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Abstract—Research on reducing material absorption in Tera-
hertz (THz) waveguides has lead to development of guiding struc-
tures with transmission losses as low as 1 dB/m. Among waveg-
uides that exhibit low loss at THz frequencies are the dielectric-
lined hollow cylindrical metallic waveguides. Loss reduction in this
waveguide is attributed to an ideal profile of the dominant hybrid
HE{1 mode. This mode profile also results in relatively low dis-
persion and very high coupling efficiency. In this contribution we
overview properties of dielectric-lined hollow cylindrical metallic
waveguides for THz waves, their design principles and the fabri-
cation process. The impact of the mode profile on losses and dis-
persion at THz frequencies is confirmed experimentally by THz
near-field imaging and THz time-domain spectroscopy and numer-
ically by the finite element method.

Index Terms—Dispersion, near-field microscopy, terahertz
waveguides, THz spectroscopy, transmission loss, waveguide
modes.

I. INTRODUCTION

UIDED terahertz (THz) wave propagation is necessary

for a range of applications in THz systems, from simple
power delivery to sensitivity enhancing in spectroscopy and res-
olution improving in imaging. Early studies of THz waveguides
were adapting existing designs that had already been developed
for optical waves and radiowaves [1]-[6]. However, the most
prominent solutions, the dielectric cylindrical fiber for near-in-
frared and optical waves and the coaxial metallic waveguide
for radiowaves, both yield large transmission losses at THz fre-
quencies [2], [5]. The poor performance is caused by the in-
crease of Ohmic losses in metals at THz frequencies and the lack
of sufficiently transparent dielectric materials. The challenge of
mitigating these losses requires alternative solutions and it has
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transformed studies of THz waveguides into an active research
area.

Development of THz waveguides with reduced losses has
seen a rapid progress in the recent years: the attenuation level
has been decreased from over 100 dB/m to approximately 1
dB/m [6]-[17], comparable to transmitting THz waves in air.
The low-loss characteristics so far have been achieved only
in structures, which guide THz waves within a large hollow
or porous core. Among designs with the lowest losses are the
dielectric-lined hollow cylindrical metallic waveguides, which
will be in the focus of this article.

This waveguide is a small modification of the hollow metallic
waveguide, which nevertheless makes a significant impact on
the waveguide characteristics at THz frequencies: (1) transmis-
sion losses can be reduced from about 3—5 dB/m in the metallic
guides [6] to the level below 1 dB/m [16], [17]; (2) the wave-
guide exhibits small dispersion, practically independent of the
dielectric material used for the coating [18]; and (3) the domi-
nant mode profile allows very efficient coupling to free space
THz beams [19], [20]. These properties make the dielectric-
lined hollow cylindrical metallic waveguides attractive for a
range of THz applications.

Most low-loss THz waveguides use large cores and therefore
support multiple modes of wave propagation. As losses vary
significantly for different modes, the impact of mode profile on
losses and dispersion became central in studies of THz waveg-
uides [19]-[21]. To enable investigation of waveguide modes,
specialized characterization methods have been developed. In
particular, THz time-domain spectroscopy (THz-TDS), which
has been used widely for characterization of waveguide losses
and dispersion, was recently applied for visualization of the
fields propagating in waveguides [10], [20]. It provided a pos-
sibility to determine waveguide normal modes, mode composi-
tion, and mode-specific dispersion characteristics [18].

Reducing transmission losses is not always the main goal in
designing waveguides. Some applications of waveguides make
it difficult to avoid losses. For example, waveguides for sensing
or for ‘on-chip’ signal transmission require confinement of
the traveling wave, often to the subwavelength level; in such
waveguides, transmitted energy is intentionally concentrated
near metallic interfaces, causing large losses. Therefore, among
many noteworthy THz waveguides that have been investigated
recently [1]-[30], only a few designs exhibit low transmission
loss. In plasmonic metallic waveguides, for example, the loss
could be as high as 100 dB/m at THz frequencies [29].
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Fig. 1. Common THz waveguides and their estimated transmission loss and dispersion characteristics in the region of 1-2 THz [7]-[23].

Here we will discuss only low-loss waveguides and focus
mainly on the dielectric-lined hollow cylindrical metallic
waveguides as an example in which elimination of material
absorption is achieved to a high extent. We will overview the
general design principle, the fabrication process and results of
experimental investigations and numerical modeling.

II. Low-Loss THz WAVEGUIDES

Transmission losses in THz waveguides primarily arise from
two sources: the Ohmic losses on metallic surfaces and absorp-
tion inside dielectrics. At optical frequencies there are dielectric
materials with extremely small absorption and at sub-THz fre-
quencies the Ohmic losses are relatively low. At THz frequen-
cies however neither metallic waveguides nor dielectric waveg-
uides offer a clear advantage over each other.

Minimizing the impact of material losses leads to one general
principle for all low-loss THz waveguides: the transmitted en-
ergy must be distributed in the hollow region of the waveguide.
Most waveguide designs that have been considered for reducing
material losses follow this principle. These waveguides can be
divided into three categories: hollow metallic waveguides, pho-
tonic crystal waveguides, and dielectric porous and pipe waveg-
uides. Reported losses and dispersion for waveguides in these
categories are summarized in Fig. 1.

To reduce losses in metallic waveguides, the amount of trans-
mitted energy near metallic surfaces of the waveguide must be
minimized. The waveguide mode profile therefore directly af-
fects the transmission loss characteristics. It is useful to consider
the parallel plate waveguide (PPWG) to illustrate the impact of
the mode profile. The transverse electromagnetic (TEM) mode
of the PPWG exhibits a uniform distribution of the electric field
between the waveguide plates, whereas the electric field of the
transverse electric (TE; ) mode is vanishing on the metallic sur-
faces. As a result, the Ohmic losses are substantially higher for
the TEM mode compared to the TE; mode. The TEM mode
losses increase for higher frequencies and for smaller plate sep-
aration. The losses for the TE; mode however decrease with
frequency for sufficiently large plate separation d > A [23].

The behavior of the TEM and TE; modes in the PPWG illus-
trates the difference in absorption for two mode types in metallic

waveguides, with the electric field vector either normal or tan-
gential to the metallic surface. In hollow cylindrical metallic
waveguides, the TMg; and TEg; modes exhibit similar behavior
to the TEM and TE; modes of the PPWG respectively. Similar
to the TE; mode in the PPWG, the TEg; mode is the lowest loss
mode for the hollow cylindrical metallic waveguide at THz fre-
quencies [19], [20]: we measured loss of ~3 dB/m at 2.5 THz
in a 2.2 mm bore Ag-coated waveguide for the TEy; mode [6],
[19]. Modes with the electric field vector normal to the surface,
such as the TMp; mode in the cylindrical waveguide, gener-
ally experience much higher Ohmic losses. The more commonly
used TE;; mode contains both the tangential and the normal
components near the metallic surface. This mode exhibits in-
termediate loss figures: in a 3 mm bore copper waveguide we
measured loss of 3.9 dB/m at 1.89 THz [6].

It is important to realize that minimizing losses in hollow
core THz waveguides inevitably leads to designs where the
core is much larger than the wavelength. For example, trans-
mission losses in the hollow cylindrical metallic waveguide
are inversely proportional to the third power of the waveguide
diameter [31]. Most low-loss THz waveguides, as a result,
support several modes of wave propagation.

The other two categories of low-loss THz waveguides are
purely dielectric waveguides. In both the photonic crystal
waveguides and the porous waveguides, the core is kept
predominantly hollow to reduce absorption by the dielectric
materials. The guiding mechanism in the photonic crystal
waveguides is based on multiple reflections experienced by
the travelling wave in the cladding. In the porous waveguides,
the guiding mechanism is based on minimizing the overlap
between the core mode and the cladding modes. Although most
of the energy is propagating in the hollow regions, absorption
inside the dielectric regions is still limiting the overall losses.
A recently demonstrated photonic crystal waveguide made
of Topas, a polymer material with relatively low absorption
coefficient of 1 dB/cm, exhibits the overall loss of 2040 dB/m
[10]. The pipe waveguide (dielectric tube) is another simple
implementation of the air core concept. The traveling wave,
weakly confined by reflections in the dielectric walls, expe-
riences the overall loss of 2 dB/m at 0.3-0.4 THz [8] and
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~4 dB/m at 1 THz [7]. To reduce losses in these waveguides
further, dielectric materials with lower absorption at THz
frequencies are required. High-resistivity silicon is one of
potential candidates: the upper limit for the intrinsic absorption
coefficient is less then 0.01 cm !, corresponding to the loss of
less then 4.3 dB/m, over the range of 0.2—1 THz [32]. A solid
core waveguide made of high-resistivity silicon can potentially
provide low-loss transmission in the single-mode regime.

The waveguide that will be discussed in the following
sections, the dielectric-lined hollow cylindrical metallic wave-
guide, allows reducing the Ohmic losses along the entire
circumference of the waveguide walls for a linearly polarized
wave. This is achieved by adding a thin dielectric layer on
the inner metallic surface. In contrast to the hollow metallic
waveguides with losses of ~3-5 dB/m, a dielectric-lined
waveguide exhibits a measured loss of 0.95 dB/m at 2.5 THz
[16]. The loss reduction can be explained by the ideal profile
of the dominant waveguide mode, the hybrid HE;; mode.
This mode has the minimal electric field amplitude near the
walls, similar to the TEp; mode in the cylindrical metallic
waveguide and to the TE; mode in the PPWG, and therefore it
also experiences small absorption. In addition, the HE;; mode
is completely confined in the core of the waveguide, unlike the
TE; mode in the PPWG, and it is linearly polarized, unlike the
TEg; mode. These properties make the dielectric-lined hollow
cylindrical metallic waveguides ideal for coupling to free space
propagating beams and useful for practical applications.

III. DIELECTRIC-LINED HOLLOW METALLIC WAVEGUIDES

The dielectric-lined hollow cylindrical metallic waveguide is
a modified hollow metallic waveguide, where the inner metallic
surface is coated with a thin dielectric layer (typically 10-20 mi-
crons). The modified structure changes the profile of the domi-
nant mode, the HE;; mode, in a way that the transmitted energy
is concentrated near the waveguide center. This mode has sub-
stantially smaller penetration into the absorbing metallic wall
compared to any other mode of the metallic guide and it imple-
ments the principle of guiding the waves in the hollow core to
the highest extent.

Unlike the classical TE and TM modes in metallic waveg-
uides, the profile of the hybrid mode is wavelength dependent.
Analytical treatment of the waveguide loss and dispersion
characteristics is therefore somewhat difficult and no exact
mathematical expression exist [33]-[35]. The waveguide prop-
erties were therefore evaluated experimentally [16]-[20] and
numerically [36], [37]. Despite the mode profile dependency
on the wavelength, the waveguide exhibits low loss and rela-
tively small dispersion in a wide band of frequencies. In the
waveguides designed for 2.5 THz, we observed transmission
losses around 1 dB/m and dispersion of 6 ps/THz/m within a
bandwidth of at least 1 THz [16], [18].

The overall dispersion is primarily defined by the radius of
the waveguide and it is practically independent of the dielec-
tric coating dispersion [18]. For the HE;; mode, the dielec-
tric coating has the opposite effect to the surface wave col-
lapse experienced by waves propagating on dielectric-coated
metallic wires and planes, where the coating attracts the wave

energy closer to the metallic surface and causes large trans-
mission losses and dispersion (Fig. 1) [21], [22]. In the dielec-
tric-lined hollow waveguides, the energy can be pushed away
from the surface, resulting in minimal losses and dispersion.

This combination of low loss and low dispersion is unique
for THz waveguides. The width of the low-loss region is suf-
ficiently large to allow transmission of broadband THz pulses
[18]. Tt is important to note however that the ideal mode profile
is formed only if the core diameter is larger than the wavelength
[33], [35]. These waveguides therefore also support higher order
modes.

Research on dielectric-lined waveguides for THz waves have
experienced much activity in the last several years with a focus
on realization of good quality guides, modeling, and on inte-
gration of waveguides with THz devices [16]-[20], [36]-[39].
Modifications of the waveguide walls have also been recently
considered with the aim to reduce transmission losses even fur-
ther [9]. The original studies of this waveguide type however
date back to the 1970s, when the dielectric-lined waveguides
were considered for communication systems prior to the wide-
spread use of the silica glass optical fibers [33]-[35]. In the THz
and mid-infrared regions, sufficiently transparent dielectric ma-
terials have not been found yet and the dielectric-lined cylin-
drical metallic waveguides currently provide superior charac-
teristics (Fig. 1).

IV. WAVEGUIDE FABRICATION METHODS

In this section we discuss fabrication of hollow waveguides
made from glass or polymer tubing. Some of our earlier work
involved the deposition of a thin dielectric film of Agl over the
Ag layer to lower the waveguide losses in the infrared (IR) [31].
A significant challenge in extending the metal/dielectric, hollow
waveguide technology from IR wavelengths to THz frequencies
is that a much thicker dielectric layer is required at THz frequen-
cies. This may be seen from (1), which shows that the optimum
dielectric layer thickness, d, is proportional to the design wave-
length, Ay:

)\0 1 ng
dg = —————tan _ 1
4= o1 [(n3_1)1/4] (1

where n; is the refractive index of the dielectric [31]. This ex-
pression is derived with the assumption that there is no absorp-
tion inside the dielectric layer. The optimal thickness is slightly
smaller for absorptive films [36]. The wavelength of THz ra-
diation is 10 to 100 times longer than IR radiation; hence the
dielectric film thickness of a metal/dielectric hollow core wave-
guide designed for THz frequency radiation must be 10 to 100
times greater than those designed for IR radiation.

We have chosen to use a polymer film instead of Agl as the
dielectric layer. In general there are several advantages to the
use of polymer films. Firstly, they are relatively transparent in
the THz region [36] and secondly it is not difficult to deposit
relatively thick and smooth coatings using liquid-phase chem-
istry methods [38]. We have chosen to deposit polystyrene (PS)
because it easily dissolves in toluene.

The first step in the preparation of the Ag/PS waveguides
is to deposit an Ag film [31] within a glass substrate tube by
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Fig.2. A schematic diagram of the apparatus used to deposit polymer thin films
over Ag films. Inset: an optical micrograph of a 2.2 mm bore diameter Ag/PS
waveguide showing the PS layer [38].

pump tube

combining a solution containing AgNO, and NH4OH with a
reducing solution containing dextrose and NaaEDTA. The Ag
film grows at a rate of approximately 1 ygm/hr and our Ag films
were normally about 1 pm thick. This is much thicker than the
skin depth for Ag at THz frequencies (~100 nm at 2.5 THz)
and, therefore, no THz radiation can penetrate the waveguide
wall. Rigid glass tubing with bore sizes ranging between 1.6
and 2.2 mm were used to fabricate 120 cm long waveguides.

The PS films were deposited over the Ag coatings using a
liquid-flow coating process similar to Abe ef al. [40] in which
a PS/toluene solution is drawn through the waveguide at a con-
stant coating velocity using a peristaltic pump. A schematic di-
agram of the coating apparatus is shown in Fig. 2. The system
uses a Masterflex L/S peristaltic pump configured with a micro-
bore tubing pump head. The bottom opening is connected to a
U-shaped Nalgene waste tube that collects the excess solution
as it exits the waveguide. Some pulsation of the volume flow
rate is inherent in systems utilizing a peristaltic pump, thus the
coating velocity is also pulsed. The use of a microbore pump
tube minimizes the amplitude of the pulsation. Once the pump
produces a 10 cm column of solution in the tubing, the source
tube is disconnected. This column travels along the length of the
waveguide producing a thin film of PS/toluene solution over the
Ag coating. After the coating material passes through the tubing
the waveguide is dried by forcing air through its core at a rate
of 1 L/min.

The inset in Fig. 2 shows an optical micrograph of the
cross-section of a 2.2 mm bore diameter Ag/PS hollow wave-
guide. A 25wt.% PS/toluene solution and a coating velocity
of 4.5 cm/min were used to deposit the PS film. The PS film
is uniform around the circumference of the waveguide and its
thickness is about 11 pm. The film and Ag coating adhere well
to each other and the glass substrate tube. The surface of the
PS film is relatively smooth and it compares well with the Agl
dielectric films deposited over Ag for the IR region. PS films
ranging from 1 pgm to 17 pm in thickness have been deposited

with this method by varying the PS concentration and the flow
rate [38]. Waveguides discussed here were fabricated using
rigid glass tubing, however flexible waveguides have also been
made from 1 mm bore polycarbonate tubing.

V. CHARACTERIZATION OF WAVEGUIDES AT THz FREQUENCIES

The choice of characterization methods at THz frequencies
is gradually improving, however it is nevertheless limited.
Terahertz time-domain spectroscopy (THz-TDS) has been
extremely useful for waveguide characterization because it
provides the ability to measure loss and dispersion spectra in
a broad range of frequencies. The multimode nature of most
low-loss THz waveguides however requires that the charac-
terization method differentiates between waveguide modes.
To develop this capability, we combined THz-TDS with THz
near-field microscopy. These techniques allowed us to map
propagating waves at the waveguide output in space and time
and consequently determine which modes travel in the wave-
guide [20]. The knowledge of mode composition removes any
ambiguity in analysis of the THz-TDS spectra, it allowed us
to measure mode-specific dispersion characteristics for the
dielectric-lined hollow metallic waveguides.

A. THz Time-Domain Spectroscopy and Space-Time Mode
Mapping

In the THz-TDS application to waveguide characterization,
a THz pulse is sent through the waveguide and the transmis-
sion loss and dispersion characteristics are determined directly
from the Fourier spectra of the THz pulse waveforms before and
after transmission through the waveguide. There are two diffi-
culties with applying the standard THz-TDS approach. First of
all, the THz pulse can travel through the waveguide as a su-
perposition of several modes and therefore the spectrum may
be affected by interference of these modes. The mode interfer-
ence produces a periodic series of maxima and minima in the
waveguide transmission spectrum measured by THz-TDS. Sec-
ondly, coupling of THz waves in and out of the waveguides is
typically frequency dependent and the coupling efficiency for
all frequency components of the THz pulse must be taken into
account. The waveguide characterization therefore becomes a
two-fold problem, where mode composition must be determined
prior the measurement of dispersion properties.

To avoid the uncertainties related to the multimode propaga-
tion and the frequency dependent coupling, the mode composi-
tion is determined experimentally. A schematic diagram of the
measurement system is shown in Fig. 3(a). The first waveguide
(wg 1) serves to define modes that are launched into the test
waveguide (wg 2). As the THz pulse enters the launch wave-
guide, its energy splits between waveguide modes in a way that
their superposition matches the incident beam profile. The ex-
cited modes then travel through the waveguide with their unique
group velocities. After propagation through the launch wave-
guide, the modes become separated in time.

The corresponding space-time distribution of the THz pulse
field is detected by a high-resolution near-field THz probe at the
waveguide output end [20]. The time dependence is recorded
using a variable time-delay stage and the spatial dependence is
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Fig. 3. (a) A schematic diagram of the experimental system for near-field map-
ping of waveguide modes. (b) A close-up of the waveguide output and the
near-field field probe. (c) Space-time maps of the horizontal component of the
electric field (EL) for the HE;; mode at the output end of a 1.8 mm diameter
133.5 mm long Ag/PS waveguide: the left panel shows the measured electric
field and the right panel shows the amplitude of the 2.3 THz component, near the
pulse spectrum maximum. The HE;1 mode is excited selectively by placing a
1 mm diameter pinhole at the waveguide entrance as shown in the schematic di-
agram. (d) Space-time maps and the excitation arrangement for the TEy; mode
in the same waveguide.

recorded by scanning the output end of the waveguide with re-
spect to the near-field probe [Fig. 3(b)] along the waveguide di-
ameter [18]. The output wave can be displayed as a space-time
map, where the excited modes can be identified as regions of
strong electric field. Relative amplitudes of the excited modes
can be estimated by calculating the spectral amplitude distribu-
tion directly from the data using the local Fourier transform with
a 2-ps time window [20].

Fig. 3(c), (d) shows the measured space-time maps for a
1.8 mm bore diameter 133.5 mm long Ag/PS waveguide and
two different coupling conditions, which result in excitation
of the two lowest loss modes, the linearly polarized HE;;
mode and the azimuthally polarized TEy; mode. These modes
are excited by controlling the input field pattern with a 1 mm
diameter pinhole. The HE;; mode is launched through the input
pinhole centered on the waveguide axis [Fig. 3(c), schematic
diagram]. The TEg; mode, which is difficult to detect by the
standard THz-TDS system because the mode symmetry inhibits
coupling to a far-field dipole antenna detector, is excited by
shifting the pinhole off the waveguide axis in the direction
perpendicular to the electric field polarization as shown in
Fig. 3(d).

The space-time maps at the output of the launch waveguide
display the composition of modes entering the test waveguide.
This mode composition is then compared to the mode compo-
sition at the test waveguide output end obtained from another
space-time map. These data provide all required information
to determine loss and dispersion in the test waveguide. The
imaging system also provides a means for waveguide alignment
and for selective mode excitation.
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Fig. 4. Time-resolved near-field mode mapping. (a) Two-dimensional distri-
butions of the electric field component £, («, ) are shown in the top row for
various time delays corresponding to the arrival of different modes [18]. (b)
Space-time maps at the output of the 133.5 mm long Ag/PS waveguide for three
different coupling configurations: through a 1 mm diameter pinhole centered
on the waveguide axis (top map); through the pinhole positioned off-axis as
in Fig. 3 (middle map); and the uniform waveguide input illumination (bottom
map). (c) Estimated temporal delay for higher order modes. The origin of the
time axis ¢ = 0 is chosen to mark the arrival of the dominant HE;; mode.

B. Time-Resolved Near-Field Mode Imaging

The same near-field probe system [Fig. 3(a)] can be used
to determine spatial profiles of normal waveguide modes. The
measured maps show that the individual modes become sepa-
rated in time after traveling in the waveguide due to each mode
having a unique group velocity. The spatial mode profile for a
selected mode therefore can be measured at the moment when
this mode reaches the detector, using the time-resolved capa-
bility of the THz-TDS system.

Fig. 4(a) shows two-dimensional spatial maps of four normal
modes in the dielectric-lined hollow cylindrical metallic wave-
guide detected at the waveguide output by the near-field de-
tector. The space-time maps in Fig. 4(b) show that the corre-
sponding modes are not overlapping in time and therefore the
profiles are not affected by mode interference. Fig. 4(c) shows
estimated temporal delay after propagation in the 133.5 mm
long waveguide for the modes in Fig. 4(a). The time delay is
calculated from the group velocity v, = dw/dk analytically, as-
suming that the waveguide dispersion is described by the cut-off
frequencies of 0.128, 0.203, 0.293 and 0.459 THz for HE;,
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TEo1, HE12 and HE;3 modes respectively [18]. Fig. 4(c) il-
lustrates that for the THz pulse with the center frequency of
2.1 THz, the TEq1, HE1» and HE;3 modes are delayed by ap-
proximately 2, 4, and 11 ps compared to the dominant HE1
mode.

The time-resolved mode profile mapping is quite different
from the standard THz-TDS approach, where complete wave-
forms are collected for every point of the two-dimensional spa-
tial map. The electric field amplitude is then calculated for de-
sired frequencies using the Fourier transform. The standard ap-
proach works well if only a single mode propagates in the wave-
guide. The measured maps in this case show the mode profile.
However, if multiple modes are present, the standard method
suffers from mode interference [20] and measured profiles dis-
play interference patters rather than the individual modes.

The time-resolved mode profile mapping on the other hand
can be applied for multimode propagation because different
modes reach the near-field detector at different times. It is crit-
ical however that the waveguide length is long enough for the
modes to acquire a sufficient time delay. This method provided
the direct experimental confirmation that the dielectric layer
transforms the dominant mode of the metallic THz waveguide
into the low-loss hybrid HE{; mode [20]. In addition, it enabled
experimental characterization of other modes, including the
TEo1 mode, which requires special coupling conditions [18].

C. Waveguide Loss and Dispersion Measurements

Dispersion characteristics of individual modes can be mea-
sured using THz-TDS after the mode structure and composition
at the output of the launch waveguide have been determined. To
minimize spectral artifacts caused by the mode interference, the
near-field probe can be positioned in a region of the mode profile
maximum or in a location where the second strongest mode has
a minimum. Coupling of the THz beam into the launch wave-
guide can also be adjusted in a way that the mode of interest
is the strongest. This approach was applied to find dispersion
characteristics of the dominant HE;; mode as well as modes
that exhibit low coupling efficiencies, such as the TEg; mode
[18]. The HE;; dispersion characteristics will be discussed in
the next section together with results of numerical modeling.

Experimental characterization of the transmission loss spec-
trum is a more difficult task, particularly if the overall signal at-
tenuation in a waveguide sample is only a fraction of 1 dB. Mul-
timode interference in such cases can produce large systematic
errors in characteristics measured by THz-TDS. Fig. 5(a) shows
typical examples of spectra measured by THz-TDS at the output
of a 15 and 30 cm long waveguide samples. Ideally, the differ-
ence in the measured spectra represents the transmission loss
per 15 cm of the waveguide (because the coupling losses are the
same for the two waveguides). In practice however, both spectra
contain small periodic features due to interference of waveguide
modes. For example, the presence of the HE;» mode delayed by
10 ps with respect to the HE;; mode at the output of the 30 cm
sample results in spectral features with periodicity of ~0.1 THz
(in a region near 2.0 THz) [20]. A similar composition of the
HE;; and HE5 modes for the 15 cm sample produces spectral
features with periodicity of ~0.2 THz. The transmission coeffi-
cient spectrum, or the ratio of the output and the input spectra,
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Fig. 5. (a) THz TDS spectra measured at the output of a 15 and 30 cm long
Ag/PS waveguides (1.8 mm diameter) showing periodic features due to the
mode interference. Narrow absorption lines are caused by water vapour (~50%
RH) inside the waveguide core. (b) Single frequency cutback loss measurements
at 2.54 THz (far-infrared laser) [19]. The red and blue lines mark the transmis-
sion loss levels of 1 dB/m and 3 dB/m respectively.

for the test waveguide consequently contains a series of maxima
and minima due to the multimode interference.

For low-loss waveguides, this systematic error can be larger
than the absorption loss in the waveguide sample. The spectra
for the 15 and 30 cm long waveguides in Fig. 5(a) are expected
to differ by less than 3.5% in the electric field amplitude. The
systematic error due to the mode interference however can be
as large as 10% in Fig. 5(a) and it prevents achieving sufficient
accuracy for the loss characterization.

The cutback loss measurement technique can be used to over-
come this difficulty. The interference effects are likely to av-
erage out in a series of cutback measurements because the mode
interference effects depend on the waveguide length. Fig. 5(b)
shows results of cutback loss measurements performed on sim-
ilar THz waveguides at 2.5 THz. The series of cutback mea-
surements for six different sample lengths (up to 80 cm long)
provides sufficient accuracy to determine the transmission loss
figure of ~1 dB/m [19].

Although characterization of low-loss THz waveguides
presents some difficulties due to multimode nature of low-loss
waveguides, only experimental testing can provide reliable
evaluation of transmission losses and dispersion. Developments
in THz waveguide characterization techniques have expanded
experimental research capabilities, enabled precise in-depth
studies and provided a very useful capability to visualize
propagating fields in THz waveguides.
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VI. MODELING

The problem of wave propagation in the dielectric-lined
hollow cylindrical metallic waveguide has no exact analytical
solution. Several approximations however have been derived
for description of the hybrid HE;; mode [33]-[35]. Here we
will examine validity of two simple approximations for the
mode dispersion and the mode profile in the low-loss region of
the waveguide.

There are many modeling methods available to analyze the
behavior of electromagnetic waveguides operating in the THz
range of frequencies. The procedure adopted by us for the modal
and dispersion analysis of the waveguides is a variational for-
mulation in terms of the transverse magnetic field components.
It is implemented using second order nodal finite elements. This
formulation is derived from the Helmholtz equation for the mag-
netic field after eliminating the longitudinal component using
the divergence-free condition [40]-[42]. This leads to the equa-
tion:
Vex (e)Vex Hy) —ax [, Vi x

weopoH + v2% x [é‘;tl

2V, H,)| -
(ZxH)] =0 (2

where V, = XxJ, + y9,, the complete magnetic field is
H = H, + zH, and the permittivity tensor is assumed to be
anisotropic and of the form: € = &, + ., %2.
Applying a variational or a Galerkin procedure to (2) leads to
a matrix eigenvalue problem of the form
(Al + w2A2 - ’VQB)h =0 (3)
where the vector h is formed by the nodal values of the trans-
verse components of the magnetic field. Equation (3) can be for-
mulated as a generalized eigenvalue problem either for the prop-
agation constant or the frequency. The most convenient form is
for the propagation constant, in particular when there are losses
involved or the propagation constant is otherwise complex. In
that case, (3) can be written in the form
Ah =+?Bh 4)
where both matrices are in general complex and unsymmetric.

The main advantages of this formulation are that it is quite ef-
ficient, since it only needs two components to represent the field;
and that it gives results in terms of the propagation constant that
can be complex in the presence of losses. Alternative methods
use either the full E or H field and are implemented with a com-
bination of nodal and vector finite elements [43], [44].

The dielectric losses in our formulation can be taken into ac-
count by specifying the imaginary part of the dielectric function.
If the metal conductivity can be considered high, the losses in
the metallic walls can be estimated in a simple fashion using a
perturbation approach, by determining the mode profile for the
case of a perfect metal and then calculating the currents on the
perfect metallic walls. The dissipated power is approximated by
a contour integral of the current density J:
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Fig. 6. Dispersion characteristics for the HE;; mode in the 1.8 mm diameter
dielectric-lined hollow metallic waveguide. The PS coating is modelled as a 17
pm thick lossless dielectric layer. The experimental characteristics measured
by THz-TDS are shown by red squares [18]. The dispersion curves are com-
pared to the analytical approximation for the cutoff frequency of 0.128 THz.
The losses in the metallic walls are estimated numerically. At low frequencies,
the numerically modeled HE;; mode profiles show that significant energy den-
sity is distributed near metallic walls.

where 12, is the surface resistance. This approach, of course, is
not accurate at THz frequencies if the metallic losses are high.
In such cases losses can be calculated by treating the metal as
a non-perfect conductor in the finite element formulation of the
problem. In this work, we used the perturbation approach, pro-
vided that only a small fraction of wave energy is distributed
near the waveguide metallic interface.

The results of numerical calculations for the HE{; mode in
the 1.8 mm diameter dielectric-lined waveguide are shown in
Fig. 6. The dominant mode profile agrees perfectly with the ex-
perimentally measured profile shown in Fig. 4(a). The calcu-
lated phase velocity also agrees with the dispersion data exper-
imentally measured by THz-TDS [18]. The Ohmic losses in the
waveguide are estimated according to (5). The loss spectrum is
plotted on the same graph to show the spectral region where the
waveguide exhibits the lowest loss of ~1 dB/m. The numerical
calculations show that the low-loss characteristics are achieved
within a relatively large band of frequencies: for the 1.8 mm di-
ameter waveguide, the low-loss region extends from 1.5 THz to
3 THz.

The numerical results demonstrate the impact of the mode
profile on the loss spectrum: the Ohmic losses are minimal only
when energy of the mode is concentrated in the waveguide
center, away from the absorbing walls. A series of profiles
in Fig. 6 shows that a larger fraction of the mode energy is
distributed near the metallic walls at low frequencies. The
Ohmic losses increase correspondingly at frequencies below
1.5 THz for this waveguide.

The dispersion curve and the mode profile can now be com-
pared to analytical approximations in the low-loss region. The
approximations are based on the assumption that the electric
field vanishes at the waveguide wall and it is described by the
zeroth order Bessel function [18], [35]. For the 1.8 mm diameter



MITROFANOV et al.: REDUCING TRANSMISSION LOSSES IN HOLLOW THz WAVEGUIDES 131

waveguide, this approximation yields the cutoff frequency of
0.128 THz [18]. The analytical approximation plotted in Fig. 6
agrees well with the dispersion data within the low-loss region.
The mode profile approximation is also valid in this frequency
range [18]. The possibility to describe the HE1; mode by these
simple analytical approximations simplifies analysis of signal
transmission in the dielectric-lined hollow metallic waveguide.

VII. CONCLUSION

Most solutions for reducing transmission losses in THz
waveguides so far have implemented confinement of the
guided wave in a large hollow or porous core. The dielec-
tric-lined hollow cylindrical metallic waveguides are among
the waveguides, which can provide the transmission loss below
1 dB/m at THz frequencies. The reduced loss compared to
hollow metallic waveguides is attributed to the modified profile
of the dominant waveguide mode. Although the mode profile
is wavelength dependent, our experimental studies and nu-
merical calculations show that the low-loss characteristics are
achieved within a relatively large band of frequencies. In fact,
the dielectric-lined hollow cylindrical metallic waveguides
exhibit a unique combination of low loss and relatively low
dispersion. Alternative THz waveguides based on photonic
crystal structures and porous waveguide exhibit comparable or
higher losses, however they are achieved in narrower bands.

The combination of low loss and low dispersion allows using
the dielectric-lined metallic waveguides not only for transmis-
sion of narrow band signals but also for transmission of THz
pulses and we recently utilized these waveguides in a THz time-
domain microscopy system [45]. These waveguides can also en-
able large-bandwidth signal transmission with carrier frequen-
cies of 2-3 THz over distances of up to 10-30 meters (assuming
the industry acceptable loss of 20 dB).

Our dielectric-lined hollow metallic waveguides are fabri-
cated by coating the inner surface of glass or polycarbonate
tubing with a layer of silver and a layer of polystyrene. This
process allows producing both rigid and flexible waveguides for
the region of 1.5 THz and above. The same process can be ap-
plied for lower frequency waveguides if 20—30 pm thick uni-
form PS films can be deposited.

Further research on reduction of losses in THz waveguide is
likely to involve development of more transparent dielectric ma-
terials for porous and photonic crystal waveguides or modifica-
tions of metallic waveguides with structured metallic/dielectric
surfaces. Due to the multimode nature of most low-loss THz
waveguides, particular attention must be given to waveguide in-
tegration with THz sources and detectors. It is essential to de-
velop waveguide couplers that channel THz waves efficiently
into the dominant waveguide mode. Mode mixing at waveguide
bends and irregularities is another important area for further in-
vestigations. Although multimode waveguides are suitable for
some applications, including THz imaging and digital commu-
nications, eliminating higher order modes by means of efficient
coupling can enable quasi-single mode propagation required in
other applications, e.g. THz spectroscopy.
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