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While in most existing terahertz communications systems, the THz carrier wave is transmitted via free-space channels,
the THz waveguide-based integrated solutions can be of great utility at both the transmitter and receiver ends, thus
simplifying the miniaturization and mass production of cost-effective THz communications systems. Here we present a
new type of modular THz integrated circuits based on the two-wire plasmonic waveguide components fabricated using
a combination of stereolithography (SLA) 3D printing, wet chemistry metal deposition, and hot stamping techniques.
Particular attention is paid to the design of the optical circuits based on the two-wire waveguides suspended inside a pro-
tective micro-sized enclosure. Such waveguides feature low transmission and bending losses, as well as low dispersion.
Using such waveguides as basic building blocks, we then demonstrate several key optical subcomponents, such as low-
loss broadband 2 x 1 THz couplers that use two coalescing two-wire waveguide bends, as well as broadband waveguide
Bragg gratings that feature a paper sheet with a periodic sequence of metal strips inserted into the air gap of a two-wire
waveguide. Finally, using these developed subcomponents, a two-channel add-drop multiplexer is demonstrated to
operate at 140 GHz. We believe that the reported micro-encapsulated two-wire waveguide-based modular platform can
have a strong impact on the field of THz signal processing and sensing due to the ease of device fabrication and handling,
high degree of reconfigurability, and high potential for real-time tunability. © 2020 Optical Society of America under the
terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

The explosive growth of data traffic over past decades has placed
increasing demands on communications systems. With data
rates in excess of 100 Gb/s, the terahertz (THz) wireless com-
munications is poised to become an enabling technology for
next-generation communications networks [1]. The high direc-
tionality and limited propagation range of THz radiation offer
enhanced security and resistance to eavesdropping. At the same
time, the high directionality of THz radiation poses many chal-

of a surface. In this respect, the 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 [15,16].
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 suited to mass production. Therefore, development of

lenging engineering problems, such as complexity in discovering
the THz network (homing to emitter location) [2], and the neces-
sity for precise alignment between the transmitter and receiver
modules, thus requiring the use of advanced beam-steering solu-
tions [3,4]. While mechanical solutions for beam steering issues
are available in various forms (such as 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 [5-9].
In the microwave and THz range, such structures often employ
metallic waveguides [10,11] as well as modes propagating along
conductive surfaces [12-14], which in THz range are also known
as Sommerfeld waves or Zenneck waves depending on the material
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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
[18-23]. However, the fabrication of silicon optical circuits gen-
erally requires the use of costly top-of-the-line fab infrastructures
such as lithography systems and deep reactive ion etchers, as well
as high-cost materials such as gold in a multistage fabrication
process. Furthermore, high refractive index contrast normally
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associated with silicone photonics results in challenging fabrica-
tion tolerances, even for longer THz wavelengths [24]. Finally,
silicone integrated photonics is inherently planar, with very
limited capacity for 3D integration and out-of-plane interchip
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 or 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 interchip intercon-
nect 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 addi-
tive manufacturing in THz is the lack of low-loss materials to
fabricate optical elements with high precision. Particularly, most
resins compatible with high-resolution SLA are strong absorbers
of the THz light. While some relatively low-loss thermoplastics
such as polypropylene [3] are compatible with filament deposition
modeling, resolution of such devices is generally not adequate for
the fabrication of THz signal processing components that require
small fabrication tolerances; for example, an add-drop multiplexer
(ADM). 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 communications applications, such as sub-
wavelength fibers [3,25], porous fibers [26-28], hollow-core
waveguides [29,30], and parallel plate waveguides (PPWG)
[31,32], two-wire THz plasmonic waveguides have several advan-
tages that include low transmission loss, negligible group velocity
dispersion (GVD), no cut-off frequency, and a high coupling coef-
ficient with conventional linear-polarized THz sources [33]. Most
of the two-wire waveguides that were studied earlier featured short
sections of straight metallic wires fixed in bulky holders, and were
inconvenient to use and unsuitable for building integrated circuits.
Although the handling and mechanical stability of the two-wire
waveguides can be improved by embedding them into foams or
other types of porous dielectric claddings [33—-36], the interaction
of the modal fields with the lossy materials of the cladding results in
increased GVD and transmission losses, thus limiting the utility of
classic two-wire waveguides in communications applications.

In this paper, we develop what, to the best of our knowledge,
is 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 SLA
3D printers. The idea is to ultimately go out of plane and pur-
sue 3D optical integration of THz components, which is simply
impossible using standard lithographic techniques used in the fab-
rication 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
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is especially simple to achieve when using two-wire waveguides
[37,38]. Finally, using 3D printing allows seamless integration
between the enabling optical elements, such as waveguides and
resonators, as well as mechanical support and environmental
isolation (that include a protective cage around the waveguide,
holders, alignment features and connectors) that ultimately results
in convenient to handle, highly modular systems that are easy to
assemble and maintain.

Owing to the relatively high resolution (~25 pm), large build
volumes (~15 cm x 15 cm), superior reproducibility, and wide
availability, in addition to low infrastructure and maintenance
costs, the SLA 3D printing technique is perfectly suited for the
fabrication of THz components. As a result, a considerable amount
of 3D printing work has been reported for the fabrication of THz
dielectric components [39—-42]. At the same time, fabrication of
THz plasmonic structures is more subtle and less studied due to
necessity of the metallization step that must produce high-quality
optically thick films (several 100-300 nm for THz frequencies
[43]) on complex-shaped polymer surfaces. Recently, efficient
metallization and coating techniques for 3D printed parts were
reported using standard sputtering techniques [44], as well as
more advanced wet or aerosol chemistries with resulting metallic
coatings performing comparably to the components machined
from bulk metals [45,46].

In this article, we present the in-depth theoretical and exper-
imental studies of the 3D printed two-wire THz plasmonic
waveguide-based components and modular optical circuits based
on such components. The highly reconfigurable nature of the
developed THz plasmonic circuits is demonstrated by assembling
nontrivial optical components like an ADM using basic building
blocks such as waveguides, bends, Y-splitters, and waveguide Bragg
gratings (WBGs), all based on encapsulated two-wire plasmonic
waveguides.

This paper is organized as follows. First, we present the fun-
damental building block of the proposed plasmonic optical
circuits: a two-wire waveguide 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 opti-
mization of the optical guidance properties of such waveguides,
including their loss, GVD, and coupling efficiency to the WR6.5
waveguide flange for the operation frequency of ~140 GHz set
by our experimental setup. Then, the two-wire waveguides are
fabricated using SLA 3D printing and wet chemistry deposition
techniques, and their performance is experimentally characterized
using the continuous wave (CW) THz spectroscopy and a cutback
method. Experimentally found waveguide transmission loss and
GVD of the straight two-wire waveguide sections (WSs) were
measured as ~6 m~' and —1.5 ps/THz/cm at 140 GHz, respec-
tively. 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 a 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 alow-cost hot stamp-
ing technique involving a laser jet printer and metallic thermofoils.
Resonant transmission properties of such WBGs can be readily
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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 a 25 dB suppres-
sion factor and spectral widths as large as 32 GHz (FWHM) at
140 GHz were obtained with 5 cm long, 1.5 mm 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 ADM prototype. First, a Y-shaped splitter/multiplexer was
fabricated using a combination of two 90° waveguide bends with
a4 cm 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
(<0.5dB) and a very small crosstalk (< —20 dB). Finally, we
use 2 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. We believe
that the reported modular
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circuits for THz communications, the parameters of a two-
wire waveguide are chosen at first to optimize butt-coupling
efficiency with a standard WR6.5 waveguide flange (hollow
rectangular waveguide with sizes of hzWR6 =825.5 um, hy
WR6 = 1651 pm) used for operation at 140 GHz. Figure 1(a) is
a schematic of the two waveguides at the coupling plane. To char-
acterize the coupling efficiency between these two waveguides, the
mode-matching method is employed that computes the overlap
integral between the fundamental mode of the output two-wire
waveguide and the excitation mode supported by the input WR6.5
waveguide flange [43,47,48]. Particularly, the vectorial modal
electric and magnetic field amplitude distributions of these two
butt-coupled waveguides are obtained using the finite element
COMSOL Multiphysics. Assuming that all the incoming power
is in the fundamental TE;o mode of the WR6.5 waveguide |F;')
with electric field polarized along the shorter side of a waveguide,
then ignoring reflections, the complex field coupling coefficient
C into the fundamental mode of the two-wire waveguide |F} )

out
can be found using the following field averages with respect to the

longitudinal flux operator S, as
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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 the ease
of device fabrication, the modular design, and the 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 the ease of access of the modal fields
inside the controlled in-cage environment.

2. TWO-WIRE WAVEGUIDES

A. Design of the Micro-Encapsulated Two-Wire
Waveguide

The main difference between the proposed micro-encapsulated
and conventional two-wire waveguides is the presence of a
dielectric support. Such support serves several functions, such
as shielding of the modal field from the influence of the environ-
ment during handling, while also incorporating various alignment
features to simplify system integration of several plasmonic com-
ponents. 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 (660 & 15 pm
gap over 6 cm long WS). Moreover, several mechanical align-
ment features are integrated into the cage structure to simplify
waveguide coupling to external sources such as horn antennas 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 effect 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 cir-
cuits. When developing the two-wire waveguide-based plasmonic

where integrals are performed over the whole waveguide cross-
sectional plane using transverse modal fields. Note that the modal
excitation coefficient (by power) is given by |C|%. In simulations,
the metallic wires are modeled using the impedance boundary con-
dition (IBC) at the wire surface together with the Drude-Lorentz
model for the dielectric constant &,, of silver in THz spectral range
taken from [49]

0)2

— »
en =1 @ +iwy’ @
where @, =27 -2.185¢15Hz is the plasma frequency and
vy =2m - 0.5138¢13 Hz is the damping coefficient for the bulk
Ag metal.

Figure 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 optimize the 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 Figs. 1(e) and 1(f) as blue stars. The maximal
power coupling coefficient of 45.43% is obtained using wires
featuring the diameter of D =0.4 - hyWR6 and the gap size of
AG = 0.8 - hzWR6. Then, using the modal field distribution of
the fundamental mode of a stand-alone two-wire waveguide, the
geometry of the resin cage encapsulating the wires, as shown in
Fig. 1(c), was chosen so that the electric field intensity at the inter-
nal horizontal and vertical boundaries of the cage do not exceed
3% of the maximal value in the waveguide gap. The plasmonic
waveguide losses, as well as the power coupling coefficient between
the WR6.5 waveguide flange and micro-encapsulated two-wire
waveguides were then recomputed to study the effect of the cage on
the waveguide modal properties. The corresponding values of the
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Fig. 1. (a) Schematic of the butt-coupling arrangement between a two-wire waveguide and a WRG6.5 waveguide flange. (b) Transverse 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 - hzZWRG6 wire diameter and
0.8 - hzZWR6 interwire separation. (c) 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) thatare suspended in air (white) using dielectric supports and encapsu-
lated within a plastic cage (grey). (d) Transverse modal electric field amplitude distribution | £, | at 140 GHz for a 3D printed two-wire waveguide with silver
layer coated wires placed inside a resin enclosure. The two-wire waveguide geometry is the same as in Fig. 1(b), and the cage size is the same as indicated in
Fig. 1(c). (¢) Dependence of the power coupling coefficient between the fundamental modes of a WRG6.5 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 interwire separation at 140 GHz. (g) Total insertion losses
(in-coupling, out-coupling, and propagation losses by power) of the micro-encapsulated two-wire waveguides featuring different lengths as a function of
the interwire separation at 140 GHz. Inset: Propagation losses (by power) of the micro-encapsulated two-wire waveguides of different lengths as a function

of the interwire separation at 140 GHz.

coupling coefficient and modal losses are shown in Figs. 1(e) and
1(f) as red stars. In numerical simulations, the refractive index of
resin used in 3D printing and its losses are taken from the experi-
mental studies presented in [39]. Particularly, at 140 GHz, their
valuesare 1.644 and 0.225 cm ™! (by field), respectively.

By comparing the transverse electric field distributions of the
THz SPP waves supported by the two-wire waveguides with and
without the resin cage, as shown in Figs. 1(b) and 1(d), it is noted
that presence of a resin cage leads to a somewhat tighter confine-
ment 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 shown
Fig. 1(e)] in the case of an encapsulated waveguide. It also results in
the higher propagation losses of such waveguides due to the pres-
ence of the modal fields in the lossy material of the cage, as shown in
Fig. 1(f). Increased modal confinement due to the presence of the
cage can be explained by the “squeezing” of the modal field in the
vertical direction (Z-axis) due to the discontinuity of the electric
field component at the top and bottom horizonal boundaries
between the cage and the air regions. Particularly, at these bound-
aries, the Z component of the electric field dominates. At such
boundaries, the Z displacement field is continuous across the inter-
face; 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 & /&y,
which forces redistribution of the modal field toward the inside of

the cage; hence, the higher presence of the modal field in the gap
between the wires.

Moreover, as seen from the red stars in Fig. 1(f), when increas-
ing the wire diameter or the interwire separation (while keeping the
cage size the same) the modal size also increases, which leads to an
increase in the modal propagation losses due to a stronger overlap
with the lossy cage material. It 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 interwire sepa-
rations, as shown by the blue stars in Fig. 1(f) blue stars. It happens
due to the lower presence of the modal fields in the lossy metal
material of the wires [50].

As seen in Fig. 1(e), the two-wire waveguide excitation effi-
ciency is strongly sensitive to the value of the interwire separation
with an optimal value AG = 0.8 - hzZWR6 = 660 pum, regardless
of the wire diameter. Setting the size of the air gap much smaller
or much larger than the optimal value will result in a considerable
vector field mismatch between the modes of a two-wire waveguide
and a WR6.5 waveguide flange, which is clearly shown in Fig. S2 in
Supplement 1, where we show modal intensity distributions for the
waveguide flange and the two-wire waveguide featuring different
sizes of the air gap. A significant modal mismatch, in turn, will
result in a weak coupling between the two waveguides as the excita-
tion efficiency is proportional to the overlap integral between two
modes [see Eq. (1)]. At the same time, the excitation efficiency is
only weakly sensitive to the wire diameter, as long as it is larger than

D > 0.4 - hyWR6 = 660 um. From a fabrication point of view,
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the interwire distance is defined by the vertical resolution of the
printer and is superior to 25 pm for the SLA printer that we used
(Asiga Freeform PRO?2). At the same time, the wire shape is rather
defined by the transverse resolution of the printer, which is on the
order of 50-100 pm; thus, fabrication of the larger wire diameters
is more reliable. In our experiments, we found that we can reli-
ably and consistently manufacture waveguides with the optimal
interwire separation 0.8 - hzZWR6 = 660 pum, while somewhat
larger wire diameters of 0.8 - hyWR6 = 1.32 mm. As expected, at
140 GHz, the resultant waveguide has relatively high excitation
efficiency of 47.61% (by power) with the WR6.5 flange, which is
close to that of the theoretical maximal value of 48.16%. Moreover,
from numerical modeling, we observe that the transverse modal
field distributions of the two-wire waveguide and the WR6.5 wave-
guide flange change little within the operational frequency range
of 110 GHz-170 GHz (see Fig. S3 in Supplement 1). Therefore,
the same high excitation efficiency can be maintained with only
a ~6% variation across all frequencies in this range. Employing
the damping coefficient of bulk silver in numerical simulations,
theoretical loss (by field) of a straight waveguide is estimated at
~2.3m™!, which is higher than that of a stand-alone two-wire
waveguide of ~0.25 m~ !, while still small enough for the design of
practical THz circuits.

For completeness, considering the potential importance of the
developed waveguides in applications as interconnects between
THz devices in the THz communications systems, the total
insertion losses (comprising in-coupling, out-coupling, and propa-
gation losses) of short micro-encapsulated two-wire waveguides
featuring different interwire separations are computed by using the

(a)
/ Conical Horn Antenna
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numerically modeled modal losses and excitation efficiency. The
corresponding results are summarized in Fig. 1(g). Particularly,
we find that the value of the total in/out-coupling loss [black solid
line in Fig. 1(g)] is much larger than the propagation loss of the
THz light due to material absorption for waveguides shorter than
~15 cm. Thus, for shorter micro-encapsulated two-wire wave-
guides (also the ones used in our work), the minimal total insertion
loss is achieved for the interwire separation of AG ~ 0.8 - hzWRé6.
For longer waveguides, however, the lowest total insertion loss is
observed for smaller interwire separation, which must be taken
into account when designing larger THz circuits.

B. Fabrication of the Micro-Encapsulated Two-Wire
Waveguide

For the convenience of fabrication, the encapsulated two-wire
waveguide features two complementary parts, each comprising one
wire attached to a half cage using a deeply subwavelength dielectric
support ridge with a width of 150 pm [see Fig. 1(c)]. Although
printing along the 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 pm
layer thickness. 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, a 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

20
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Fig. 2.

(a) I: Schematic of an interconnect between two plasmonic waveguides. The alignment elements are shown in the green dotted region.

II: Schematic of the end face of an encapsulated two-wire waveguide. The screw holes with depths of 5 mm for precision alignment and connectoriza-
tion with the WR6.5 waveguide flange (of conical horn antenna) are shown in the blue dotted regions. (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) Enlarged view of the junction between the two wires in a butt-coupling arrangement between the two neighboring WSs. (d) Comparison
of the numerical modal losses (by field) for the THz SPP wave and the measured transmission loss (by field) of a straight two-wire waveguide using cutback
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.
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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 WSs 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)-1 and 2(b)]. Position and size mismatches between
the two wires in the adjacent WSs are mostly due to the 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 issue can bring additional coupling
losses, it is expected that they will be small as the mode is mostly
guided in the gap between the wires, which is almost 100 times
larger in size than the 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
[Figs. 2(a)-1Iand 2(b)].

Additionally, the grain size of the deposited silver layer is on the
order of several tens of nanometers [51], while the metal layer is sev-
eral 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, it is expected 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.

3. OPTICAL CHARACTERIZATION OF THE 3D
PRINTED TWO-WIRE WAVEGUIDE COMPONENTS

A. 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 cutback
measurement using composite three-section waveguides similar
to the one shown in Fig. 2(b) (see Supplement 1, Section 3.1 for
details). The measured transmission loss (by field) is almost con-
stant ~6 m~ ! in the 120-170 GHz frequency range [red curve in
Fig. 2(d)], which is almost twice as high as the losses predicted by
numerical simulations using the Drude model of bulk silver [grey
curve in Fig. 2(d)]. A significant difference between experimen-
tally measured surface plasmon losses in THz and theoretically
computed ones using the Drude—Lorentz model of bulk metals is
a well-known problem, which is attributed to the surface imper-
fections and limitations of a Drude model at the metal surfaces
[52-55]. In the case of silver layers deposited using wet chemistry
(as used in this 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 the Drude—Smith model
of metal permittivity could provide more accurate numerical
results for THz surface waves, this model is experiment-specific
and lacks universality [14,56]. To make the comparison between
experimental and numerical work more realistic, and considering
that the experimentally characterized operational frequency range
of the devices is relatively narrow (~110 — 170 GHz), we retain
the simple Drude-Lorentz model of silver for simulations, while
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we simply fit the damping factor to achieve the best fit of numeri-
cal simulations with the experiment [black and red curves in
Fig. 2(d)]. In particular, we find that to reproduce the experimental
loss of a straight plasmonic waveguide, the damping factor in the
Drude-Lorentz model [Eq. (2)] should be increased by a factor
of 50, which is the value yr=2m- 2.69¢14 Hz that is used in all
following simulations. We then compare the losses of a stand-alone
two-wire waveguide with that of an encapsulated waveguide of
identical geometry [blue and black curves in Fig. 2(d)]. We find
that stand-alone two-wire waveguides (where ohmic losses domi-
nate) 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 pre-
dicted 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 the 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. The bandwidth of a loss peak is proportional to
the coupling strength between the SPP and the cage mode. The
exact shapes of such peaks and their positions are highly sensitive to
the scattering losses and structure inhomogeneities (surface rough-
ness) and can easily disappear completely (especially for the narrow
peaks) due to the decoherence brought by such imperfections [57].
Therefore, we are not surprised by the absence of such peaks in
the measured spectra due to the narrow bandwidth of the peaks,
which is most probably caused by the effects of the 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 the metal layer allows for
observation of avoided crossing resonances, thus making us confi-
dent about the good correspondence between the theoretical and
experimental results, as well as about our overall understanding of
the system (see Supplement 1 for details).

In addition to waveguide losses, one can also extract interwaveg-
uide coupling losses due to a mismatch in the relative size and
positions of the neighboring WSs (see Supplement 1, Section 3.1
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 range, which is significantly smaller
than a single WS transmission loss (~3 dB by power for a 6 cm
long section). This allows the connection of ~8 sections (with a
total waveguide length of ~0.5 m) before it can start significantly
affecting the power budget, thus making us confident that con-
nectorization of many two-wire waveguide-based components
is feasible when designing complex THz processing photonic
circuits.

Finally, Fig. 2(f) presents experimental data and numerical sim-
ulation of the GVD of the SPP mode of a two-wire encapsulated
waveguide in the 120155 GHz spectral range by using

_ 3 B(w) _ P (n(w) - w/c)

GVD
dw? dw?

3)
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One reason to pursue 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 [30],
which potentially allows processing of extreme data bitrates with-
out 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 stand-alone two-wire waveguide
due to the partial overlap of the SPP modal fields with the cage.
As shown in Fig. 2(f), the measured GVD of an encapsulated
two-wire waveguide is in the 1-2 ps/THz/cm range, 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 0.1 ps/THz/cm), which is shown by the blue
curve in Fig. 2(f), it is nevertheless much smaller than the GVD
of most alternative THz waveguides, which is normally in the
10 s ps/THz/cm range. For all these reasons, we believe that encap-
sulated two-wire waveguides offer a viable platform for building
signal processing THz photonic circuits.

B. Two-Wire Waveguide Bends

The curved waveguides are of critical importance for building
practical photonic circuits and are an integral part of components
such as splitters, couplers, ring resonators, and optical delay lines
[41,58-60]. Moreover, curved waveguides serve as interconnects
between various components in a high-density photonic circuit.
Unfortunately, modes guided by curved waveguides are often
leaky and prone to higher radiation losses for tighter bends [61].
Additionally, the mode of a bent waveguide has a somewhat differ-
ent field distribution from that of a straight waveguide; as a result,
the coupling between straight and bent waveguides also leads to
back reflections and radiative insertion losses, which again are more
pronounced for tighter bends. All these negative effects associ-
ated with waveguide bends are typically mitigated by increasing
the mode confinement, which can be achieved, for example, by

Axis of Rotation
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employing high refractive index contrast waveguides (ex. silicone
photonics) [62,63]. Importantly, plasmonic modes of a two-wire
waveguide show relatively strong confinement in the gap between
the two metallic wires, while the effect of bending in such wave-
guides is less pronounced compared to THz waveguides such as
single wires [64], hollow core waveguides [65], and subwavelength
fibers [3]. Next, we present numerical and experimental studies
of the bending loss of the encapsulated two-wire waveguides and
demonstrate that it is significantly smaller than that found 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.

Figures 3(a) and 3(b) show the 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 | £], it is noted 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 field) through
a waveguide bend that is connectorized on both sides to straight
sections of the same waveguide can be quite generally written as

t=|C(R)|-|C(R)| - exp(—aly) exp(—ay(R) - 1),  (4)

where R is the bend radius of the two-wire waveguide bend, /,
is the length of the waveguide bend, «,, is the transmission loss
(by field) of a straight waveguide, and o (R) is an additional loss
(by field) due to bending. |C(R)] is the coupling coefficient (by
field) between the bent and straight waveguides, while 1—|C(R)|?
is the insertion loss (by power) on each side of the bent/straight
waveguide connection.

The curved two-wire waveguides were studied using 2D
axisymmetric models in COMSOL finite element modeling soft-
ware that allows the calculation of complex effective refractive
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Fig. 3.

(a) and (b) Schematics and a photo 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. (c) and (d) Bendinglosses (by field) of the two types of the waveguide bends. (¢) Coupling coeffi-
cient |C(R)|* (by power) between the encapsulated two-wire waveguide bends and the straight one.
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indices of the bend modes. The Ag layer was modeled using IBC
with the Drude-Lorentz model in Eq. (2). Figures 3(c) and 3(d)
show the results of numerical simulations of bending losses as a
function of the bending radius of stand-alone and encapsulated
two-wire waveguides as well as their corresponding analytical fit

using [66,67]
ay(R)=A-exp(—B- R)/v/R. (5)

Compared to the stand-alone two-wire waveguide bends, the
encapsulated two-wire waveguide bends show considerably lower
bendinglosses due to enhanced modal confinement brought by the
resin cage [blue and gray curves in Figs. 3(c) and 3(d)], as explained
in Section 2.A. Moreover, the bending loss is not sensitive to the
value of the damping constant [gray and black curves in Figs. 3(c)
and 3(d) computed using y; and y r, respectively]. Finally, Fig. 3(e)
shows the power coupling coefficient | C(R)|* that was computed
using the modal matching approach in Eq. (1) [43], by expending
the mode of a straight encapsulated waveguide into the modes of a
bent one (assuming no back reflections).

As a result, bends with the axis of rotation perpendicular to the
line connecting the two-wire centers [see Fig. 3(a)] feature some-
what smaller bending losses and a larger coupling coefficient with
the straight waveguides than the other bend type [see Fig. 3(b)]. It
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 the case of a bend in Fig. 3(a), the mode encounters the 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 (interwire 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 the limitations of SLA 3D printing, 90° bends
were realized by assembling two 45° sections of the same bend
radius [see Figs. 3(a) and 3(b)]. The measurements are summarized
in Figs. 3(c) and 3(d) (see details in Supplement 1, Section 3.2).
While experimental loss is somewhat higher than the theoreti-
cal 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 def-
inition by the SLA printer, as well as surface warping during the
postprocessing curing step.

C. Two-Wire Waveguide Bragg Gratings

THz WBGs 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, the integration of even the most simple 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). Next, we
demonstrate the design and fabrication of strong two-wire WBGs
with a stop-band of up to 20 GHz for applications in THz com-
munications 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 [68,69] and optics-based THz communication systems
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[70], with data modulation rates per channel as high as 40 GBs. We
therefore believe that the FDM approach in the lower THz band
can be a viable approach for multichannel data transmission with
total data rates exceeding several 100s GBs.

To fabricate strong WBGs based on the two-wire waveguides, a
low-loss dielectric substrate featuring a periodic pattern of metallic
stripes is placed into the gap between the two wires. This arrange-
ment 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
[71-73], such techniques require a relatively expensive infras-
tructure. 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 because it allows rapid prototyping and extensive fine
tuning of the grating geometry with only minimal time and
material expenditures. Particularly, 100 pm thick printing
paper (Premium Laser Print, Hammermill Inc., 1y = 1.45,
oep[cm’l] =20.67-(w[THz])? + 1.019 (by field) [37]) was used
as the substrate for the metal grating. The periodic metal pattern
was deposited by first printing the required pattern in ink on both
sides of the paper symmetrically (Xerox Phaser 6180MFP laser
printer), and then transferring the metal/polymer composite
from the thermofoil sheet (Deco Foil, Therm O Web) 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 pum thick aluminum/thermoplastic
composite transferred on top of the printed ink pattern [74]. To
accommodate the 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 the 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 the fabricated gratings is easy to understand
using the coupled mode theory by considering three principal
modes propagating in the two sections of the WBG. Particularly,
Fig. 4(b) I shows the 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 cross-section is shown in Fig. 4(b)-II. As
the optical thickness of a blank paper (~145 pm) is much smaller
than the gap size (~660 pm) and the wavelength of light used in
experiments (at 140 GHz A ~ 2 mm), the paper substrate itself
does not significantly modify the modal field distribution in the
gap between the two wires. Therefore, the effective RI of the fun-
damental mode propagating in Section 1 (propagation constant
of By) 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, the
amplitude of the electric field in the paper is reduced compared
to that in the air |£,[~ |E,,|/n§) ~|E,|/2. The transmission
spectrum through a two-wire waveguide with the inserted paper is
therefore close to the one without the inserted paper, as shown in
Fig. 4(e) (orange curve).

The second section of width w, additionally features thin
metal plates on both sides of a paper sheet. The second section
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Fig. 4.

(a) Schematic of the two-wire WBG (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 blank paper sheet, and the other 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 1-Mode 1 (IV), and
Section 2-Mode 2 (V), and Mode 3 (VI) at 140 GHz. (c) Simulated modal electric field distribution (| £|) of a WBG in the symmetry plane in the mid gap
between the two wires at 140 GHz. (d) Simulated power transmission |S21|* and reflection |S11|* coefficients for WBGs with different number of periods.
(e) Experimentally measured transmittance of the paper/metal WBGs of different lengths inserted into a 10 cm-long two-wire waveguide. Transmittance is
computed by dividing the grating transmission spectra (by field) by that of an empty two-wire waveguide (reference).

transverse cross-section 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 8, propagates directly
between the metal plates, thus resembling a TEM-like mode of a
PPWG. As the corresponding modal field is mainly localized in the
paper, the mode 2 effective Rl is close to that of the paper 1.45. The
other mode propagating in Section 2 (mode 3 with B3) 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 mode 1 in Section 1 [compare Figs. 4(b)-IV and 4(b)-VI]. At
the interface between two sections of a single period, the power
coupling coefficient 8 between highly dissimilar modes 1 and 2 can
be computed using the mode-matching method of Eq. (1) [43].
For geometries considered in this paper, we find § ~ 0.03 — 0.06,
depending on the configuration. At the same time, the power cou-
pling coefficient between the two similar modes (1 and 3) is high,
and assuming small reflection and negligible scattering (radiation)
loss at the interface between two sections, it is ~1—3§. It then can
be shown using the 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(ifrwy)

[ - exp(iBrw) + (1 —8) - exp(iBzwy)] =
=|F(x)) - exp(iBiw; + iBsws)

J1=8- (1 —exp(i(Br — B3)w2))].
(6)

Physically, it means that mode 1 of Section 1 excites two modes
(2 and 3) in Section 2, which then propagate with different phase
velocities [see Fig. 4(b)]. If modes 2 and 3 recombine destructively
at the end of the period, it will result in strong back-reflection,
and the grating will be at the stop band. As the phase difference
between the two copropagating modes after propagation over
one grating period is given by (8, — B3)w,, then, to minimize
transmitted power of THz light at the desired Bragg frequency wg,
one has to choose the width w, of Section 2 to result in destructive
interference between the two modes, so
(B2(wp) — Bs(wp)]wy =7 - 2my + 1), my €N, (7)
Additionally, remembering that modes 1 and 3 are similar
[Figs. 4(b)-IV and 4(b)-VI] with very similar propagation con-
stants 81 & B3, and that the grating period is P = w; 4 w,, then,
for the forward propagating field, we can write
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|F(x + P)) % | F(x)) - exp(iB1 P) - [1 — 28] = | F(x)) - exp(if, P)

26
ﬁg:ﬂl +l?»

®)

which shows exponential decay of the fields along the grating
and also satisfies the block form assuming a complex propagation
constant of the WBG. Finally, as propagation along the grating is
mostly dominated by modes 1 and 3 with propagation constant
B1, then the reciprocal wavevector of the grating must match the
difference between the WBG forward and backward propagating
modes, thus resulting in an additional condition for the grating
design,

21
Zﬁlz?mp, mpy eN. (9)

An example of the numerical study of gratings designed using
the resonant design conditions in Egs. (7) and (9) is presented in
Supplement 1, Section 4. The results of transmission and reflection
simulations using the COMSOL finite element formulation with
ports confirm the validity of our understanding of the grating
operation principles. Note that the resonant conditions in Egs. (7)
and (9) 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 wave-
guide with that of the 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 to present some example of WBGs
based on the combination of two-wire and PPWGs.

Next, the two-wire WBGs featuring broad and pronounced
transmission dips at 140 GHz are detailed. Such WBGs can serve
as efficient band-rejection filters in THz communications cir-
cuits. The WBGs are first studied using a 3D modeling frequency
domain tool with ports within COMSOL Multiphysics. Because
of two reflection symmetry planes, only a quarter of a structure
together with a 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 the Drude-Lorentz model for bulk aluminum
(wg =27 - 3.57¢15 Hz, vy =27 - 1.94¢13). In simulations, the
THz light is launched using the port boundary condition at the
input facet of the WBGs containing seven periods. By monitoring
the power transmission coefficient at the other facet of the WBGs
(IS21]%), it is noted that gratings with a period of 1.5 mm and a
metalized-paper section width w; of 0.7 mm feature pronounced
transmission dips at 140 GHz [see Figs. 4(d) and 4(e)]. At the same
time, the power reflection coefficient (|S11]?) in such a design is
small (less than 3%). A more detailed analysis shows that in this
type of grating the forward propagating mode of a metal plate
waveguide is matched to the backward propagating mode of a
metal plate waveguide, which has only a small coupling with the
backward propagating mode of two-wire waveguides. In other
words, such a grating, while featuring a large stop-band, is also
characterized by low reflection into the two-wire waveguide that
feedsit.

In the experiments, we used gratings of different lengths that
featured periodic sequences with 19, 32, and 65 metal strips on
paper substrates placed into the gap of 10 cm two-wire waveguide.
It was then characterized in a setup detailed in Supplement 1,
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Section 3.1. The grating transmittance was obtained by compar-
ing the transmission spectra (by field) of the two-wire waveguide
with and without the gratings [see Fig. 4(e)]. A pronounced trans-
mission 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, the transmission dip
becomes even more pronounced.

In passing, we note the presence of ripples in the measured
transmission spectra (see, for example, Figs. 2, 4, 5, and 6). The
origin of these ripples is a standing-wave phenomenon, which is
particular to the coherent CW THz spectroscopy setup used in our
experiments. In fact, there are two types of ripples. The most pro-
nounced ones are caused by the multiple reflections inside of the
two silicon lenses (size & ~ 10 mm, ng; ~ 3.42) that are integrated
into the THz photomixers in the emission and detection arms. The
corresponding frequency separation between the two ripples of
this kind is given by Av; = ¢/2dng ~ 4 GHz. The second type
of ripple is due to standing waves formed between the reflections
on the free-space optical components (ex. parabolic mirrors and
plano-convex lenses). These ripples have smaller amplitudes and
are more closely spaced in the frequency domain. Although the
effect of the first type of ripple can be somewhat mitigated by nor-
malizing the measured spectra with respect to [57], the effect of the
second type of ripple is more difficult to alleviate as the free-space
path within the setup normally changes during measurements.

4. THz PLASMONIC CIRCUITS

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

A. THz Splitter/Multiplexer

A Y-shaped THz splitter/multiplexer was fabricated by fusing two
90° two-wire waveguide bends with a 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 ease of con-
nectorization with other components. Such a coupler can be used
either as a broadband 50/50 splitter or a multiplexer of two data
streams.

In the first experiment, we test a 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. Figure 5(b) shows the transmittances of the output
ports, which are obtained by dividing the transmission spectra
(by field) of light coming from ports 2 and 3 by that of the THz
light launched into port 1 (for more details, see Supplement 1,
Section 5). The data shows that the 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 a Y-coupler operation in
the multiplexer mode. The THz light is launched into port 3 (or
port 2), then travels through the Y-junction, and finally leaves the
component through port 1 and partially through unused port
2 (or port 3, correspondently). For example, Fig. 5(c) shows the
transmittances of the ports 1 and 3, which are obtained by dividing
the transmission spectra (by field) measured at these ports by the
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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. It is computed by dividing the transmission spectra (by field) of the THz light received at the corresponding output
ports of a splitter by the one launched into port 1. Inset: Comparison of the two transmission spectra (by field), one (black) is obtained by summing the
outputs of the ports 2 and 3 when light is launched into port 1, while the other (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. (c) Transmittance of the output ports 1 (black)
and 3 (red) when the THz light is launched into port 2, compared to the transmittance of a single bend section of the equivalent geometry (blue) shown in
Fig. 3(b). Transmittance is computed by dividing the transmission spectra (by field) of the THz light recorded at the output ports of a multiplexer by that of
the incident THz light.
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Fig. 6. (a) Two-wire waveguide-based ADM composed of a Y-coupler and a WBG. (b) Numerical results of the transmission (|S21 [*) and reflection
(IS11]%) 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: Transmittance (by field) of the stand-alone WBG integrated into the ADM.

spectrum of the THz light launched into port 2. Note that para- Alternatively, THz ADMs also were build using photonic band

sitic transmission through port 3 (due to back-scattering at the gap materials and ring resonators [76,77]. Such devices, however,
Y-junction) is much weaker (on average, by —50 dB by power) were obtained using complex and costly microfabrication processes
than the intended forward signal transmission through port 1, in which high-resistivity float zone silicon wafer was machined
which signifies that the developed component can be used as a to obrtain the periodically arranged posts, and then the array was

2x1 multiplexer.

sandwiched by two metal plates using eutectic bonding.
Furthermore, by comparing the net (sum) intensity of THz

In this section, as a proof of concept, we demonstrate a simple

light measured at the output ports 1 (and 2) of the Y-coupler to ADM with a ~2.8 GHz bandwidth (FWHM) that operates at

the light intensity transmitted through a single bend of identical ~140 GHz by integrating a Y-coupler and a WBG based on the
geometry [see blue curves in Figs. 5(b) inset and Fig. 5(c)], we

-wi ide technology di d earlier. The ADM i
conclude that the average insertion loss brought by the Y-junction fwowile waveglide tecinology discussed earuet. - he °

shown in Fig. 6(a). A signal featuring several mixed stand-alone

issmall ~0.3 dB at ~140 GHz. channels at different frequencies (FDM modality) is launched into

the In port. After propagation through a curved waveguide of a
B. THz ADM Y-coupler, the signal arrives to a WBG where the channel in the
The ADM is a key building block in all communications systems grating stopband is back reflected, while the rest of the channels
that use FDM. Many ADM designs in the near-infrared telecom- continue into the Through port. In the absence of a THz circula-
munications band use fiber Bragg gratings and circulators [75], tor, the reflected channel is then split 50/50 by the Y-coupler and

a concept that is translated in our current work into THz range. it finally arrives to the Drop port. Note that THz circulators have
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been demonstrated earlier (ex. [78]) and they are fully compatible
with the two-wire waveguide base technology used in this work.

At first, we study the WBGs used in the ADM prototype with
COMSOL Multiphysics. By analyzing the transmission and
reflection spectra of gratings featuring different pitches, we find
that transmission dips and reflection peaks can be obtained at
~140 GHz using gratings with a period of 2.3 mm and a duty
cycle of 55% (w, =1.27 mm) [see Fig. 6(b)]. Here we present
a simulation using lossy versus lossless paper substrate material.
Compared to the grating of 1.5 mm period discussed earlier [see
Fig. 4(d)], gratings used in the ADM prototype feature somewhat
narrower stop bands, while at the same time they feature significant
reflected power in the stop band (|S11|* ~ 30% lossless paper, and
IS11|* ~ 6% lossy paper), which makes them suitable to build
ADMs. Note that paper loss has significant negative effect on the
reflected power and, in the future work, alternative substrates
will be used in 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. A resultant 10 cm long
WBG was measured and showed a minimal relative transmit-
tance (by field) of 0.3 with a ~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 Supplement
1, Section 6). The dropped target range of ~141 — 145 GHz
is clearly visible at the Drop port of the ADM despite the low
reflection efficiency of the grating.

Finally, the simulations suggest that considerably more efficient
(in reflection) gratings can be designed using classic a quarter-wave
condition for each section in the period, or even using more relaxed
design criteria, as shown in Egs. (7) and (9); however, such gratings
cannot be reliably manufactured using the simple hot stamping
technique that was explored in this paper because 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 future works.

5. CONCLUSION

In this work, 3D printed micro-encapsulated two-wire THz plas-
monic 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 pro-
tective resin cage. Such components are fabricated using highly
precise, efficient, and low-cost SLA 3D printing enhanced with
a wet chemistry metal deposition technique. Using CW-THz
spectroscopy, we first characterized the transmission loss and the
GVD of straight waveguides at 140 GHz, which are ~6 m™" (by
field) and —1.5 ps/THz/cm, 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 the encapsulating cage sig-
nificantly reduces the bending loss due to a stronger confinement
of light in the gap between the two wires compared to the case of
stand-alone two-wire waveguides. We find that even for a small
bending radius of ~5 cm, the experimental bending loss does not
exceed ~10 m™! (by field). Next, we detailed two-wire WBGs
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that feature a thin paper sheet with a periodic sequence of metal
strips placed in the gap between two wires. Metallized gratings
were fabricated using a rapid prototyping hot stamping tech-
nique using thermofoils, laser-printed templates, and a laminator.
Experimentally, we find that even short 5 cm long WBGs of this
design can exhibit transmission dips with a minimal relative trans-
mittance 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 employs two
coalescing waveguide bends, as well as an ADM that employs a
reflective WBG. 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 found experimentally thatan ADM exhibits a
designed drop functionality with a spectral bandwidth of 2.8 GHz
at the Bragg frequency of ~140 GHz. Based on these findings we
therefore conclude that the proposed 3D printed THz two-wire
waveguides and components based on such waveguides present
a viable technology for robust, cost-effective, and highly recon-
figurable THz optical circuits for signal processing and sensing
applications.
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