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Abstract: Terahertz communications is a booming field in rapid development. While
in most of the existing terahertz communication systems, modulated THz carrier wave
is transmitted via free-space communication channels, the THz waveguide-based
integrated solutions can be of great utility both at the transmitter and receiver ends.
Thus, at the transmitter end they can be used for steering, beam forming, and
multiplexing of the THz signals. At the receiver end, terahertz waveguide-based
solutions can be used as reliable interconnects (especially in the geometrically complex
environments, ex. intra-vehicle communications), as well as for real-time analogue
signal processing such as filtering and demultiplexing. More generally, waveguide-
based THz optical circuits are indispensable for miniaturization and mass production
of cost-effective THz communication systems. In this work, we present comprehensive
numerical, fabrication and optical characterization studies of a new type of modular
THz integrated circuits based on the micro-encapsulated two-wire plasmonic
waveguides. Particular attention is payed to the design of optimized components such
as waveguides, couplers and waveguide Bragg gratings to realize easy to handle, highly
reconfigurable terahertz circuits capable of complex functionalities such as
multiplexing and demultiplexing. The basic element of all the developed
subcomponents is a low-loss low-dispersion two-wire waveguide suspended inside of
a protective micro-sized enclosure (cage) using deeply subwavelength dielectric
supports. The high resolution stereolithography 3D printing and wet chemistry metal
deposition techniques are employed to fabricate such waveguides where the THz light
is mainly confined in the air gap between the two wires. First, the straight waveguides

are characterized using continuous-wave THz spectroscopy system with the measured



transmission loss and group velocity dispersion (GVD) of 6 m! and -1.5 ps/THz-cm
respectively at the carrier frequency of 140 GHz. Next, waveguide bends and a Y-
coupler based on the two coalescing waveguide bends are studied. We find that due to
the presence of a cage, the curved two-wire waveguides show smaller bending loss than
the free-standing two-wire waveguides of similar geometry. Additionally, we find that
relatively tight bends of ~5cm-radius can be well tolerated by adding less than ~10 m™!
propagation losses to the curved waveguide propagation loss. Next, we design and
fabricate the two-wire waveguide Bragg gratings by hot stamping a periodic sequence
of metal strips onto a paper sheet and inserting it into the air gap between the two-wire
waveguides. The geometry of the grating featuring a Bragg frequency of 140 GHz is
studied theoretically and numerically, and the optimal waveguide gratings are then
realized experimentally. Such structures can have bandwidths as high as ~20 GHz.
Finally, using thus developed modular components, a two channel THz Add-Drop
Multiplexer (ADM) is demonstrated for the operation at 140 GHz carrier frequency and
featuring a spectral width of 2.8 GHz. We believe that the reported modular platform
based on the micro-encapsulated two-wire waveguides can have a strong impact on the
field of integrated optical circuits for THz signal processing and potentially sensing due
to ease of device fabrication (standard 3D printers and wet chemistry), modular design
and high degree of reconfigurability, low-loss and low-dispersion of the underlying
waveguides, as well as high potential for the real-time tunability of the optical circuits

due to ease of access of the modal fields inside the controlled in-cage environment.
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1. Introduction

The explosive growth of data traffic over past decades has placed increasing demands
on the communication systems. With data rates in excess of 100 Gbps, the terahertz
(THz) wireless communications is poised to become an enabling technology for the
next-generation communications networks || . The high directionality and limited
propagation range of THz radiation offers enhanced security and resistance to
eavesdropping. At the same time, the high directionality of THz radiation poses many
challenging engineering problems such as complexity in discovering the THz network
(homing to emitter location) |~ | , as well as necessity of precise alignment between the
transmitter and receiver modules, thus requiring the use of advanced beam steering
solutions . While mechanical solutions to beam steering are available in various
forms (ex. Galva mirror scanners), a more reliable and robust solution would ideally
forgo the use of moving parts and rather employ integrated solutions such as passive
and active leaky waveguides and leaky wave antennas . In the microwave and THz
range such structures often employ metallic waveguides as well as modes
propagating along conductive surfaces (which in THz range are also known as
Sommerfeld waves or Zenneck waves depending on the material of a surface). In this
respect, development of integrated metallic waveguides supporting various types of
plasmonic modes is of great interest. Beyond the use in advanced beam steering and
detection, integrated THz optical circuits provide a remarkable technological platform
for signal processing in THz communications Unlike the cumbersome and
prone to time drift assemblies of discrete free-space components, the use of integrated
circuits improves long term reliability, results in a smaller footprint, and is better
suitable for mass production. Therefore, development of THz integrated optical circuits
is a promising direction for signal processing at THz frequencies.

One promising low-loss material that was identified for building THz circuits is silicone.

Both total internal reflection waveguides and slab photonic crystal-based waveguides



were explored to build THz integrated optical circuits [17]. Various optical elements
such as ring resonators, filters, and couplers on silicon substrates have been
demonstrated in the THz range . However, the fabrication of silicon optical
circuits generally requires the use of costly top of the line fab infrastructure (lithography
systems, deep reactive ion etchers and bonders, etc.) as well as high cost materials (gold,
etc.) in a multi-stage fabrication process. Furthermore, high refractive index contrast
normally associated with silicone photonics results in challenging fabrication
tolerances even for longer THz wavelengths . Finally, silicone integrated photonics
is inherently planar, with very limited capacity for 3D integration, and out-of-plane
inter-chip connectorization.
Alternatively, the inherently 3D additive manufacturing presents an interesting
alternative to the mostly planar silicone photonics. Thus, large-scale THz waveguide-
based circuits can be rapidly manufactured with deeply subwavelength precision using
readily available low-cost SLA (Stereo Lithography) or FDM (Filament Deposition
Modeling) tools. While featuring lower refractive index contract material combinations
than silicone photonics, additive manufacturing results in more relaxed fabrication
tolerances and less stringent alignment requirements. Owing to the ubiquitous
availability of hardware, the low threshold for entering into production, as well as the
ease of 3D integration and out-of-plane inter-chip interconnect solutions, additive
manufacturing emerges as a promising platform for manufacturing waveguide-based
optical integrated circuits in the THz spectral range. One of the challenges for additive
manufacturing in THz is the lack of low-loss materials (thermoplastics for FDM and
photocurable resins for SLA). In this respect, the search for new materials or novel
waveguide designs is of critical importance for 3D printed THz integrated circuits.
Compared to other reported THz waveguides that were developed for THz
communication applications, such as subwavelength fibers , porous fibers
, tube-shaped hollow-core waveguides , and parallel plate waveguides
(PPWG) , the two-wire THz plasmonic waveguides have advantages of low
transmission loss, negligible group velocity dispersion (GVD), no cut-off frequency,

and high coupling coefficient with the conventional linear-polarized THz sources



Most of the two-wire waveguides that were studied earlier featured short sections of
straight metallic wires fixed in bulky holders, were inconvenient to use, and were
unsuitable for building integrated circuits. Although handling and mechanical stability
of the two-wire waveguides can be improved by embedding them into foams or other
types of porous dielectric claddings , interaction of the modal fields with lossy
materials of the cladding results in increased Group Velocity Dispersion (GVD) and
transmission losses, thus limiting utility of classic two-wire waveguides in
communication applications.
In this paper we develop a novel type of quasi-two-wire waveguides, as well as optical
components based on such waveguides using optically thick metal layers deposited
onto complex-shaped 3D printed mechanical supports. In fact, the principal goal of this
work is to explore THz optical component fabrication using complex metallized 3D
shapes that can be readily manufactured using standard Stereo Lithography 3D printers.
The idea is to ultimately go out of plane and pursue 3D optical integration of THz
components, which is simply impossible using standard lithographic techniques used
in the fabrication of most microwave and optical components. Additionally, for sensing
applications as well as for the design of highly tunable THz components we want to
have access to the modal fields, which is especially simple to achieve when using two-
wire waveguides . Finally, using 3D printing allows seamless integration
between the enabling optical elements (waveguides, resonators, etc.) as well as
mechanical support and environmental isolation (protective cage around the waveguide,
holders, alignment features and connectors, etc.) that ultimately results in convenient
to handle, highly modular systems that are easy to assemble and maintain.
Owing to the relatively high resolution (~25 um), large build volumes (~15cm x 15¢m),
superior reproducibility, as well as due to wide availability, low infrastructure and
maintenance costs, the SLA 3D printing technique is perfectly suitable for the
fabrication of various types of THz components. As a result, considerable amount of
3D printing work has been reported for the fabrication of THz dielectric components
. At the same time, fabrication of THz plasmonic structures is more subtle and

less studied due to necessity of the metallization step that has to produce high quality



optically thick films (several 100-300 nm for THz frequencies ) on complex-shaped
polymer surfaces. Recently, efficient metallization and coating techniques for 3D
printed parts were reported using standard sputtering techniques , as well as more
advanced wet or aerosol chemistries with resulting metallic coatings performing
comparably to the components machined from bulk metals

In what follows, we present the in-depth theoretical and experimental studies of the 3D
printed two-wire THz plasmonic waveguide-based components and modular optical
circuits based on such components. Highly reconfigurable nature of the developed THz
plasmonic circuits are demonstrated by assembling nontrivial optical components (ex.,
Add Drop Multiplexer (ADM)) using basic building blocks such as waveguides, bends,
Y-splitters and Waveguide Bragg Gratings (WBGs), all based on the encapsulated two-
wire plasmonic waveguides.

Our paper is organized as follows. First, we present the fundamental building block of
the proposed plasmonic optical circuits — a two-wire waveguide which is encapsulated
into a protective micro-sized cage that can be handled directly and that has various self-
alignment features. We start with a numerical study and optimization of the optical
guidance properties of such waveguides including their loss, GVD, and coupling
efficiency to the WR6.5 flange waveguide for the operation frequency of ~140 GHz set
by our experimental setup. Then, the two-wire waveguides are fabricated using
stereolithography (SLA) 3D printing and wet chemistry deposition techniques, and
their performance is experimentally characterized using the Continuous Wave (CW)
THz spectroscopy and a cut-back method. Experimentally found waveguide
transmission loss and GVD of the straight two-wire waveguide sections were measured
as ~6 m! and -1.5 ps/THzcm at 140 GHz, respectively. Next, bending losses of the
curved two-wire encapsulated waveguides with different bend radiuses and axis of
rotation were studied numerically and experimentally. We find that the resin cage
significantly reduces bending loss of a two-wire encapsulated waveguide compared to
that of a free-standing two-wire waveguide due to modal field enhancement within the
cage. We also find that even relatively tight bends with the bending radii of 5 cm result

in only modest increase in the modal propagation loss of less than 10 m™'. Next, we



explore design and fabrication of paper-based symmetric metal gratings that are made
using low-cost hot stamping technique involving a laser jet printer and metallic
thermofoils. Resonant transmission properties of such Waveguide Bragg Gratings
(WBGs) can be readily explained by the destructive interference between the
fundamental mode of a two-wire waveguide and the fundamental mode of a planar
metallic waveguide formed by the metallic grating elements. Experimentally measured
transmission dips with 25dB suppression factor and spectral widths as large as 32 GHz
(FWHM) at 140 GHz were measured with thus designed 5 cm-long, 1.5mm period
WBGs. Finally, we present two reconfigurable THz plasmonic circuits as demonstrators
for signal processing in the THz transmitter and receiver circuits, including a THz
splitter/multiplexer and an Add Drop Multiplexer (ADM) prototype. Thus, at first a Y-
shaped splitter/multiplexer was fabricated using a combination of two 90° waveguide
bends of 4cm bend radius; in fact, the splitter is assembled using two 45° waveguide

bend sections and a Y-coupler element. Experimentally, we find that the splitter

introduces a negligible insertion loss (<0.5 dB) and a very small crosstalk (<-20 dB).

Finally, we use a WBG in one of the arms of a Y-splitter and demonstrate a two channel
ADM with In, Through and Drop ports operating at ~140 GHz and having a spectral
width of ~2.8 GHz.

2. Two-wire waveguides

The main difference between the proposed micro-encapsulated and conventional two-
wire waveguides is the presence of a dielectric support. Such a support serves several
functions such as shielding of the modal field from the influence of environment during
handling, while also incorporating various alignment features to simplify system
integration of several plasmonic components. Particularly, the resin cage with dielectric
supports used for wire encapsulation keeps the two wires parallel to each other, while
maintaining the gap between the two with high precision due to high definition of the
3D printing process. Moreover, several mechanical alignment features are integrated

into the cage structure to simplify waveguide coupling to the external sources (horn



antennas, etc.), as well as between different sections of the plasmonic waveguides or
other components. With the proper design, the cage surrounding the two wires has only
a small impact on the THz surface plasmon polariton (SPP) wave, which is mainly
confined to the air region between the two wires.

The THz rectangular metallic waveguides (waveguide flanges) have been widely used
in the THz transmitter and receiver circuits. When developing the two-wire waveguide-
based plasmonic circuits for THz communications, we first choose the parameters of a
two-wire waveguide to optimise butt-coupling efficiency with a standard WR6.5
waveguide flange (hollow rectangular waveguide with sizes of hzZWR6=825.5 um,
hyWR6=1651 um) used for operation at 140 GHz. Fig. 1. (a) is a schematic of the two
waveguides at the coupling plane. To characterise coupling efficiency between the two
waveguides, we employ mode matching technique using vectorial fields of
the two waveguides computed using the finite element COMSOL Multiphysics.
Particularly, assuming that all the incoming power is in the fundamental TE10 mode of
the WR6.5 waveguide |F}) with electric field polarized along the shorter side of a
waveguide, then ignoring reflections, complex field coupling coefficient C into the

fundamental mode of the two-wire waveguide |F,,) can be found using field
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where integrals are performed over the whole waveguide crossection plane using
transverse modal fields. Note that the modal excitation coefficient (by power) is given
by |C]?. In our simulations, the metallic wires are modeled using Impedance Boundary
Condition (IBC) at the wire surface together with the Drude-Lorentz model for the

dielectric constant &» of silver in THz spectral range taken from
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where wpy=2mn-2.185e15 Hz is the plasma frequency, and y,=2n-0.5138e13 Hz is the

damping coefficient for the bulk Ag metal. As explained later in the paper, realistic
modeling of plasmonic wave losses at metal surfaces in the THz range requires using
much higher values of the dumping coefficient in the Drude-Lorentz model, or using of

a different model altogether (ex. Drude-Smith). Therefore, in the rest of the paper in

our simulations we use model (2) we use a fitted value of the damping coefficient

=2m-2.69¢14 Hz to account for the surface imperfections.

In all the Fig. 1. (b) shows the modal electric field distribution of the THz SPP wave
supported by the stand-alone two-wire waveguide. The field is mainly confined to the
air gap between the two wires, while extending somewhat in the transverse direction
from the wires. To optimise power coupling coefficient between the modes of a WR6.5
waveguide and a two-wire waveguide, we vary the gap size between the wires, as well
as the wire diameter. The values of the power coupling coefficient |C|? and modal
losses (by field) are shown in the Figs. 1. (¢) and 1. (f) as blue stars. The maximal power
coupling coefficient of 45.43% is obtained using wires featuring the diameter of
WD=0.4hyWR6 and the gap size of AG=0.8hzWR6. Then, using the modal field
distribution of the fundamental mode of a bare two-wire waveguide, the geometry of
the resin cage encapsulating the wires (see Fig. 1. (c¢)) was chosen so that the electric
field intensity at the internal horizonal and vertical boundaries of a cage do not exceed
3% of the maximal value in the waveguide gap. We then recomputed the plasmonic
waveguide losses, as well as the coupling coefficient between the WR6.5 waveguide
flange and micro-encapsulated two-wire waveguides to study the effect of the cage on
the waveguide modal properties. The corresponding values of the coupling coefficient
and modal losses are shown in the Figs. 1. (e) and 1. (f) as red stars. In our numerical
simulations, the refractive index of resin used in 3D printing and its losses are taken
from the experimental studies presented in Ref . Particularly, at 140 GHz, their

values are 1.644 and 0.45 cm™! (by field) respectively.
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Fig. 1 (a) Schematic of the butt-coupling arrangement between a two-wire waveguide
and a WR6.5 waveguide flange. (b) Modal electric field amplitude distribution |E| of
the THz SPP wave supported by the stand-alone two-wire waveguide at 140 GHz of
0.8 - hyWR6 wire diameter and 0.8 - hzZWR6 inter-wire separation. (¢) Schematic of
the micro-encapsulated two-wire waveguide cross section featuring two 3D printed
parts (different shades of gray) each featuring a plastic cylinder covered with a silver
layer (magenta) that are suspended in air (white) using dielectric supports and
encapsulated within a plastic cage (grey). (d) Modal electric field amplitude distribution
|E| at 140 GHz for a 3D printed two-wire waveguide with silver layer coated wires
placed inside of a resin enclosure. The two-wire waveguide geometry is the same as in
Fig. 1. (b), the cage size is the same as indicated in Fig. 1. (c). (¢) Dependence of the
coupling coefficient (by power) between the fundamental modes of a WR6.5 waveguide
flange and a two-wire waveguide (with and without cage) as a function of the wire
diameter and inter-wire separation at 140 GHz. (f) Dependence of the fundamental
mode propagation loss (by field) of a two-wire waveguide (with and without cage) as a

function of the wire diameter and the inter-wire separation at 140 GHz.



By comparing the transverse electric field distributions of the THz SPP waves
supported by the two-wire waveguides with and without the resin cage (Figs. 1. (b) and
(d)), we note that presence of a resin cage leads to a somewhat tighter confinement of
the fundamental mode in the waveguide gap. This, in turn, leads to a somewhat higher
power excitation efficiency of the encapsulated waveguide fundamental mode (47.61%
as seeing from Fig. 1. (e)) in case of an encapsulated waveguide, while also results in
the higher propagation losses of such waveguides due to presence of the modal fields
in the lossy material of a cage (see Fig. 1. (f)). Increased modal confinement due to
presence of a cage can be explained by “squeezing” of the modal filed in the vertical
direction (Z-axis) due to discontinuity of the electric field component at the top and
bottom horizonal boundaries between the cage and the air regions. Particularly, at the
horizontal boundaries the Z component of the electric field dominates. At such
boundaries, the Z displacement field is continuous across the interface, therefore, the
dominant Z component of the electric field in the plastic cage of dielectric constant &,
is going to be smaller than that in the air (with dielectric constant ¢&,;,.) by the fraction
Eqir/ €p1» Which forces redistribution of the modal field towards the inside of the cage,
hence higher presence of the modal field in the gap between the wires.

Moreover, as seen from Fig. 1. (f) (red stars), when increasing the wire diameter or the
inter-wire separation (while keeping cage size the same) modal size also increases, thus
leading to increase in the modal propagation losses due to its stronger overlap with the
lossy cage material. This is in contrast to the fundamental mode of a stand-alone two-
wire waveguide whose modal losses decrease when using larger diameter wires or
larger inter-wire separations (See Fig. 1. (f) blue stars), due to the lower presence of the
modal fields in the lossy metal material of the wires

As seen from Fig. 1. (e), the two-wire waveguide excitation efficiency is strongly
sensitive to the value of the inter-wire separation with an optimal value AG = 0.8 -
hzZWR6 = 660 um regardless of the wire diameter. At the same time, excitation
efficiency is only weakly sensitive to the wire diameter, as long as it is larger than
WD > 0.4-hyWR6 = 660 um. From the fabrication point of view, the inter-wire

distance is defined by the vertical resolution of the printer and is superior to 25 pm



for the stereolithography (SLA) ASIGA 2 printer that we used. At the same time, wire
shape is rather defined by the transverse resolution of the printer, which is on the order
of 50 — 100 pum, and thus, fabrication of the larger wire diameters is more reliable. In
our experiments we found that we can reliably and consistently manufacture
waveguides with the optimal inter-wire separation 0.8 - hzZWR6 = 660 um, while
somewhat larger wire diameters of WD = 0.8 - hyWR6 = 1.32 mm. As expected, at
140GHz, the resultant waveguide has a high power excitation efficiency of 47.61% with
the WR6.5 flange, which is close to that of the theoretical maximal value of 48.16%.
Theoretical loss (by field) of a straight waveguide is estimated at ~2.3 m™' which is
higher than that of a stand-alone two wire waveguide ~0.25 m’!, while still small enough
for the design of practical THz circuits. Finally, we note that using higher resolution
SLA printers capable of reliable manufacturing of smaller ~500 pm diameter
cylinders could further reduce the micro-encapsulated two-wire waveguide losses down
to ~0.75-1.25 m! (by field) range theoretically.

For the convenience of fabrication, the encapsulated two-wire waveguide features two
complementary parts, each one comprising one wire attached to a half cage using a
deeply subwavelength dielectric support ridge (see Fig. 1. (c)). Although printing along
Z-axis can greatly reduce the fabrication time, printing large diameter overhanging wire
on a slender support ridge proved to be challenging. Therefore, each part was printed
along the waveguide propagation direction (X axis) using 25 um layer thickness of an
ASIGA 2 Pro SLA printer. After polishing the ends of a fully cured structure, the inside
of a cage was protected with a masking tape, while leaving only the plastic wire support
surface exposed. Next, silver layer was deposited on top of the plastic using wet
chemistry to form conductive surfaces. A two-wire waveguide was finally obtained by
assembling the two metallized parts by sliding them into each other using V-grooves
and V-ridges that were printed onto the cage to simplify alignment and connectorization
(see Fig. 1. (c)). High quality 6 cm-long waveguide sections were then printed, while
longer waveguides were assembled from such sections using another set of alignment
and connectorization elements imprinted onto the cage end facets (see Figs. 2. (a) [ and

2. (b)). Position and size mismatch between the two wires in the adjacent waveguide



sections is mostly due to precision of the SLA printer and polishing imperfections,
which is on the order of several tens of microns (example of a two-wire junction is
shown in Fig. 2. (c)). While this can bring additional coupling losses, we expect that
they will be small as the mode is mostly guided in the gap between the wires, which is
almost hundred times larger in size than potential misalignment and size mismatch of
the wires. Additionally, precise alignment of the encapsulated two-wire waveguide with
the WR6.5 waveguide flange (of a conical horn antenna) can be realized by aligning
precision screw holes in a flange with judiciously positioned holes in a 3D printed cage
(Fig. 2. (a) IT and 2(b)).

Additionally, grain size of the deposited silver layer is on the order of several tens of
nanometers , while the metal layer is several microns thick. Thus, metal surface
roughness would be mostly determined by the roughness of the printed wire-shaped
support, which is on the order of several tens of microns. While surface roughness of
the metal layer that supports SPP can bring additional scattering loss, such roughness
is on a scale much smaller than the wavelength of THz light, thus we expect that
waveguide losses will be mostly defined by the quality of the nanostructured metallic

coating rather than by the imperfections in the shape of a printed wire support.
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Fig. 2. (a) I: Schematic of an interconnect between two plasmonic waveguides. In
green dotted region are shown the alignment elements. II: Schematic of the end face

of an encapsulated two-wire waveguide. In the blue dotted regions shown are the



screw holes with depths of 5 mm for precision alignment and connectorisation with
the WR6.5 waveguide flange (conical horn antenna). (b) An 18 cm-long straight two-
wire waveguide assembled by connecting three 6 cm-long sections. The two ends of
the composite waveguide are fitted with the WR6.5CH-conical horn antennas
(Virginia Diodes, Inc.). (c) An enlarged view of the junction between the two wires in
a butt-coupling arrangement between the two neighboring waveguide sections. (d)
Comparison of the numerical modal losses (by field) for the THz SPP wave and the
measured transmission loss of a straight two-wire waveguide using cut-back
measurements. (€) Experimentally measured insertion loss (by power) for two butt-
coupled waveguides. (f) Numerical simulation and experimental results for the modal

GVD for a straight two-wire waveguide.

3. Optical characterization of the 3D printed two-wire waveguide

components

3.1 Straight two-wire waveguides

The two-wire waveguide transmission losses (see Fig. 2. (d)) and coupling losses (see
Fig. 2. (e)) were deduced from the cut-back measurement using composite three-section
waveguides similar to the one shown in Fig. 2. (b) (see Supplementary Material B.1 for
details). The measured transmission loss (by field) is almost constant ~6 m™! in the 120-
170 GHz frequency range (red curve in Fig. 2. (d)), which is almost twice as high as
losses predicted by numerical simulations using Drude model of bulk silver (grey curve
in Fig. 2. (d)). Significant difference between experimentally measured surface plasmon
losses in THz and theoretically computed ones using bulk Drude-Lorentz model of
metals is a well-known problem, which is attributed to the surface imperfections and
limitations of a Drude model at the metal surfaces . In the case of silver layers
deposited using wet chemistry (as used in our work), their metal conductivity can be
significantly smaller than that of a fine silver sheet because of the nano/micro-

crystallization and oxidation effects. While it was demonstrated that for such



nanostructured surfaces Drude-Smith model of metal permittivity could provide more
accurate numerical results for THz surface waves, this model is experiment-specific
and lacks universality . To make comparison between experimental and
numerical work more realistic, and considering that operational frequency range of our
devices is relatively narrow (~110-170 GHz), we retain the simple Drude-Lorentz
model of silver for our simulations, while simply fitting the damping factor to achieve
the best fit of our numerical simulations with the experiment (black and red curves in
Fig. 2. (d)). In particular we find that to reproduce experimental loss of a straight

plasmonic waveguide, the damping factor should be increase by factor of 50, the value

y=2m-2.69¢14 Hz that we use in all our following simulations throughout the paper.

We then compare losses of a stand-alone two-wire waveguide with that of an
encapsulated waveguide of identical geometry (blue and red curves in Fig. 22. (d)). We
find that stand-alone two-wire waveguides (where ohmic losses dominate) have
somewhat smaller, while nevertheless comparable losses to those of encapsulated
waveguides that feature additional loss contribution due to resin cage absorption.

One significant discrepancy between the numerical simulations and loss measurements
of micro-encapsulated two-wire plasmonic waveguides is the presence of two strong
absorption peaks as predicted theoretically at 119 GHz and 161 GHz with spectral
widths of 1.7 GHz and 3.1 GHz (FWDM) respectively. These peaks are due to
accidental degeneracy of the dispersion relations of the SPP mode and the high-loss
bulk modes of a resin cage. In the vicinity of the degenerate frequency (phase matching
point), the SPP mode hybridizes with the mode of a resin cage, and the resultant
dispersion relations of the supermodes exhibit classic avoided crossing behavior.
Bandwidth of a loss peak is proportional to the coupling strength between the SPP and
a cage mode. The exact shapes of such peaks and their positions are highly sensitive to
the scattering losses and structure inhomogeneities (surface roughness) and can easily
disappear completely (especially for the narrow peaks) due to decoherence brought by
such imperfections . Therefore, we are not surprised by the absence of such peaks

in the measured spectra due to narrow bandwidths of peaks, which is most probably



caused by the effects of roughness of the printed structures, as well as cage surface
contamination with silver residue during wet chemistry processing. In fact, a more
careful implementation of a waveguide with polishing and better controlled wet
chemistry deposition of metal layer allows for observation of avoided crossing
resonances, thus making us confident about the good correspondence between the
theoretical and experimental results, as well as about our overall understanding of a
system (see Supplementary Material A for details).

In addition to waveguide losses, one can also extract inter-waveguide coupling losses
due to mismatch in the relative size and positions of the neighboring waveguide sections
by performing two separate cutback measurements that use waveguide sections of
different lengths (see Supplementary Material B.1 for details). The coupling loss (by
power) data is measured in the 120 - 155 GHz range (see Fig. 2. (e)), with a typical
power loss value in the ~0.4 dB per connection, which is significantly smaller than a
single waveguide section transmission loss (~3 dB by power for a 6 cm-long section).
This allows connecting ~8 sections (total waveguide length of ~0.5m) before it can start
significantly affecting the power budget, thus making us confident that connectorization
of many two-wire waveguide-based components is feasible when designing complex
THz processing photonic circuits.

Finally, in Fig. 2. (f) we present experimental data and numerical simulation of the GVD
of the SPP mode of a two-wire encapsulated waveguide in the 120 — 155 GHz spectral
range by using the following definition:

0’ B(w) _ o> (n(w)-w/c)

GVD =
ow* ow’

[3]

One of the reasons why we pursued development of the plasmonic THz circuits is
because of the very small GVDs of the THz SPP waves guided by the classical stand-
alone two-wire waveguides , which potentially allows processing of extreme data
bitrates without scrambling the signal due to temporal pulse dispersion. In the case of
encapsulated two-wire waveguides, the GVD of an SPP mode will be higher than that
of a bare two-wire waveguide due to partial overlap of the SPP modal fields with the

cage. As shown in Fig. 2. (f), measured GVD of an encapsulated two-wire waveguide



is in the 1-2 ps/THzcm, which is also in agreement with the results of numerical
simulations. While this value is significantly higher than that of a stand-alone two-wire
waveguide (less than 0.01 ps/THzcm) which is shown (blue curve in Fig. 2. (1)), it is
nevertheless much smaller than GVD of most alternative THz waveguides which is
normally in the 10’s ps/THzcm range. For all these reasons, we believe that
encapsulated two-wire waveguides offer a viable platform for building signal

processing THz photonic circuits.

3.2 Two-wire waveguide bends

The curved waveguides are of critical importance for building practical photonic
circuits and they are integral part of various components such as splitters, couplers, ring
resonators, optical delay lines, etc. . Moreover, curved waveguides serve as
interconnects between various components of the high-density photonic circuit

Unfortunately, modes guided by curved waveguides are often leaky, and they are prone
to higher radiation losses for tighter bends . Additionally, mode of a bent waveguide
has somewhat different field distribution from that of a straight waveguide, thus
coupling between straight and bent waveguides also leads to back reflections and
radiative insertion loss, which again is more pronounced for tighter bends. All these
negative effects associated with waveguide bends are typically mitigated by increasing
the mode confinement which can be achieved, for example, by employing high
refractive index contrast waveguides (ex. silicone photonics) . Importantly,
plasmonic modes of a two-wire waveguide show relatively strong confinement in the
gap between the two metallic wires, and we find that effect of bending in such
waveguides in less pronounced compared to many other THz waveguides such as single
wires , tube-shaped hollow core waveguides and subwavelength fibers | |. In
what follows we present numerical and experimental studies of bending loss in the
encapsulated two-wire waveguides and demonstrate that it is significantly smaller than
that in the case of stand-alone two-wire waveguides. We attribute this finding to a

stronger confinement of the plasmonic mode in the case of encapsulated wires.
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Fig. 3. (a) and (b) Schematics of the two types of the two-wire waveguide 90° bends
of 4 cm bend radius and the corresponding modal field distributions |E(x,y)| of the
THz SPP waves at 140 GHz. (¢) and (d) Bending losses (by field) of the two types of
the waveguide bends. (e) The coupling coefficient |C(R)|? (by power) between the
encapsulated two-wire waveguide bends and the straight one.

In Figs. 3. (a) and (b) we show schematics of the two types of bends that differ from
each other by the relative orientation of the bend rotation axis and the two wires. When
plotting the modal electric field distributions |[E|, we note that their maxima are
somewhat shifted from the center of the gap between the two wires and away from the
rotational axis, which is a well-known effect of the bend on modal fields, and is also
the principal reason for the bend insertion losses. The transmission (by power) through
a waveguide bend connectorized on both sides to straight sections of the same

waveguide can be quite generally written as:
2 2
T= |C(R)| |C(R)| -exp(2at,/, )exp(-2a, (R)1,)  [4]
Where R is the bend radius of the two-wire waveguide bend, /» is the length of the
waveguide bend, a is the transmission loss (by field) of a straight waveguide, a»(R) is

an additional loss (by field) due to bending. C(R) is the coupling coefficient (by field)

computed using (1) using the longitudinal flux operator average between the modal
fields of the curved and straight waveguides, while 1— |C (R)|2 is the insertion loss (by

power) on each side of the bend/straight waveguide connection.



The curved two-wire waveguides were studied using 2D axisymmetric models in
COMSOL finite element modeling software that allows to compute complex effective
refractive indices of the bend modes. The Ag layer was modeled using IBC with the
fitted Drude-Lorentz model (2). Figs. 3 (c) and (d) show the results of numerical
simulations of bending losses as a function of bending radius of stand-alone and

encapsulated two-wire waveguides as well as their corresponding analytical fit using

a,(R)=A-exp(-B-R)/VR [5]
Compared to the stand-alone two-wire waveguide bends, the encapsulated two-wire
waveguide bends show considerably lower bending losses due to enhanced modal
confinement brought by the resin cage (blue and black curves in Fig. 3. (c)), as

explained in Section 2. Moreover, bending loss is not sensitive to the value of the

damping constant (gray and black curves in Fig. 3. (c) computed using y, and p,

respectively). Finally, Fig. 3. (e) shows the power coupling coefficient |C(R)|* that was
computed using modal matching approach Eq. [1] , by expending the mode of a
straight encapsulated waveguide into the modes of a bent one (assuming no back
reflections).

As a result, we find that bends with the axis of rotation perpendicular to the line
connecting the two wire centers (see Fig. 3. (a)) feature somewhat smaller bending
losses and larger coupling coefficient with the straight waveguides than the other bend
type (see Fig. 3. (b)). This is due to tighter confinement of the guided mode in the case
of the first bend type. Indeed, the effect of the bend is to shift the modal field away from
the rotational axis of the bend toward infinity. In case of a bend in Fig. 3. (a), in doing
so the mode encounters a metal surface of a wire, while in the case of a bend in Fig. 3.
(b) there is nothing to limit such a shift. Therefore, modes of such a bend show stronger
confinement in the core (inter-wire gap), which also results in lower bending losses.
Next, we experimentally studied losses of the two bend types using 90° bend sections
for the bend radii in the range of 2-10 cm at 140 GHz. Due to limitation of SLA 3D

printing, 90° bends were realized by assembling two 45° sections of the same bend



radius (see Figs. 3. (a) and (b)). The measurements are summarized in Figs. 3. (c¢) and
3. (d) (see details in Supplementary Material B.2). While experimental loss is somewhat
higher than the theoretical one, the overall tendency is well reproduced. Discrepancies
between the experimental and numerical results can be attributed to the effect of
printing imperfections such as discrete shape definition by the SLA printer, as well as

surface warping during postprocessing curing step.

3.3 Two-wire Waveguide Bragg Gratings (WBGs)

THz Waveguide Bragg Gratings are of great value for building signal processing
components for THz communications . WBGs are often used as band-reject filters,
while WBGs with defects are used as band-pass filters. Thus, integration of even the
simplest WBGs into THz photonic circuits can enable such advanced signal processing
functionalities as noise filtering or channel adding or dropping when using Frequency
Division Multiplexing (FDM). In what follows, we demonstrate design and fabrication
of strong two-wire waveguide Bragg gratings with a stop-band of up to 20 GHz for
applications in THz communications within the FDM paradigm. With the operation
frequency in the lower THz band of 0.1 — 0.3 THz, one can pack ~10 of 20 GHz-wide
channels each supporting up to 20 GBs data rates. The lower THz band is easily
accessible both with electronics and optics-based THz communication
systems with data modulation rates per channel as high as 40 GBs. We therefore
believe that FDM approach in the lower THz band can be a viable approach for multi-
channel data transmission with total data rates exceeding several 100s GBs.

To fabricate strong WBGs based on the two-wire waveguides, we place a low-loss
dielectric substrate featuring a periodic pattern of metallic stripes into the gap between
the two wires. This arrangement results in strong overlap of the waveguide modal fields
with the grating region, and as a consequence, wide stop-bands of up to 10% (of the
center frequency) can be achieved. While a variety of methods exist for the fabrication
of metal patterns on dielectric substrates including laser engraving, lithography and

etching , such techniques require relatively expensive infrastructure. In this



work, we explored an alternative low-cost and simple hot stamping technique for WBG
fabrication. The main advantage of this technique is its similarity to 3D printing as it
allows rapid prototyping and extensive fine tuning of the grating geometry with only a
minimal time and material expenditures. Particularly, as a substrate for the metal grating
we used 100 pum-thick printing paper (Premium Laser Print, Hammermill Inc, n,=1.45,
ap[cm']=41.33(w[THz])*+2.039 (by field) ). The periodic metal pattern was
deposited by first printing the required pattern in ink on both sides of the paper
symmetrically (laser printer Xerox Phaser 6180MFP), and then transferring the
metal/polymer composite from the thermofoil sheet (Deco foil, Thermoweb Inc) onto
the ink-covered paper region. The transfer was achieved by placing the paper in direct
contact with thermofoils and heating inside the thermal laminator (Fusion 1100L,
Swingline Inc). The end result is a periodic pattern of a few pm-thick
aluminum/thermoplastic composite transferred on top of the printed ink pattern

To accommodate thus fabricated grating, the enclosure of a 3D printed two-wire
waveguide shown in Fig. 1. (c) was slightly modified to include two narrow slits in the
resin cage throughout the whole length of a waveguide. The grating was then inserted
into the slits and self-aligned to be in the center of the air gap between the wires (see
Fig. 4. (a)).

Operation of thus fabricated gratings is easy to understand using coupled mode theory
by considering three principal modes propagating in the two sections of the WBG.
Particularly, Fig. 4. (b) I shows schematic of the two sections comprising a single period
of the WBG. The first section of width w; features a two-wire waveguide with a blank
paper sheet in between. The first section transverse crossection is shown in Fig. 4 (b).
I1. As the optical thickness of a blank paper (~145 pm) is much smaller than the gap
size (~660 um) and the wavelength of light used in our experiments (at 140 GHz A~2
mm), the paper substrate itself does not modify significantly the modal field distribution
in the gap between the two wires. Therefore, the effective RI of the fundamental mode
propagating in section 1 (propagation constant of f) is still close to 1 and the modal
field distribution resembles that of an empty two-wire waveguide (compare Figs. 4. (b)

IV and 1 (d)). At the same time, due to the paper orientation, the modal electric field is



mostly perpendicular to the paper surface, thus amplitude of the electric field in the
paper is reduced compared to that in the air |Ep| =~ |E,l/ nlz, ~ |E,|/2. Transmission

spectrum through a two-wire waveguide with the inserted paper is therefore close to
the one without the inserted paper, as seen in Fig. 4. (e) (orange curve).

The second section of width w2 additionally features thin metal plates on both sides of
a paper sheet. The second section transverse crossection is shown in Fig. 4 (b). III. In
Section 2 of the grating, two kinds of modes are supported. As the paper dielectric
substrate is sandwiched by two metal plates, one of the modes (see Fig. 4. (b) V) with
propagation constant /% propagates directly between the metal plates, thus resembling
a TEM-like mode of a Parallel Plate Metallic Waveguide. As the corresponding modal
field is mainly localized in the paper, mode 2 effective RI is close to that of the paper
1.45. The other mode propagating in section 2 (mode 3 with ) is mostly confined to
the air region between the metal wires and metal plates. Its modal field distribution and
effective RI are similar to those of the mode 1 of section 1 (compare Figs. 4. (b) [V and
VI). At the interface between two sections of a single period, the power coupling
coefficient ¢ between highly dissimilar modes 1 and 2 can be computed using mode
matching method Eq. [1], . For geometries considered in this paper we find
0~0.03—-0.06 depending on the configuration. At the same time, power coupling
coefficient between two similar modes 1 and 2 is high, and assuming small reflection
and negligible scattering (radiation) loss at the interface between two sections it is

~1 —4. It can be then show using rigorous coupled mode theory that the forward

propagating modal fields at the beginning of any period |F (x)> will be related to the

corresponding fields at the beginning of the next period |F (x+ P)> as:

|F (x+P)) = |F(x))-exp(ifw )-[5-exp(iByw, ) + (1- ) exp(iw,)] ~

z|F()C)>'exp(iﬁlwl"‘iﬂswz)'|:1_5'(1_exp(i(ﬁ2_’33)Wz)ﬂ °

Physically this means that mode 1 of section one excites two modes 2 and 3 in section
two, which then propagate with different phase velocities. If the two modes recombine

destructively at the end of the period, this will resulting in the strong back-reflection,



and the grating will be at the stop band. Therefore, to minimize transmitted power

through grating one has to choose the width w2 of section 2 so that:
(ﬂS_ﬂZ)WZ=7Z’.(2mw+1) 9 mWEN [*]
Additionally, remembering that the modes 1 and 3 are similar (Figs. 4. (b) [V and VI)

and have very similar proipagation constants /S ~ f,, and that the grating period is

P =w, +w,, then, for the forward propagating field we can write:

| F (x+P))~|F(x))-exp(iBP)-[1-25]=|F (x))-exp(i3,P)

.20
:Bg =ﬂl+l?

which shows exponential decay of the fields along the grating, and it also satisfies the
Block form assuming complex propagation constant of the WBG. Finally, as

propagation along the grating is mostly dominated by the modes 1 and 3 with

propagation constant /3, then the reciprocal wavevector of the grating has to match

the difference between WBG forward and backward propagating modes, thus resulting

in additional condition for the grating design:

2@:2?”% . m,eN [**]

Example of the numerical study of gratings designed using resonant design conditions
Eqgs. [*,**] is presented in Supplementary Material D. Results of transmission and
reflections simulations using COMSOL finite element formulation with ports confirm
the validity of our understanding of the grating operation principles. Note that the
resonant conditions [*,**] result in the most pronounced stop bands and strong
reflections, while there are other resonant conditions possible when phase matching the
forward propagating mode of a two wire waveguide with that of a forward or backward
propagating modes of a metal plate waveguide. The design complexity and numerous
possible resonances in a three-mode grating merit a separate paper, while what follows
just aims at presenting some example of WBGs based on the combination of two-wire
and parallel plate waveguides.

Next, we detail the two-wire waveguide Bragg gratings featuring broad and pronounced



transmission dips at 140 GHz. Such WBGs can serve as efficient band-rejection filters
in the THz communication circuits. The WBGs are first studied using 3D modeling
frequency domain tool with ports within COMSOL Multiphysics. Because of two
reflection symmetry planes, only a quarter of a structure together with Perfect Electrical
Conductor (PEC) and Perfect Magnetic Conductor (PMC) boundary conditions can be
used. The metalized patterns on paper are defined using the IBC boundary condition
with Drude-Lorentz model for bulk Aluminium. In our simulations, the THz light is
launched using port boundary condition at the input facet of the WBGs containing 7
periods. By monitoring the power transmission coefficient at the other facet of the
WBGs (|S21]?), we find, for example, that gratings with a period of 1.5 mm and a
metalized-paper section width w2 of 0.7 mm feature pronounced transmission dips at
140 GHz (see Figs. 4. (d) and 4. (e)). At the same time, power reflection coefficient
(IS11]?) in such design is small (less than 10%). A more detailed analysis show that in
such a grating the forward propagating mode of a metal plate waveguide is matched to
the backward propagating mode of a metal plate waveguide, that has only a small
coupling with a backward propagating mode of a two-wire waveguides. Thus, such a
grating, while featuring a large stop-band, is also characterized by low reflection into a
two-wire waveguide that feeds it.

In our experiments we used gratings of different lengths that featured a periodic
sequence of metal strips on a paper substrate that was placed into a gap of'a 10-cm two-
wire waveguide. It was then characterized in a setup detailed in Supplementary Material
B. 1. The grating transmittance was obtained by comparing the transmission spectra of
the two-wire waveguide with and without the gratings (see Fig. 4. (e)). A pronounced
transmission dip at 140 GHz featuring a spectral width of 32 GHz (FWDM) and a
minimum relative transmittance below 1072 is obtained using the grating with a length
of 5 cm. Additionally, when increasing the grating length to 10 cm, such transmission
dip becomes even more pronounced, however, standing waves caused by the multiple
reflections inside the silicon lens integrated into photomixers of our CW-THz
spectroscopy setup interferes with the observation of the broadband transmission dip

and results in ~4 GHz equi-spaced intensity ripples.
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Fig. 4. (a) Schematic of the two-wire waveguide Bragg grating (top) and a photo
from the top with half of the cage removed (bottom). (b) (I) Schematic of a single
period of the WBG that comprises two sections, one containing a bare paper sheet,

and the other one containing metallized paper with the corresponding transverse

cross-sections shown in (II) and (III). The electric field distributions (|E|) of principal
modes propagating in section one - Mode 1 (IV), and section two - Mode 2 (V), and
Mode 3 (VI) at 140 GHz. (c¢) The simulated modal electric field distribution (|E|) of a
WBG in the symmetry plane in the mid gap between the two wires at 140 GHz. (d)

The simulated power transmission |S21|? and reflection |S11|? coefficients for

WBGs with different number of periods. (e) The experimental transmittance of the

corresponding WBGs of different lengths inserted into a 10 cm-long two-wire

waveguide.

4. The THz plasmonic circuits

In this section, we demonstrate the possibility of building highly reconfigurable
plasmonic circuits using as an example THz splitter/multiplexer and a two-channel

ADM.



4.1 THz Splitter/Multiplexer

A Y-shaped THz splitter/multiplexer was fabricated by fusing two 90° two-wire
waveguide bends of 4 cm bending radius (axis of rotation parallel to the line connecting
the wire centers) as shown in Fig. 5. (a). Furthermore, the two curved sections are
terminated with short 0.5-cm sections of a straight waveguide for the ease of
connectorization with other components. Such a coupler can be used either as a

broadband 50/50 splitter or a multiplexer of two data streams.

—a—Port 2
—e—Port 3

" . " ' 1 ' L
120 130 140 150 160 170 110 120 130 140 150 160 170
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Fig. 5 (a) Schematic (half) of a Y-shaped splitter/multiplexer that uses two fused two-
wire waveguide bends. In red dotted regions are the 0.5-cm section of straight
waveguides. Inset: photo of the two fused wires in a blue dotted region of a
schematic. (b) Transmittance of the output ports 2 and 3 with the incident THz light in
port 1. Insert: comparison of the two transmissions, one (black) is obtained by
summing the outputs of the ports 2 and 3 when light is launched into port 1, while the
other one (blue) is obtained by measuring a single bend section with the equivalent
geometry of a half splitter (shown in Fig. 3. (b)), thus signifying a minimal scattering
loss at a Y-junction. (¢) Transmittance of the output ports 1 (black) and 3 (red) when
the THz light is launched into port 2, comparison with transmittance of a single bend

section of equivalent geometry (blue) shown in Fig. 3. (b).

In the first experiment, we test Y-coupler operation in the splitter mode. The THz light
is launched into port 1 via a WR6.5 conical horn antenna, then divided in the Y-shaped
splitter, and finally registered at ports 2 and 3 (each featuring a WR6.5 conical horn

antenna). Fig. 5. (b) shows the transmittances of the output ports, which are obtained



by dividing the transmission spectra (by field) of light coming out from ports 2 and 3
by that of the THz light launched into port 1 (for more details, see Supplementary
Material E). The data shows that transmittances of the two output ports are very similar
with only few percentage difference in the 100-200 GHz operation frequency range.

In the second experiment, we test Y-coupler operation in the multiplexer mode. The
THz light is launched into port 2 (or port 3), then travels through the Y-junction, and
finally leaves the component through port 1 and partially through unused port 3 (or port
2, correspondently). For example, Fig. 5. (c) shows transmittances of the ports 1 and 3,
which are obtained by dividing the transmission spectra (by field) measured at these
ports by the spectrum of the THz light launched into port 2. Note that parasitic
transmission through port 3 (due to back-scattering at the Y-junction) is much weaker
(on average by -50 dB by power) than intended forward signal transmission through
port 1, which signifies that the developed component can be used as a 2 x 1 multiplexer.
Furthermore, by comparing the net (sum) intensity of THz light measured at the output
ports 1 (and 2) of the Y-coupler to the light intensity transmitted through a single bend
of identical geometry (see blue curves in Figs. 5. (b) insert and 5. (c)), we conclude that

the average insertion loss brought by the Y-junction is small ~0.3 dB at ~140 GHz.

4.2 THz Add-Drop Multiplexer
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Fig.6. (a) The two-wire waveguide-based ADM composed of an Y-coupler and a

WBG. (b) The numerical results of the transmission (|S21|?) and reflection (]S11|?)



of WBGs with a period of 2.3 mm and a duty cycle of 55%. (c) Recorded spectrum
(field amplitude) of the ADM measured at the Drop port. Inset: the transmittance (by
field) of the stand-alone WBG that is integrated into the ADM.

The Add-Drop Multiplexer is a key building block in any communication systems that
uses Frequency Division Multiplexing (FDM). Many ADM designs in the near-infrared
telecommunication band use fiber Bragg gratings and circulators , a concept that
we translate in our current work into THz range. Alternatively, THz ADMs were also
build using photonic band gap materials and ring resonators . Such devices,
however, were obtained using complex and costly microfabrication processes in which
high-resistivity float zone silicon wafer was machined and then recovered with gold
layer through eutectic bonding. Although a much simpler 3D printing technique can be
used to make similar structures, unfortunately, plastics compatible with high-resolution
stereolithography are strong absorbers of the THz light. While some low-loss
thermoplastics such as Polypropylene are compatible with FDM additive
manufacturing, resolution of such devices is generally not adequate for fabrication of
ADM in the THz frequency range.

In this section, as a proof of concept, we demonstrate a simple ADM of ~2.8 GHz
bandwidth (FWHM) that operates at ~140 GHz by integrating a Y-coupler and a WBG
based on two-wire waveguide technology detailed earlier. The ADM is shown in Fig.
6. (a). A signal featuring several mixed stand-alone channels at different frequencies
(FDM modality) is launched into the In port. After propagation through a curved
waveguide of a Y-coupler, the signal arrives to a WBG where the channel in the grating
stopband is back reflected, while the rest of the channels continue into the Through port.
In the absence of a THz circulator, the reflected channel is then split 50/50 by the Y-
coupler and it finally arrives to the Drop port. Note that THz circulators have been
demonstrated earlier (ex. ) and they are fully compatible with the two-wire
waveguide base technology used in this work.

At first, we study the WBGs used in our ADM prototype with COMSOL Multiphysics.
By analyzing the transmission and reflection spectra of gratings featuring different

pitches, we find that transmission dips and significant reflection peaks can be obtained



at ~140 GHz using gratings with a period of 2.3 mm and a duty cycle of 55% (w2=1.27
mm) (see Fig. 6. (b)). Here we present simulation using lossy versus loss-less paper
substrate material. Compared with the grating of 1.5 mm period discussed earlier (see
Fig. 4. (d)), gratings used in our ADM prototype feature somewhat narrower stop bands,
while at the same time they feature significant reflected power in the stop band
(1S11]2~30% loss-less paper, and |S11|?~6% lossy paper), which makes them
suitable for building ADMs. We note that paper loss has significant negative effect on
the reflected power, and in the future work we will look for alternative substrates for
our gratings. Experimentally, a 6.9 mm-wide paper sheet featuring 43 grating periods
of 2.3 mm pitch and symmetric arrangement of metal stripes on both sides of the paper
substrate was prepared as described in Section 3.3. A resultant 10 cm-long WBG was
measured and showed a minimal relative transmittance of 0.3 with ~4 GHz (FWHM)
transmission dip at the Bragg frequency of 142.6 GHz (see Fig. 6(c) Inset). Finally, Fig.
6. (c) shows the measured spectra at the Drop port of the ADM that uses the
abovementioned WBG in the Through arm of the device (for details of the measurement
see Supplementary Material E). The dropped target range ~141-145 GHz is clearly
visible at the Drop port of the ADM despite low reflection efficiency of the grating.

Finally, our simulations suggest that considerably more efficient (in reflection) gratings
can be designed using classic quarter wave condition for each section in the period, or
even using more relaxed design criteria [*,**], however, such gratings cannot be
reliably manufactured using a simple hot stamping technique that we have explored in
this paper as they require significantly smaller metallic features and lower-loss
substrates. We therefore consider the results of this section as a proof of principle with

a clear path for optimization to be pursued in our future works.

5. Conclusion

In this work, 3D printed micro-encapsulated two-wire THz plasmonic waveguide
components and circuits have been investigated theoretically and experimentally.

Modular THz components and reconfigurable circuits are built based on two-wire



waveguides featuring two metallized plastic wire substrates suspended in air on deeply
subwavelength supports and encapsulated inside a protective resin cage. Such
components are fabricated using highly precise, efficient and low-cost SLA 3D printing
enhanced with wet chemistry metal deposition technique. Using CW-THz spectroscopy,
we first characterised the transmission loss and the GVD of straight waveguides at 140
GHz which were ~6 m™! (by field) and -1.5 ps/THzcm respectively. Next, the bending
loss of bent two-wire waveguides was characterized experimentally as a function of
bending radii for two different types of bend geometry. It was concluded that the
presence of encapsulating cage significantly reduced bending loss due to stronger
confinement of light in the gap between the two wires compared to the case of stand-
alone two-wire waveguides. We then find that even for small bending radius ~5cm,
experimental bending loss does not exceed ~10 cm™ (by field). Next, we detailed two-
wire waveguide Bragg gratings that feature a thin paper sheet with periodic sequence
of metal strips placed in the gap between two wires. Metallized gratings were fabricated
using a rapid prototyping hot stamping technique using thermofoils, laser printed
templates and a laminator. Experimentally, we showed that event short 5 cm-long
WBGs of this design can exhibits transmission dips with minimal relative transmittance
below 1072 and a spectral width of 32 GHz. Finally, two kinds of THz plasmonic circuit
prototypes were demonstrated, including a Y-shaped THz splitter/multiplexer that
employed two coalescing waveguide bends, as well as an ADM that employs a

reflective WBD. Experimentally, we find that the Y-shaped coupler features a negligible

insertion loss (<0.5 dB) and transmission loss almost identical to that of a stand-alone

bend section employed in its design. Finally, we find experimentally that an ADM has
exhibits a designed drop functionality with a spectral bandwidth of 2.8 GHz at the
Bragg frequency of ~140 GHz. Based on our findings we, therefore, conclude that
proposed 3D printed THz two-wire waveguides and components based on such
waveguides present a viable technology for the robust, cost effective and highly

reconfigurable THz optical circuits for signal processing, and sensing applications.
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Supplementary Material A: The influence of the accidental degeneracy of the

dispersion relations of the SPP mode and bulk modes of a resin cage
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Fig. S1. (a). The schematic of a two-wire waveguide encapsulated by a resin cage
featuring wider confined air area than the one indicated in the main-text. (b). The
modal electric amplitude field distribution of the supported THz SPP wave at 140
GHz. (¢). The modal loss of the THz SPP wave and the measured transmission loss

(by amplitude) of the straight two-wire waveguide.

Here we studied a straight two-wire waveguide encapsulated by a resin cage featuring
a wider internal dimension than that of the two-wire waveguide indicated in the main-
text (see Fig. S1(a)). In these two designs, the geometries of the wire support including
wire diameter and inter-wire separation are identical. As larger hollow space is left
between the wires and the resin cage in this design, the portion of the supported THz
SPP wave distributing in the lossy resin is smaller than that of the waveguide we studied
in the main-text (see Fig. S1(b)). Therefore, the computed modal loss and measured
transmission loss (by field) of this waveguide are smaller at 140 GHz. However, Fig.
S1. (c) shows that the modal loss of the supported THz SPP wave in a broad spectral
range 110-135 GHz is larger than that of the other characterized frequencies, and larger
measured transmission loss appears in such spectral range in experiments. It is different
from the two-wire waveguides indicated in main-text whose measured transmission

loss maintains despite of the presence of modal loss peak of the supported THz SPP



wave featuring a narrow spectral width in numerical simulations. We believe that the
observed modal loss increase is resulting from the hybridization between the THz SPP
wave and a mode supported by the resin cage. The spectral position of the resonant
frequency is related to the geometry of wires and cage. In this design (Fig. S1. (a)),
even with errors in 3D printed structure, the avoiding crossing phenomenon is easy to
be excited, thus resulting in the larger transmission loss in a broad spectral range.
Therefore, different from the bare two-wire waveguide that features a frequency-
insensitive transmission loss, the proposed 3D printed one has to be designed
appropriately to avoid the presence of modal loss peaks featuring a large spectral width

around the desired operation frequency.



Supplementary Material B: The characterization of the micro-encapsulated two-

wire waveguide components and circuits

The proposed 3D printed micro-encapsulated two-wire waveguide components and
circuits were studied by using the CW-THz spectroscopy system (TOPTICA Photonics)
[1,2]. In such a system (see Figs. S2. (a), S2. (b), S3. (a), S3. (b) and S5. (a))), we mix
in a fiber radiation from two distributed feedback (DFB) lasers with slightly different
emission wavelengths and combined power of ~30 mW. A 50:50 fiber coupler is used
to split the signal into emission and detection arms. The THz radiation is generated in
the photomixer (under bias voltage) and corresponds to the beat frequency between the
two DFB lasers. A similar photomixer (without bias) and a lock-in amplifier are used
to detect the THz radiation. The focused linear-polarized CW-THz beam transmitting
through the waveguides is re-collimated and detected. For CW-THz spectroscopy, the
THz frequency is scanned by continuously varying the emission wavelengths of the two

DFB lasers via adjusting the temperature/current of the Bragg grating in each laser
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Fig. S2. (a). The experimental setup to measure the propagation loss and the GVD of
straight two-wire waveguides, as well as characterize the two-wire waveguide Bragg
gratings. PM: parabolic mirror, CL: convex lens. (b). The experimental setup to

measure the bending loss of the curved two-wire waveguides.



B.1 The measurement of the propagation loss and GVD of the straight two-wire

waveguides and the characterization of the waveguide Bragg gratings (WBGs)

The straight two-wire waveguides were characterized in the following processes. Firstly,
the reference spectrum was recorded by placing two united WR6.5 conical horn
antennas (Virginia Diode, Inc.) between two neighboring convex lenses CL1 and CL2
with their focal points at the input and output plane of the connected waveguide flanges.
Note that CL2 is mounted onto a rail, and represents a movable section (MS) of the
spectrometer, thus allowing measuring two-wire waveguides of various lengths, as well
as the reference signal. Next, the assembled two-wire waveguide composed of multiple
waveguide sections (WSs) was attached with WR6.5 conical horn antennas at its both
ends, inserted into the spectrometer with the input and output planes of the waveguide
flanges at the focal points of CL1 and CL2 via adjusting the positions of MS and 3-
axels stepper motor stage, and then characterized (see Fig. S2. (a)). Finally, by
subsequently removing the WSs sandwiched between the two ones connected with the
horn antennas and adjusting the position of CL2, the complex transmission spectra (by
field) of waveguides featuring different lengths were measured.

In experiments, two sets of waveguide samples were characterized to distinguish the
transmission loss as: and the coupling loss CI between neighboring WSs. Each set
includes a same amount of WSs with the same length /. By comparing the
measurements with the reference, the normalized transmittance (by power) of

waveguides can be given as follow:

T;nl :C‘inC’outC'lm_l .exp(_zastml) [Sl]
In which, Cin and Cou refer the power coupling coefficient between the two-wire
waveguides and WR6.5 waveguide flange that is assumed as a fixed constant, while m
refers the amounts of the measured WSs. By expressing the Eq. [S1] as the logarithms
of e and comparing the transmittance of two waveguides integrated by the same amount

of sections from different sets of samples, the transmission loss as: was derived by the

following equation,



log(T,,, )-log(T,,, )=-2ma(l, - 1,) [S2]

Afterwards, with the measured transmission loss as, the average coupling loss C/ was
obtained by comparing the transmittance of waveguides exhibiting different lengths.
The phase measurement was performed by the CW-THz spectroscopy using an optical
delay line in the form of polarization-maintaining fiber wound piezoelectric elements.
The effective RI of the two-wire waveguide was then retrieved from the phase of
normalized transmission spectrum (by field) that has been obtained by dividing the
measured complex transmission spectrum of the waveguides by the reference one
Afterwards, the effective RI was fitted into a two-order polynomial of angular
frequency o to mitigate the influence of noise on the measured raw data. The GVD was
finally computed as the second derivative of the derived waveguide propagation
constant with respect to the angular frequency @ by Eq. [3].

To characterize the two-wire waveguide Bragg gratings, a 3D printed two-wire
waveguide with slits (the schematic diagram is shown in Fig. 4. (a)) was placed with its
two ends at the focal points of the CL1 and CL2. The reference transmission spectrum
(by field) was obtained by measuring the waveguide without paper at first. After
inserting the paper-based periodic metalized structure between wires, the transmission
spectra (by field) of WBGs were recorded. The transmittances were obtained by

dividing them by the reference one.

B.2 The measurement of the bending loss of the two-wire waveguide bends

The transmission spectra of the two-wire waveguide bends were measured by the
following process. In order to avoid the difference in the coupling coefficient between
WR6.5 waveguide flange and waveguides with different bend radiuses, each
characterized curved waveguide is in the form of a bend section featuring bending
radian of 90° terminated with two straight sections with the same length of 5 mm. Firstly,
the reference spectrum was obtained by characterizing a straight waveguide featuring
the same length with the curved one. The measurement was conducted via the

experimental setup shown in Fig. S2. (b) after clockwise rotating the rotary section by



90°. In the next step, we reset the rotary section and placed the curved two-wire
waveguide with the input plane of its connected waveguide flange at the same position
with the one of the straight waveguide. Finally, we placed the CL2 with its focal point
at the output plane of the other waveguide flange connected with the curved two-wire
waveguide by finely adjusting the MS1 and MS2 positions on X and Y axials before
measurement.

In experiments, the transmission spectra of curved two-wire waveguides with the axis
of rotation parallel to the line connecting wire centers were measured at first. In order
to characterize the curved two-wire waveguides with the axis of rotation perpendicular
to the line connecting wire centers, we rotate the THz emitter and receiver by 90° to
keep the polarization direction of the transmitting linear polarized THz beam parallel
to the line connecting wires of characterized waveguides. Afterwards, the transmission
spectra can be measured by using the same experimental setup shown in Fig. S2. (b).
In order to derive the bending loss a» from the experimental results, the power coupling
coefficient Cs.re between straight and bent waveguide was computed using mode
matching method theoretically (the results are shown in Fig. 3. (e)) |*|. Additionally,
given the high similarity in the modal field distribution of the THz SPP wave supported
by the bent and straight waveguides (see Figs. 1. (d), 3. (a), and 3. (b)), the power
coupling coefficient between two bent WSs is assumed identical to the one between
two straight WSs. Thus the bending loss a» of waveguide bends can be extracted by
comparing the measured transmission spectrum of the bend with that of the

corresponding straight waveguides by,

26lb == log(T::urve / T

straight

/C, 4. )/ (0.57R) [S3]

In which, the R refers the bend radius of the waveguide bends, Tcurve and Tisuaign: refer

the transmittance (by power) of the curved and straight waveguides.



Supplementary Material C: The characterization of two-wire waveguide-based

THz coupler
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Fig. S3. (a). The experimental setup to characterize the THz splitter. (b) The
experimental setup to characterize the THz multiplexer.

The two-wire waveguide-based THz coupler was characterized by the following
processes. Firstly, each port of the THz coupler was connected with a WR6.5 conical
horn antenna containing a waveguide flange. When serving as a THz splitter, the
coupler was inserted into the CW-THz spectrometer system with the input and output
planes of waveguide flanges connected with ports 1 and 2 at the focal points of CL1
and CL2 (see Fig. S3. (a)). The transmission spectrum received at the output port 2 was
recorded when the THz light was launched into the port 1. Then, the THz splitter was
turned over to measure the transmission spectrum of the output port 3. When serving
as a THz multiplexer, the coupler was placed with the input and output planes of
waveguide flanges connected with ports 2 and 1 at the focal points of CL1 and CL2
(see Fig. S3. (b)). The transmission spectrum received at the output port 1 was recorded
when the THz light was launched into the port 2. Then, we clockwise rotated the rotary
section by 90°, and measured the transmission spectrum of the output port 3. Afterwards,
the THz coupler was replaced by a straight waveguide connected with WR6.5 conical
horn antennas at its both ends (see Fig. S3. (b)). The transmission spectrum of the
straight waveguide was measured with the same incident THz light (The measurement

process is detailed in Supplementary Material B.1). The reference spectrum was derived



from this transmission spectrum by,

Tef:T;traight /exp(-Za

T

stly//‘axgh/) / Cl [S4]

Additionally, the transmission spectrum of a two-wire waveguide bend featuring the
same geometry of half of a THz coupler (see Fig. 3. (b)) was choose as a control of that
of the THz coupler. The transmission spectrum of the waveguide bend was measured
with the same THz light is launched into it via a WR6.5 conical horn antenna (the

detailed process is indicated in supplementary material B.2).



Supplementary Material D: The theoretical analysis of a two-wire WBG

035 |

n

L 030 |-u
—=—Mode 1 -

—e—Mode 2 025F =
—a—Mode33 g

£ 020 L]
g = -

b
\

S
51
T

__/

L 0

.

L

"

[ "

5 . N R R ! .

125 130 135 140 145 150 155 160 165 125 130 135 10 145 150 155 160 165
(a) Frequency (GHz) (b) Frequency (GHz)

Effective Refractive Index

o

L 0.05
1.00

0.9

Fig. S4. (a) The effective refractive index of the Modes 1, 2 and 3. (b) The theoretical
results of the transmission of a WBG containing a single period featuring a pith of 1.5
mm and a metalized section width of 0.7 mm.

In this section, we theoretically study the two-wire WBG that is demonstrated in
Section 3.3 of the main-text. The pitch and the width of the metalized section in one
period are 1.5 mm and 0.7 mm, respectively. Around the desired operation frequency
of 140 GHz, the power coupling coefficient between Modes 1 and 3 (0) is computed
as 0.86 by mode matching method [4]. Additionally, Fig. S4. (a) shows the effective
RIs of the Modes 1, 2, and 3 that are obtained by using mode analysis to study the cross-
sections of the Sections 1 and 2 (see Fig. 4. (b)) using COMSOL Multiphysics.
Assuming these modes are lossless, and therefore taking the real part of their effective
RIs into Eq. [6], Fig. S4. (b) shows the transmission of THz light through one period of
WBG. The spectral position of the transmission dip is at 144 GHz, which agrees well

with the numerical and experimental results that are demonstrated in main-text.



Supplementary Material E: The characterization of two-wire waveguide-based

Add-Drop Multiplexer (ADM)
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Fig. S5. (a). The experimental setup to characterize the THz ADM. (b) Transmission

amplitude of the ADM with and without paper-based metalized periodic pattern

inserted into the integrated WBG.
The ADM was characterized by taking the following process. Firstly, the THz coupler
and WBG were assembled using the interconnects at the end facets of both waveguide
components, and two WR6.5 conical horn antennas containing waveguide flanges were
connected with the In and Drop ports. Afterwards, the ADM was inserted into the CW-
THz spectrometer system with the input and output planes of waveguide flanges
connected with In and Drop ports at the focal points of CL1 and CL2 (see Fig. S5. (a)).
Finally, when the THz light was launched into the port 1, the transmission spectra
received at the Drop port with and without paper-based metalized periodic structure
inserted into the WBG were recorded (see Fig. S5. (b)).
In order to reduce the noise caused by the coupling between two curved arms around
the Y-shaped intersection, the difference between these two transmission spectra (see
the blue dotted region in Fig. S5. (b)) is shown in Fig. 6. (¢), from which a transmission

peak can be distinguished around the Bragg frequency of the integrated WBG.
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