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Hybrid 3-D-Printing
Technology for Tunable
THz Applications

In this paper, a hybrid manufacturing approach is presented that combines

metallized passive components produced through the polymer-jetting process with

active semiconductor devices. The potential for producing low-cost THz

communication systems using this methodology is demonstrated with the

successful development of a THz I-Q vector modulator.

By WiLtiam J. OTTER Member, IEEE, aND STEPAN LucyszyN Fellow, IEEE

ABSTRACT | In recent years, additive manufacturing has
experienced rapid growth, due to its inherent capabilities for
creating arbitrary 3-D structures, accessibility, and associated
low manufacturing costs. This paper first reviews the state
of the art in 3-D printing for terahertz (THz) applications and
identifies the critical features required for such applications.
The future potential for this technology is demonstrated
experimentally with the first 3-D-printed, optically controlled
THz I1Q vector modulator. Here, miniature high-resistivity
silicon implants are integrated into metal-pipe rectangular
waveguides. The 3-D-printed split-block assembly also houses
two packaged infrared laser diodes and a heat sink. The
measured performance of a proof-of-principle 4-quaternary
amplitude modulation (4-QAM) vector modulator that operates
up to 500 GHz is reported. This new hybrid 3-D printing THz
technology, which combines semiconductor devices with
potentially low-cost, high-performance passive guided-wave
structures represents a paradigm shift and may prove to be
an ideal solution for implementing affordable transceivers in
future ubiquitous THz applications.
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I. INTRODUCTION

The conventional terahertz (THz) frequency range, from
100 GHz to 10 THz, is rapidly being developed for com-
mercial exploitation [1]. Historically, the THz spectrum
is also known as the submillimeter-wave band [by the
radio frequency (RF) community] and far-infrared (by
the optics community). Until relatively recently, the THz
spectrum has been mainly used by the scientific com-
munity for radio astronomy [2], [3]. This application has
been the key driver for THz optics, antennas, detectors,
and associated guided-wave interconnects, while a THz
gap has developed in associated source generators [4] and
modulators. Closing this gap has been an active area of
THz research in recent years, with significant advances
being made in performance (e.g., >1 W, achieved with
quantum cascade lasers [5] and higher power multipliers
[6]). However, little has been demonstrated in the area of
low-cost tunable front-end control components for ubig-
uitous THz applications.

Today, with the potential for real commercial exploita-
tion, the THz spectrum is opening up to new applications;
including nondestructive testing, security, and communica-
tions. For example, with nondestructive testing, the THz
frequency range has been used for inspecting artwork [7],
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the coating thickness of pharmaceutical tablets [8], and
paint thickness within the automotive industry [9]. In secu-
rity, below ca. 600 GHz, it is possible to detect and in some
cases identify concealed weapons [10] and illegal contra-
band [11] hidden underneath clothing. As lower frequency
bands have become ever more crowded, communications
systems are moving up in frequency, providing the opportu-
nity for terabit-per-second links [12].

For all these applications, guided-wave structures are
required, for either implementing a specific function (e.g., res-
onating, phase shifting, power coupling, etc.) or as an associ-
ated interconnect. Common technologies used at microwave
frequencies include microstrip, stripline, and coaxial cable.
However, the inherent high attenuation (due to excess cur-
rent densities associated with the small cross-sectional areas
of the signal line) and high manufacturing costs limit their
use at THz frequencies. Alternatively, optical fibers and
quasi-optical technologies do not lend themselves to compact
integrated solutions at THz frequencies. The metal-pipe
rectangular waveguide (MPRWG) offers both relatively low
attenuation and compatibility with modular integrated solu-
tions at THz frequencies [13-15]. For example, at 600 GHz,
a high-quality microstrip transmission line may be expected
to have a dissipative attenuation of ~1 dB/mm, while an
MPRWG would be at least an order of magnitude lower. For
this reason, there now exist IEEE standards for MPRWGs and
their flanges for frequencies up to 5 THz [16]-[18].

Traditionally, THz MPRWGs have been machined in one
of four ways: 1) drawing (reshaping) a metal pipe across a
rectangular die; 2) computer numerically controlled (CNC)
milling of a split-block die; 3) electronic discharge machining
(spark erosion); and 4) electroforming a mandrel, which is
subsequently selectively etched away. In addition to machin-
ing, other technologies also exist; these include the bulk
micromachining of silicon [19] and surface micromachining
in SUS, with additional assembly/packaging [20],[21].

II. REVIEW OF 3-D PRINTING FOR THZ
APPLICATIONS

A. Generic 3-D Printing Technologies

Commercial manufacturing technologies for MPRWGs
impose limits on design complexity and result in high unit
cost components. Over the past two decades, 3-D printing
(or additive layer manufacturing) technology has seen a dra-
matic improvement in resolution, while associated costs have
also reduced. Moreover, in recent years, high-performance
3-D-printed RF components and MPRWG have been demon-
strated [22]-[24]. These advances have shown the disruptive
nature of 3-D printing, for the following five key reasons.

1) Complexity: Structures can be realized monolithi-
cally in ways not possible with traditional manufac-
turing techniques. This is especially important for
part dimensions at the lower bound of CNC capabili-

ties, where assembly tolerances start to dominate the
total error in dimensions. Moreover, highly complex
structures can be realized in a single print operation.

2) Weight: Components are lightweight with polymer-
based building materials, e.g., a 3-D-printed MPRWG
operating at X-band (8-12 GHz) can be a third of the
weight of its commercially available machined coun-
terpart [22], although this weight advantage may not
be significant at terahertz frequencies.

3) Speed: A highly complex 3-D-printed component
can be realized within hours.

4) Cost: Three-dimensional printing can be ultralow
cost for small production runs, making it ideal for
prototyping.

5) Accessibility: A general 3-D printer can be used for
many diverse applications (i.e., not just for making
THz components) and so they will, in time, become
ubiquitous.

There are four generic classes of 3-D printing technolo-
gies: 1) fused deposition modeling (FDM); 2) stereolitho-
graphic apparatus (SLA); 3) polymer-jetting (Polyjet); and
4) selective laser sintering/melting (SLS/SLM). These dif-
ferent manufacturing processes have distinct properties that
make them useful for different components, but also limit
the MPRWG frequency of operation. For THz MPRWGs, the
minimum printable feature size and relative surface rough-
ness are critical parameters for achieving single-mode oper-
ation and high performance, respectively.

In this section, based on the different generic 3-D print-
ing technologies, a review of exemplars for THz applications
will be given.

B. Fused Deposition Modeling (FDM)

FDM printing selectively deposits an extruded thermoplas-
tic, representing a relatively inexpensive process and an ideal
entry-level technology. However, FDM provides the lowest spa-
tial resolution 3-D printing method, with build layer heights from
50 to 500 pim; resolution is limited (typically to 100 m) by noz-
zle size [22]. Moreover, with common materials, it is a relatively
slow printing process when compared with other 3-D printing
methods such as Polyjet. Furthermore, material shrinkage must
be taken into account. Because of limitations in spatial resolu-
tion, at present, there are few FDM examples of THz components
that can be reported. One exception was recently reported by
Busch et al. at the Universitit Marburg (Marburg, Germany)
[25]. They studied the absorption coefficient and refractive index
properties of seven thermoplastics: acrylonitrile butadiene sty-
rene (ABS), polylactic acid (PLA), nylon, Bendlay, high-density
polyethylene (HDPE), polypropylene (PP), and polystyrene. As
seen in Fig. 1(a), HDPE and PP have the lowest losses. Unfor-
tunately, neither one is suitable for FDM printing, as both are
very soft and their temperature coefficient of expansion is high.
However, the relatively low loss properties of polystyrene were
used to demonstrate collimating lenses, having focal lengths of
55 and 90 mm, between 205 and 527 GHz, as shown in Fig. 1(b).
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Fig. 1. FDM-printed THz technologies: (a) material properties; and
(b) measured spot sizes for two collimating polystyrene lenses [25].
Springer, reprinted with permission.

In addition, holographic lenses have been demonstrated for
imaging at 0.3 THz [26].

A woodpile electromagnetic bandgap structure was dem-
onstrated by Lee et al. at Queen Mary, University of London
(London, U.K.). This ceramic paste extrusion process is used to
form the woodpile that is then heated for debinding and sinter-
ing. The measured results show a bandgap of 90-105 GHz [27].

C. Stereolithographic Apparatus (SLA)

SLA printers use an ultraviolet (UV) curable resin that is
exposed with a specific pattern for each print layer, defined
either by a laser beam above or a projector below the build
plane. This process can achieve much greater resolution, when
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compared to FDM, as SLA is limited by the small spot size of
the laser or spatial resolution of the projector. It is expected
that with future development, micrometer-level accuracy can
be achieved that is commensurate with micromachining and
microelectromechanical system (MEMS) technologies [28].

At the lower end of the THz spectrum, an MPRWG
was demonstrated by Timbie et al. at the University of
Wisconsin (Madison, WI, USA), with a 0.3-dB insertion
loss at W-band [29]. Furthermore, a split-block MPRWG
has been developed by Imperial College London (London,
U.K.), seen in Fig. 2(a) [22]. A worst case return loss of ~21
dB and a dissipative attenuation of 11 dB/m at 110 GHz was
measured at the U.K. National Physical Laboratory (NPL).
This performance is comparable to a copper machined
MPRWG having a worst case return loss of ~36 dB and a
dissipative attenuation of 10 dB/m at 110 GHz, seen in
Fig. 2(b) and (c), respectively. The same technology was
then used to demonstrate a sixth-order Chebyshev inductive
iris bandpass filter, shown in Fig. 2(d), having a center fre-
quency f, = 107.2 GHz and 3-dB bandwidth Af = 6.8 GHz
seen in Fig. 2(e). Here, a center-frequency insertion loss of
only —20logyg|S21(f,)| = 0.95 dB was measured at NPL,
demonstrating an associated unloaded quality factor of 152.

The private company SWISSto12, a spin-off of the Swiss Fed-
eral Institute of Technology Lausanne (EPFL, Lausanne, Switzer-
land), 3-D-printed metal coated plastic (MCP) waveguides and
diagonal pyramidal horn antennas [30]-[32]. Examples include
WR-3.4 band (220-330 GHz) MPRWGs and associated pyram-
idal horn antenna, shown in Fig. 3; the former exhibits a mini-
mum dissipative attenuation of 12 dB/m at ca. 280 GHz. These
waveguides are first printed with a 25-um layer height and then
mechanically and chemically finished, before being electroless
plated with copper and flash coated in gold. In addition, WR-5.1
band (140-220 GHz) straight and S-bend MPRWG sections
are being marketed by SWISStol12 for use in applications such
as on-wafer probing.

D. Polymer Jetting

Polyjet printing provides state-of-the-art resolution in
the 3-D printing of plastics. It involves the jetting of pho-
topolymers from multiple nozzles to form each layer of the
print. The photopolymer is immediately UV cured by the
print head.

THz applications of this technology were demonstrated
at the University of Arizona (Tucson, AZ, USA) by Wu et al.
[33], [34]. They initially developed a hollow electromagnetic
bandgap waveguide formed from a triangular lattice of cylin-
drical air holes within a 3-D-printed lattice structure. A wave-
guide defect was added by removal of plastic from the inner
core, as seen in Fig. 4(a). At 105 GHz, a dissipative attenu-
ation of 30 dB/m was measured [33]. Using the same tech-
nology, a 146-GHz horn antenna was demonstrated [34]. The
antenna has a measured 10 half-power beamwidth and first
sidelobe suppression of 20 dB at 146 GHz. More recently, in
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Fig. 2. SLA-printed THz MPRWG [22]: (a) assembled split-block thu
line; (b) measured thu-line dissipative attenuation comparison with
conventional machined waveguide; (c) measured thu-line return loss
comparison with conventional machined waveguide; (d) one half of
a split-block sixth-order chebyshev inductive iris bandpass filter;
and (e) measured and resimulated responses of the filter in (d). The
loaded and unloaded quality factors Q; (f,) and Q,(/,), respectively, of
the filter are indicated. IEEE, reprinted with permission.
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Fig. 3. SLA-printed SWISSto12 WR-3.4 band MCP waveguide
technology [32]: thru line (left), pyramidal horn antenna (center)
and 90 bend (right). SWISSto12, reprinted with permission.

2014, the same team demonstrated high gain dielectric reflect
arrays at 100 GHz [35]. Qu et al. at the University of Elec-
tronic Science and Technology of China (UESTC, Chengdu,
China), using the same technology, has demonstrated a high
gain lens antenna operating at 275 GHz [36].

E. Selective Laser Sintering/Melting

The previous technologies generally print polymer materi-
als, which may then require subsequent metallization. Different
approaches for plating include: 1) evaporation deposition; 2)
sputter coating; 3) electroless plating; or 4) silver dip coating.
In contrast, with SLS/SLM, components are printed directly in
metal (e.g., copper). Similarly to SLA printing, the part is defined
by a laser pattern of light that either sinters or melts metal parti-
cles together. The component is built up on a platform that low-
ers; after each layer is built, a new layer of metal powder is rolled
over the surface and the process is repeated. The resolution of
these prints is ultimately defined by the metal particle size.

The Catholic University of Leuven (Leuven, Belgium),
Caekenberghe et al. demonstrated a W-band 50-mm-long
SLM MPRWG made from a Ti-6Al-4V alloy. Measured
results demonstrate a loss of 29 dB/m at 110 GHz [37].

At Chalmers University (Chalmers, Sweden), Zhang
et al. [38] demonstrated D-band (110-170 GHz) and H-band
(220-325 GHz) MPRWGs, made from a CuSn;5 powder having
a particle size of <20 ym. The waveguides are printed in a sin-
gle piece (i.e., not as a split block, normally associated with pol-
ymer-based 3-D printing of THz MPRWGs, as additional metal
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Fig. 4. Polyjet-printed electromagnetic crystal (EMXT)
components: (a) 105-GHz waveguide [33]; and (b) 146-GHz horn
antenna [34]. IEEE, reprinted with permission.
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Fig. 5. SLM-printed THz MPRWGs after postprocessing, with
views of the flange (left) and close-up views of the rectangular
waveguides aperture (right) [38]: (a) D-band; and (b) H-band.
IEEE, reprinted with permission.

plating was not needed). However, significant postprocessing
of the components was still required; alignment holes and
screw threads were drilled in and the flanges were made smooth
by milling, not required with the previous polymer-based 3-D
printing exemplars. Here, milling of the flange was required
due to the print finish having a significant surface roughness
of ~6 fim. Within the waveguide, the components are cleaned
to ensure there is no powder remaining, but no internal polish-
ing is undertaken. Images of the final flanges, with close-up
views of the rectangular waveguides aperture, for the D-band
and H-band MPRWGs can be seen in Fig. 5(a) and (b), respec-
tively. A dissipative attenuation of 19 and 94 dB/m is reported
for the D-band and H-band MPRWGs, respectively.

Using the same technology, conical horn antennas were
demonstrated, operating in the D-band and H-band, with
gains of 22.0 and 21.5 dBi, respectively, having a return loss
of more than 20 dB across the bands [39]. An additional
step of postprocessing was used on the horns to polish the
internal surfaces. The micromachined process (MMP) uses
abrasive particles contained within a high-pressure fluid to

Fig. 6. SLM-printed THz conical horn antennas with MPRWG flanges
after postprocessing: D-band (top) and H-band (bottom) [39]. IEEE,
reprinted with permission.
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reduce the internal surface roughness of the print, from 6
down to 0.25 ym. This brings a significant performance gain
for SLM-printed THz components, but increases the manu-
facture time and doubles the cost of manufacture.

F. Surface Roughness Limitations for THz Applications

Tischer [40], [41] and Huang et al. [42] demonstrated
through measurements and simulations, respectively, how sur-
face properties adversely affect performance at THz frequen-
cies. Surface roughness will increase insertion loss significantly,
due to the increase in the effective surface resistance of the
internal waveguide walls. High grade commercial coin silver
waveguides exhibit a 5%-15% increase in attenuation, when
compared to theoretical values of coined silver for a perfectly
smooth waveguide up to 200 GHz. Moreover, it has been shown
experimentally that an internal surface roughness of 1 fim can
increase the surface resistance by up to 30%, when compared
to a highly polished waveguide. In addition, the presence of sur-
face roughness increases the waveguide's cutoff frequency.

Examples of surface roughness for the three polymer-based
3-D printing technologies are shown in Fig. 7. Scalloping in the
direction of build can be clearly seen with the FDM sample in
Fig. 7(a). This gives a peak surface roughness of 13 fim in the
direction of build [22], limiting this technology to microwave
frequencies when creating MPRWG-based structures. The
SLA sample in Fig. 7(b) has a peak surface roughness of +3 um,
making it suitable for applications up to the lower THz range
[22]. However, it should be noted, by observing the added
white demarcation line (between the internal sidewall and
base of the waveguide), that there are significant deviations
from a straight sidewall, potentially reducing the maximum
frequency of operation. A Polyjet sample is shown in Fig.7(c).
It can be seen that there is less deviation from the ideal straight
sidewall and a significantly smoother surface finish.

The sample in Fig. 7(c) represents the first reported
3-D-printed THz MPRWG to cover the WR-2.2 band
(325-500 GHz). Preliminary measurements for this
nonoptimized Polyjet exemplar give an average insertion
loss of 11 dB for a 25-mm thru line. This high insertion loss
is due to the significant surface roughness. While excessive,
the poor insertion loss performance is not inherent to Pol-
yjet printing; next-generation printers and their associated
materials will result in much lower levels of surface rough-
ness, which will dramatically improve component perfor-
mance and push up the THz frequency of operation.

Finally, SLS/SLM printing suffers from more significant
surface roughness. This is seen in Fig. 7(d) and (f), where
nylon, alumide, and polyamide prints are shown, respec-
tively. Surface roughness is apparent, with measured par-
ticulate sizes of ~30 pm with both alumide and polyamide,
making them unsuitable for THz applications. Zhang et al.
have demonstrated that with suitable polishing (mechani-
cally and/or chemically) a surface roughness of 0.25 fm can
be achieved [39]. A comparison of dissipative attenuation for
THz MPRWGs, manufactured using (micro)machining and
3-D printing technologies is shown in Table 1.
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Fig. 7. Scanning electron micrographs for polymer-based 3-D-printed MPRWGs: (a) FDM X-band (8-12 GHz); (b) SLA W-band (75-110 GHz);
(c) Polyjet WR-2.2 (325-500 GHz); (d) SLS nylon WR-2.2; (e) SLS Alumide WR 2-2; and (f) SLS polyamide WR-2.2. These images show the
internal waveguide walls; the dashed white demarcation lines are added to indicate the corner between the sidewall and base of the

rectangular waveguides.

III. TUNABLE THZ COMPONENTS

Tunable front-end components are critical for optimized sys-
tems level performance. Of fundamental importance are: 1)
amplitude control, via a variable attenuator; 2) phase control,
via a phase shifter; and 3) combined amplitude-phase control,
via a vector modulator. These components find applications
in high-performance communications, radar, and measure-
ment systems; for example, in the beam forming networks of
phased-array antennas, power amplifier linearizers or at-car-
rier frequency modulators. However, implementing variable
attenuators, phase shifters, and vector modulators becomes
more technologically challenging and expensive as frequency
increases. Indeed, there are few examples of ultrabroadband
solutions that operate at THz frequencies.

At the lower end of the THz band, Imperial College
London demonstrated an optically controlled photonic
crystal variable attenuator [47]. By controlling the photo-
generation of electron-hole pairs, within high-resistivity
silicon (HRS), the authors demonstrated a dynamic
range >45 dB over the 92-102-GHz bandwidth. At 110
GHz, McPherson et al. [48] demonstrated an electroni-
cally tunable monolithic microwave integrated circuit
(MMIC) in-phase/quadrature-phase (IQ) vector modula-
tor, demonstrating 64-quaternary amplitude modulation
(64-QAM) digital modulation directly at the carrier fre-
quency, intended for implementing miniature software-
controlled transmitters. Recently, a 275-GHz MMIC phase
shifter was reported by Quan et al. [49], demonstrating a
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Table 1 comparison of Published THz MPRWG Measured Attenuation Performances

Waveguide Frequency Manufacturing Split Waveguide Attenuation Ref
Band (GHz) Technology Block Filler dB/m dB/A,

WR-10 100 Bulk micromachined Yes Air - 0.05 [39]
WR-10 105 Surface micromachined No Polyimide 8,660 44 [40, 41]
WR-10 75-110 CNC machined Yes Air 4 - [42]
WR-10 75-110 Surface micromachined Yes Air - 0.5 [20]
WR-10 110 Machined No Air 10 0.032 -
WR-10 110 3D printed (SLA) Yes Air 11 0.036 [22]
WR-06 110-170 3D printed (SLM) No Air 18.96 - [34]
WR-06 110-170 Commercial No Air 9.67 - [34]
WR-03 220-325 3D printed (SLM) No Air 93.82 - [34]
WR-03 220-325 Commercial No Air 84.09 - [34]
WR-3.4 280 3D printed No Air 12 - [29, 30]
WR-2.2 325-500 3D printed (Polyjet) Yes Air 440 - This Work
WR-1.5 500-750 Bulk micromachined Yes Air 80 - [19]

360° phase shifter with 13-dB insertion loss over the 240—
310-GHz frequency range. These MMIC solutions inher-
ently suffer from high insertion loss and limited power
handling capability [50], which may be critical factors for
some applications. Commercially available THz control
components (e.g., from Flann microwave [51]) are gener-
ally limited to mechanically tunable machined MPRWGs.
Examples include variable attenuations operating at up to
500 GHz, having 30 dB of dynamic range, and 360° phase
shifters operating at up to 330 GHz [51]. A hybrid approach,
which combines MEMS and machined MPRWG technolo-
gies, has demonstrated a high-performance 500-550-GHz
reconfigurable phase shifter, having only 3 dB of insertion
loss, while avoiding mechanical tuning [52].

With the advantages that 3-D printing has to offer, Impe-
rial College London has been investigating two different
proof-of-principle tunable front-end component technolo-
gies: under mechanical and optical control. With the former,
the first fully 3-D-printed tunable variable phase shifter was
demonstrated by Gillatt et al. [53]. With this X-band exem-
plar, an FDM-printed dielectric-flap MPRWG phase shifter
measured 142° of relative phase shift at 10 GHz. With the
latter, an MPRWG vector modulator will be reported here,
for the first time, with its hybrid module design and prelimi-
nary experimental measured results presented in the next
section.

IV. HYBRID 3-D-PRINTED THZ IQ
VECTOR MODULATOR

Combining semiconductor devices with potentially low-
cost, high-performance passive guided-wave structures,
to create at-carrier frequency control components, may
prove to be an ideal solution for implementing affordable
transceivers in future ubiquitous THz applications. To this
end, this section presents a hybrid 3-D-printed IQ vector
modulator.

The generic block diagram for the proposed IQ vector
modulator is shown in Fig. 8. A 3-dB power divider equally
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splits the input signal power into two channels. In each
channel, there is an optically controlled variable attenu-
ator, implemented with an implanted slab of HRS. The
Q-channel has an HRS slab that is 80 m longer than the
one in the I-channel, to provide an additional 90° of elec-
trical delay at the design frequency of 411 GHz (midband
for WR-2.2). Both channels have independent optical con-
trol of the photo-generation of electron-hole pairs within
their slab of HRS. The I and Q channel signals are then
combined with an identical 3-dB power combiner. Provid-
ing independent control of the I and Q channels allows for
the generation of potentially arbitrary IQ vectors within
one quadrant. From this quadrant, selected vectors will
provide the desired static constellation (e.g., for M-QAM
signaling).

Fig. 9(a) shows the ANSYS high-frequency structure
simulator (HFSS) electromagnetic model of the vector mod-
ulator design. The IQ vector modulator employs air-filled
WR-2.2 MPRWGs, having an internal cross section of 560 im
x 280 um. Fig. 9(b) illustrates the complete hybrid module
assembly, showing the implanted HRS slab, integrated pack-
aged laser diodes and heat sink.

It was found that the 3-dB power couplers can oper-
ate with an almost equal power split across the entire
325-500-GHz band. The I and Q channels are of equal
physical length, having a spatial separation defined by the
size of the laser diodes (which provide the optical control
for the variable attenuators) housed in the upper split-

block part.
3dB 90° Phase Variable 3dB
Coupler Delay Attenuator Coupler
oS 90°
Port 1 & Port 2
. <
/y‘.,,%/

Fig. 8. Generic 1Q vector modulator block diagram.
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Fig. 9. Design of the THz vector modulator: (a) HFSS model showing
the MPRWG structures (yellow) with HRS implants (gray); and (b)
cross-sectional illustration of the complete hybrid module assembly.

With implanted HRS slabs, simulations show that the
loaded-MPRWG sections give an additional electrical delay
of 0.89°/um and 1.35°/um at 325 and 500 GHz, respec-
tively. When illuminated by the laser, the photo-generation
of electron-hole pairs increases the conductivity of the
exposed volume of HRS, thus, increasing the materials effec-
tive loss tangent, which in turn attenuates the THz electro-
magnetic wave as it propagates through this region. By con-
trolling the level of constant current source supplying the
laser [54], the level of incident power on the HRS can be
varied, realizing an optically controlled variable attenuator.

For variable attenuation, the near-infrared (NIR) illumina-
tion source [laser diode or light-emitting diode (LED)] needs
to have a free-space wavelength A< he/ Eg, where h is Planck’s
constant, c is the speed of light in vacuum, and E; = 1.1 eV
is the bandgap energy of silicon; giving A = 1.1 um for HRS
[51]. Therefore, a pair of Thorlabs LD830-ME2W, 830-nm 2-W
lasers [54] were chosen to provide ample illumination for the
1Q vector modulator. It has been shown by Zhou and Lucyszyn
[55] that a longer wavelength moves the conductivity peek
deeper within the HRS slab, requiring less laser power.

The results from full-wave electromagnetic simulations
of all the waveguide components (using HFSS) were com-
bined with idealized variable attenuation blocks (in AWR

Microwave Office). This systems-level modeling was then
used to predict the raw static constellation. The results at
420 GHz are shown in Fig. 10, with independently con-
trolled attenuators swept between 0 and 20 dB.

The waveguide was realized as asplit-block structure toallow
easy insertion of the silicon slabs. The structure was 25 mm
x 30 mm x 18.5 mm with integrated flanges and recesses to
align the NIR laser diodes. It was found that the original SLA-
printed parts suffered from shrinkage and bowing, leading to
misalignments of the various features within both parts of the
split block implementation. Huang et al. have shown that it
is possible to compensate for shrinkage, but significant further
work is required for these complex geometries [56]. For this
reason, Polyjet printing was adopted (using our Stratasys Objet
Connex 350 printer) having no observed shrinkage. To achieve
the maximum spatial resolution, the two print heads were
loaded with the same photopolymer, giving a quoted maximum
resolution of 16 im x 20 gm %20 pm.

The Polyjet-printed parts are encased in a wax-like sup-
port material, which can be seen in Fig. 11(a). This is first
mechanically removed, then cleaned in an ultrasonically
agitated bath of isopropanol and finally polished with grade
3000 sandpaper. These cleaned parts were sputter coated
with 500 nm of copper, which exceeds five skin depths at the
lowest frequency of operation, minimizing conductor loss. A
30-nm-thick flash coating of gold was then sputtered on top
to mitigate against copper oxidation. In order to avoid reach-
ing the glass temperature of the polymer, multiple sputter
coatings had to be undertaken, within short durations, and
with time in-between for cooling. Sputtering was applied to
both sides of the printed parts. The upper part, housing the

Fig. 10. Predicted IQ vector modulator raw static constellation
at 420 GHz.
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Fig. 11. Hybrid 3-D-printed THz IQ vector modulator module:

(a) Polyjet-printed parts, encased in the wax-like support material;
(b) after cleaning and plating; and (c) closeup view of the
100-/m-wide HRS slab, having a straight section of either 2.00 or
2.08 mm and 1.16-mm-long tapers at each end; each transverse fin is
20 um wide and reaches out to 230 um.

packaged laser diodes, was then finished with laser machin-
ing of two sets of three 100-um diameter holes, needed to
illuminate the HRS slabs with the incident NIR beams but
with minimal THz signal leakage. The final parts are shown
in Fig. 11(b). Lips and alignment marks can be seen where
the laser diodes sit within the upper part; this is to ensure
that the elliptical beam of the laser is in the center of the
recess and perfectly aligned above the implanted HRS slabs.

The silicon implants were manufactured from a
525-pum-thick, 100-mm diameter HRS wafer (having a resis-
tivity >10 k/€2.cm). First, the wafer is thinned to 270 um,
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using an isotropic plasma etch. A backing wafer was temporar-
ily applied to support the thinned wafer onto which a 10-ym-
thick layer of AZ9269 photoresist was spun. The pattern of
the slabs was transferred using standard photolithography
[28]. The thinned wafer was then etched through completely
and separated using acetone and Shipley Microposit remover
1165. The finished slabs were then secured within their
respective MPRWG channel, as seen in Fig. 11(c).

S-parameter measurements were carried out using a
Rohde and Schwarz ZVA vector network analyzer and a
pair of Z-500 WR-2.2 downconverter test heads. Reference
planes at the flanges were defined across the full waveguide
band, by use of the recommended Thru, Offset short, Short
and Match (TOSM) calibration algorithm. The fully assem-
bled hybrid 3-D-printed THz IQ vector modulator was then
clamped between the WR-2.2 measurement test heads, as
shown in Fig. 12, using a pair (on each flange) of precision
steel alignment pins (defined by the associated waveguide
flange standard). Note that an additional copper heat sink
is located at the top of the module to cool down the lasers.

The measured S-parameters of the IQ vector modulator,
without and with (no optical illumination) the implanted
HRS slabs, is shown in Fig. 13. With silicon implanted,
there is a slight degradation in the input return loss, as one
would expect. However, the insertion loss improved. This is
because more of the energy is concentrated within the low
loss silicon, away from the high surface resistance sidewalls.
An operating frequency of 500 GHz was chosen. At this
frequency, as seen in Fig. 13, the return loss and the insertion
loss are both near their optimal values (around 20 dB).

From these measurements, the power of each laser was
independently swept from the lasers turn-on current of
0.7-1.1 A, in course steps of 100 mA, resulting in a raw static
constellation having only 25 vectors, shown in Fig. 14. From a
raw static constellation, it is standard practice with nonideal
IQ vector modulators to pick out the closest vectors to the
symbol locations within the target constellation [44], mini-
mizing the error vector magnitude (EVM); the associated set

Fig. 12. Measurement setup for the fully assembled hybrid
3-D-printed THz IQ vector modulator module.
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Fig. 13. S-parameter measurements of the experimental proof-
of-principle THz vector modulator, without and with (no optical
illumination) the implanted HRS slabs.

of unique bias points can then be stored in a lookup table, for
retrieval during operation. In the same way, a 4-QAM constel-
lation can be created, seen with the colored markers in Fig.
14. Obviously, smaller steps in the biasing of both lasers will
result in many more vectors to choose from, leading to lower
values of EVM and/or higher levels of M-QAM.
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Fig. 14. Preliminary S-parameter measurements of the
experimental proof-of-principle THz vector modulator at 500

GHz. The raw static constellation has 25 unique vectors. A 4-QAM
constellation is created by selecting the four vectors having colored
markers (with associated laser bias currents given in the key).

V. CONCLUSION

Three-dimensional printing for THz applications is still in
its infancy. However, with the rapid pace of developments
in all aspects of additive manufacturing technology (e.g.,
3-D printing concepts, mechanical precision and material
science), all indicators point to a positive spiral of advance-
ment that will lead to ever-greater levels of performance and
lower costs.

As a brief summary, for THz applications, it has been
shown that: 1) FDM suffers from poor print resolution; 2)
SLA has issues of shrinkage and bowing, which may be com-
pensated for with full characterization from a stable process;
3) PolyJet currently provides the best solution; and 4) SLS/
SLM has large surface roughness and requires costly post-
processing.

Furthermore, a hybrid approach that combines semi-
conductor devices with 3-D-printed passive components
represents a paradigm shift, which may prove to be an
ideal solution for implementing affordable transceivers
in future ubiquitous THz applications. With this in mind,
the proof of principle for an experimental THz IQ vec-
tor modulator has been demonstrated and reported here
for the first time. While only preliminary measurements
have been given, it is clear that these measurements rep-
resent the current state of the art, in terms of both upper
frequency limit (500 GHz) for 3-D-printed MPRWGs
and functionality (optically tunable front-end control
component), from which future implementations can be
compared. Indeed, at the current rate of advancement in
additive manufacturing, the authors predict that high-
performance tunable front-end control components (and
indeed other circuits, such as detector, mixers, amplifi-
ers, oscillators, etc.) will be demonstrated above 1 THz
within the next five years. |
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