a small gap, the TEM 

mode is the only excited mode, provided the gap width is much smaller than the 

wavelength. As the gap width increases smoothly along the taper, the TEM mode is 

expanded corresponding to the gap width. According to the analysis described in Chapter 

3 and Figure 3.7(a), a larger gap results in lower loss. However, a larger gap allows the 

waveguide to support higher-order modes and prevents single-mode operation. The 

advantage of using a tapered structure is that we excite only a single TEM mode at the 

beginning and decrease the loss by increasing smoothly the gap while maintaining single-

mode operation. Also, with this method of coupling we exploit both the excellent 

coupling coefficient of the slot-line and the low loss property of the two-wire waveguide. 

To obtain the reflection and transmission of the tapered structure, we use transmission 

matrices [42] as interface between two consecutive slot-lines with step size d and 

transmission matrices for the wave propagation along each slot-line with length dz.  
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Figure 5.2 Breaking the tapered structure into n slot-lines with s + nd gap width and same 
dz length. 

5.2  Transmission matrix at the interface of two slot-lines 

Obtaining the transmission matrix of the tapered structure entails knowing the 

transmission matrix at the interface between two consecutive slot-lines. We use the same 

single-mode-matching technique described in Chapter 2, Section 2.3. Matching 

transverse components of the electric and magnetic fields at the intersection of the two 

slot-lines gives the transmission and reflection. We assume two slot-lines in a 

homogeneous medium with gap widths s1 and s2. An incident TEM mode with 1 W 

power is incident on the interface of the two slot-lines from the left side, resulting in 

transmitted and reflected fields with coefficients t and r, respectively as shown in Figure 

5.3. Eqs. 2.24 to 2.35 carry over for this case: 
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where the integration is over the interface surface shown in Figure 5.4, and e2TEM and 

h1TEM are the electric and magnetic field of TEM modes supported by slot-lines with gaps 

s2 and s1. 

 

Figure 5.3 1 W incident TEM mode hits the interface of the two slot-lines from left, 
leading to transmitted and reflected fields with coefficients t and r. 

According to Eq. 3.2, the electric fields of the TEM modes supported by the slot-lines can 

be expressed as 
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where A1,2 are the normalization coefficients that can be determined by 
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where w is the width of the lines. The coupling coefficient κ is 
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Figure 5.4 The interface plane of two slot-lines S, and Γ is the perimeter of the surface. 

Using the following identities and Green's theorem, we can change the surface integral in 

Eq. 5.7 to a simpler line integral over the perimeter of the surface, Γ: 
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Therefore, the coupling coefficient κ can be written as 
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f2 is an analytic function whose Laplacian is zero that yields 
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Using Green's theorem, described in Chapter 2 Section 2.3, κ is simplified to 
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where Γ is the contour shown in Figure 5.4. Taking line integral over path Γ yields 
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Figure 5.5 κ vs. s2 when s1 = 10 μm and w = 500 μm. 
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Figure 5.5 shows the coupling κ vs. s2 when s1 = 10 μm and w = 500 μm. When the 

gap of the second slot-line is equal to the gap of the first one (s1 = s2 = 10 μm), the 

coupling is perfect. However, as the gap of the second slot-line becomes larger compared 

to the first one, the more severe resulting discontinuity decreases the coupling.  

The transmission matrix at the interface of the two slot-lines relates forward and 

backward fields of the left side to those of the right side as shown in Figure 5.6: 

 

Figure 5.6 Transmission matrix at the interface of the slot-lines. 
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where r12, r21, t12, and t21 are reflections and transmissions from medium 1 to 2 and from 

2 to 1: 
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Substituting Eqs. 5.15 and 5.16 into Eq. 5.14 yields 
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5.3  Propagation matrix of a slot-line 

The propagation matrix relates forward and backward fields before and after propagation 

through dz length of the slot-line, as shown in Figure 5.7. Obviously, the forward and 

backward fields satisfy the following relationships: 

 

Figure 5.7 Propagation matrix of the slot-line. 
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where α is the waveguide loss that can be obtained by Eq. 3.14 and β = ω/c. 

5.4  Transmission matrix of the tapered structure 

The total transmission matrix of the tapered structure can be obtained by multiplication of 

interface matrices and propagation matrices: 

    npropagatio)1(npropagatio12npropagatio01Taper TTTTTTT nn−⋅⋅⋅= .              (5.21) 

Figure 5.8 shows the transmission and reflection coefficient of a tapered structure in 

GaAs vs. the length of the taper, L, with s0 = 10 μm and sn = 400 μm, obtained from the 

transmission matrix. In Eq. 5.21, both conductor and dielectric loss are considered in the 

calculation of the taper transmission matrix. Eq 3.14 in Chapter 3 gives the conductor 

loss for different slot widths and dielectric loss of GaAs as 0.5 cm-1 in the THz range 
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[51]. As the length of the taper increases, two slot-lines with different gaps (s0 and sn) are 

connected in a smoother way by the tapered structure, resulting in higher transmission 

and lower reflection. However, since the slot-line has absorption, the transmission 

decreases as the length increases. Figure 5.8 shows that a length in the range of 250 μm to 

500 μm would be a proper choice for the taper with s0 = 10 μm and sn = 400 μm. Figure 

5.9 compares the reflection versus the length of the taper connecting 10 μm gap to 400 

μm gap obtained from the theory and from numerical simulations using Ansoft HFSS. 

Results are in good agreement for small values of taper length. However, for larger 

lengths simulation results show higher reflection. first, we attributed this discrepancy to 

the small reflection of the radiation boundary at the end of the taper. We changed that 

boundary to a wave port to absorb all the power at the end of the structure, but it did not 

change the reflection significantly and left this difference a mystery for us. 

 

Figure 5.8 Transmission and reflection coefficients of a tapered structure vs. L, the length 
of the taper, with s1 = 10 μm and s2 = 400 μm. 

The taper transmission matrix in Eq. 5.21 depends on the dielectric loss of the substrate 

through propagation matrices. For a slot-line in a lossy medium, the taper length is 

severely limited by dielectric loss. Figure 5.10 shows the transmission coefficient vs. the 

length of the taper for the same structure but with different substrate absorption 

coefficients. For a taper in a lossy medium with 10 cm-1 dielectric absorption, the length 
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of the taper is limited to 35 μm for maximum transmission coefficient (max. transmission 

= 0.9). 

 

Figure 5.9 Reflection coefficient vs. L, the length of the taper, with s1 = 10 μm and s2 = 
400 μm obtained from the theory (blue line), and from numerical simulations (green) 
using Ansoft HFSS. 

 

Figure 5.10 Transmission coefficient vs. L, the length of the taper, with s1 = 10 μm and s2 
= 400 μm for dielectric absorption coefficients 0.5 cm-1, 1 cm-1, 5 cm-1, 10 cm-1. 
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Chapter 6 
 

THz Cable 
Waveguides are designed to carry electromagnetic waves from one point to the other 

without significant loss and comprise an important part of electromagnetic systems. 

Coaxial cables and optical fibers play a revolutionary role in advancing microwave and 

optical systems. Unfortunately, at the present time there is no low-loss cable operating in 

the THz frequency range. However, the two-wire waveguide presented in Chapter 2 can 

be a legitimate candidate for making a THz cable. It offers both low-loss and good 

coupling since the distribution of the TEM mode supported by this waveguide is well-

matched to the output of most photoconductive antennas or the taper explained in 

Chapter 5. We have evaluated the performance of the two-wire waveguide theoretically, 

with numerical simulation, and experimentally at THz frequencies [23,60,61]. Results 

show that absorption as low as 0.01 cm-1 at 1THz is achievable for the two-wire 

waveguide with appropriate dimensions, suggesting waveguide loss can no longer be a 

concern and a THz cable can be realized. 

In this chapter, we propose practical structures for a THz cable based in a two-wire 

waveguide. We evaluate different structures and presents theoretical and simulation 

results. 

6.1  Two-wire waveguide TEM mode and loss: 

Figure 2.4 in Chapter 2 shows the electric field distribution of the TEM mode supported 

by the two-wire waveguide for 400 μm radii (R) of the wires and different center-to-

center distance (D). When the wires are close, the field is largely concentrated in the area 

between the wires. However, as the wire spacing increases, the field becomes more 

evenly distributed around the wires. This leads to lower conductor loss for higher center-

to-center separations of the wires [23]. Figure 2.5 shows the conductor loss of the two-

wire waveguide made out of gold versus center-to-center distance of the wires at 1THz. 
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Conductor loss less than 0.01 cm-1 can be achieved by a two-wire waveguide with more 

than 200 μm radii of the wires and more than 1 mm center-to-center distance. 

 
Figure 6.1 Cross section of two suitable structures for THz two-wire waveguide cable, 
grey material is PMI and white area is air. 

6.2  THz cable structures 

Free space is the best medium to carry electromagnetic waves for long-range broadband 

applications, since it has neither dielectric loss nor material dispersion. However, a 

material is required to hold the wires in position. We propose polymethacrylimide rigid 

foam (PMI) as the material for holding the two wires, since it has remarkably low 

permittivity (1.03) and low dielectric loss tangent (less than 0.5%) in the 0.1-2 THz range 

[62]. Due to its low permittivity, PMI would not change the TEM mode distribution of 

the two-wire waveguide. PMI is also capable of being formed in different shapes by 

define machines.  

Equation 2.23 gives the conductor loss for a TEM mode of the two-wire waveguide. 

The conductor loss is inversely proportional to the intrinsic impedance of the propagating 

medium. Therefore, the conductor loss increases by the factor n, the refractive index of 

the medium, since electromagnetic waves see longer effective length when propagating 

through a medium with n > 1. For the two-wire waveguide surrounded completely by 

PMI, the conductor loss then increases by 1.4%. The total loss for the TEM mode also 

includes an additional dielectric loss equal to 
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=d ,                                              (6.1) 

where v is the phase velocity. The loss tangent of PMI was measured to be less than 0.01 

in the 0.1-2 THz range [62], resulting in 1 cm-1 dielectric loss for the two-wire waveguide 

in PMI. Therefore, dielectric loss is the dominant absorption mechanism; if the 

dimensions of the waveguide are chosen appropriately to have low conductor loss 

according to the Figure 2.5. This absorption is not tolerable for a 10 cm-long THz cable. 

Therefore, a suitable structure for a THz two-wire cable would have most of the field 

propagate through air and have the least area of PMI for holding the wires. We propose 

two mechanically pragmatic structures shown in Figure 6.1. 

To estimate loss of the proposed structures we use the effective index method. In this 

method the concentration of the field is determined in dielectric and air. The 

concentration factors defined as [63]: 
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are an appropriate measure of the degree of field concentration in the dielectric and air. 

The effective refractive index is then [63] 

     airairPMIPMIeffn εε Γ+Γ= .                                      (6.4) 

Figure 6.2(a) shows air and PMI concentration factors versus D, the center-to-center 

distance of the wires, for the structure shown in Figure 6.1(b) with 400 μm radii of the 

wires. As D increases the field becomes more distributed around the wires (according to 

the Fig. 2.4), enhancing the concentration factor of PMI. This leads to higher dielectric 

loss as electromagnetic energy propagates more through the lossy dielectric. 

According to Figure 2.4, smaller center-to-center distance results in higher field 

concentration in air and lower dielectric loss. However, small D also leads to higher 
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conductor loss according to Figure 2.5. Conductor loss, dielectric loss, and total loss 

versus D are illustrated in Figure 6.2(b). It shows that minimum total loss is about 0.1cm-

1 and occurs at D = 900 μm. 

 
Figure 6.2 (a) Air and PMI concentration factors vs. D, (b) Conductor loss, dielectric 
loss, and total loss vs. D for the structure shown in Fig. 6.1(b) with 400 μm radii of the 
wires. 
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These results show good agreement with 3D full-wave numerical simulations using 

the Finite Element Method (FEM). Figure 6.3(a) shows the electric field distribution of a 

THz cable structure illustrated in Figure 6.1(b). The TEM mode of the two-wire 

waveguide in air is excited in an air-filled transition region and propagates along the 

waveguide toward the PMI cable structure. The PMI part does not change significantly 

the distribution of the TEM mode supported by the two-wire waveguide, due to its low 

permittivity, validating the concentration factor calculations. We compared loss for three 

cases: two-wire waveguide in air, in PMI, and in the structure shown in Figure 6.1(b), 

using numerical simulations for a waveguide with 40 μm radii of the wires and 200 μm 

center-to-center distance. The results show that a loss of the PMI cable structure is about 

40% of waveguide completely in PMI, consistent with the calculation shown in Figure 

6.2. Figure 6.3(b) shows the simulation for the same structure with the foam replaced by 

a material with 12.9 permittivity (like GaAs). The high permittivity of the material 

changes the distribution of the field, draining waves into the material. Therefore, the low 

permittivity of the foam is critical. 

 
Figure 6.3 3D full-wave numerical FEM simulations using Ansoft HFSS on THz two-
wire cable structure shown in Fig. 6.1(b) made out of  (a) PMI and (b) a dielectric with εr 
= 12.9. 
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Figure 6.4 shows the concentration factors and loss for the cable structure shown in 

Figure 6.1(a). The minimum total loss increases by 50% since PMI covers more area than 

the structure in Figure 6.1(b). 

 
Figure 6.4 (a). Air and PMI concentration factors vs. D, (b) conductor loss, dielectric 
loss, and total loss vs. D for the structure shown in Fig. 6.1(a) with 400 μm radii of the 
wires. 
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The mechanical support does not need to be used continuously along the cable as is 

common practice in the microwave range [64]. A couple of PMI blocks located 

periodically along the cable can hold the wires as shown in Figure 6.5(a) [64]. That 

decreases dielectric loss associated with PMI. Figure 6.5(b) shows how periodic blocks 

with 10% and 20% longitudinal duty cycle of PMI can push the minimum of loss to the 

higher center-to-center distance where conductor loss is significantly lower. Given these 

results, we can design a THz cable with loss as low as 0.02 cm-1. 

 
Figure 6.5. (a) PMI blocks located periodically along the THz cable to hold the wires 
with lower dielectric loss introduced by PMI, (b) dielectric loss (blue), conductor loss 
(green), conductor loss plus dielectric loss due to 100% (red), 20% (orange), and 10% 
(purple) longitudinal duty cycle of PMI. 
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Chapter 7 
 

Conclusions 
In this dissertation we present our research on novel waveguide structures operating at 

terahertz frequencies. The two-wire waveguide is proposed as a low-loss well-behaved 

THz waveguide that has good coupling efficiency and is free from group velocity 

dispersion. We also propose two novel planar slot-line structures as low-loss transmission 

lines for THz waves. Theoretical analysis, numerical simulations, and experimental 

results are presented to evaluate and confirm the performance of the proposed 

waveguides.  

Using these waveguides can improve significantly existing THz time-domain 

spectrometers (THz TDS) with THz optics components. In particular, using waveguides 

can simplify alignment significantly. A compact integrated THz TDS can be achieved 

using proposed planar slot-line structures. THz electromagnetic energy can also be 

confined in sub-wavelength dimensions using the two-wire and slot-line waveguides.  

The spectroscopy of gas-phase samples can be obtained with the two-wire waveguide 

in a glass tube presented in Chapter 4. Small biological samples also can be inserted in 

the area between the two wires for high-resolution THz spectroscopy.  

We also present a tapered structure to couple THz waves more efficiently from a 

photoconductive THz source to the two-wire waveguide. Both the excellent coupling 

coefficient of the slot-line and the low loss property of the two-wire waveguide can be 

exploited using the tapered structure in a highly efficient THz system without any 

radiation loss. Also, the remarkably low absorption of the two-wire waveguide suggests 

that this waveguide can be used to realize the first THz low loss cable, a critical first step 

towards making THz passive components like divider/combiners and couplers. 
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Chapter 8 
 

Main Contributions: 
Our main contributions, presented in this dissertation are: 

• exploring fully the two-wire waveguide as a low-loss, non-dispersive 

waveguide for THz frequencies, 

• introducing and evaluating two novel slot-line structures for THz waves, 

• presenting experimental verification for the two-wire waveguide and the slot-

line, 

• proposing a tapered structure to couple more efficiently THz waves from a 

photoconductive source to a two-wire waveguide, and finally, 

• proposing the first low loss THz cable.  

The research work presented in this dissertation resulted in the following publications 

and patent: 

1. H. Pahlevaninezhad, B. Heshamt, and T. E. Darcie, “Efficient terahertz slot-

line waveguides,” Optics Express 19, 26, B47-B55, 2011. 

2. T. E. Darcie, H. Pahlevaninezhad, and B. Heshmat, “Efficient terahertz 

waveguides,” 37th ECOC, OSA, 2011 (Invited paper). 

3. H. Pahlevaninezhad, T. E. Darcie, and B. Heshmat, “Advances in terahertz 

waveguides and transmission lines,” SPIE Proceeding 8007, 80070S, 2011 

(Invited paper). 

4. H. Pahlevaninezhad, B. Heshmat, and T. E. Darcie, “Advances in terahertz 

waveguides and sources,” IEEE Photonic Journal, Breakthrough in Photonics 

2010, 2011 (Invited paper). 

5. B. Heshmat, H. Pahlevaninezhad, J. Zhang, and T. E. Darcie, “Dynamics of 

noise in THz photomixers as a receiver sensor,” Optical Sensors, OSA, 2011. 

6. H. Pahlevaninezhad, T. E. Darcie, and B. Heshmat, “Two-wire waveguide for 

terahertz,” Optics Express 18, 7, 7415-7420, 2010. 
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7. H. Pahlevaninezhad, and T. E. Darcie, “Coupling of terahertz waves to a two-

wire waveguide,” Optics Express 18, 22, 22614-22624, 2010. 

8. H. Pahlevaninezhad, B. Heshmat, and T. E. Darcie, “Modeling terahertz 

heterodyne detection based on photomixing,” IEEE Radar Conference, 113-

116, 2010. 

9. T. E. Darcie, H. Pahlevaninezhad, B. Heshmat, and J. Zhang, “Advances in 

terahertz technology,” 23rd Annual Meeting of IEEE Photonics Society, 435-

436, 2010 (Invited paper). 

 

• T. E. Darcie, H. Pahlevaninezhad, “Photomixer-Waveguide Coupling Tapers,” 

US Provisional Patent, Filing No. 61406535, Oct. 2010. 
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