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ABSTRACT This paper demonstrates the current state-of-the-art in low-cost, low loss ruggedized
polymer-based 3-D printed G-band (140 to 220 GHz) metal-pipe rectangular waveguide (MPRWG)
components. From a unique and exhaustive up-to-date literature review, the main limitations for G-band
split-block MPRWGs are identified as electromagnetic (EM) radiation leakage, assembly part alignment
and manufacturing accuracy. To mitigate against leakage and misalignment, we investigate a ‘trough-and-
lid” split-block solution. This approach is successfully employed in proof-of-concept thru lines, and in
the first polymer-based 3-D printed 90° twist and symmetrical diaphragm inductive iris-coupled bandpass
filters (BPFs) operating above 110 GHz. An inexpensive desktop masked stereolithography apparatus 3-D
printer and a commercial copper electroplating service are used. Surface roughness losses are calculated
and applied to EM (re-)simulations, using two modifications of the Hemispherical model. The 7.4 mm thru
line exhibits a measured average dissipative attenuation of only 12.7 dB/m, with rectangular-to-trapezoidal
cross-sectional distortion being the main contributor to loss. The 90° twist exhibits commensurate measured
performance to its commercial counterpart, despite the much lower manufacturing costs. A detailed time-
domain reflectometry analysis of flange quality for the thru lines and 90° twists has also been included.
Finally, a new systematic iris corner rounding compensation technique, to correct passband frequency down-
shifting is applied to two BPFs. Here, the 175 GHz exemplar exhibits only 0.5% center frequency up-shifting.
The trough-and-lid assembly is now a viable solution for new upper-mm-wave MPRWG components. With
this technology becoming less expensive and more accurate, higher frequencies and/or more demanding
specifications can be implemented.

INDEX TERMS Additive manufacturing, 3-D printing, millimeter-wave, G-band, WR-5, rectangular
waveguide, 90° twist, TDR, butterworth filter, surface roughness.

I. INTRODUCTION

3-D printing, one form of additive manufacturing, is rapidly
gaining popularity for rapid prototyping and small-batch
manufacturing of bespoke passive microwave, millimeter
(mm)-wave and terahertz (THz) components. When com-
pared with formative and subtractive manufacturing (collec-
tively referred to here as machining technologies), in general,
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it offers the potential for weight reduction, minimal waste,
the ability to manufacture more geometrically complex
structures, fast turnaround and significant cost savings.
Polymer-based 3-D printing enables further mass reduction
and cost savings when compared with metal-based 3-D
printing, but fabricated parts have poorer structural rigidity
and non-conductive surfaces. Therefore, ruggedization in the
design phase and metalization in the manufacturing phase
are necessary. Nevertheless, polymer-based 3-D printing has
greater potential for aerospace applications, where mass
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reduction is critical. To this end, Imperial College London
(ICL) recently demonstrated a fully polymer-based 3-D
printed G-band (140 to 220 GHz) integrated front-end
subsystem [1], based on the design of a passive microwave
radiometer. This work combines quasi-optical [2] and metal-
pipe rectangular waveguide (MPRWG) components [3].

When compared to transmission lines (e.g., microstrip
or coplanar waveguide)) MPRWGs exhibit much lower
dissipative attenuation (due to ohmic losses), having infinite
isolation and a much higher power handling capacity, making
them essential for applications that require high sensitivity
(e.g., radiometry, communications and radar) or high output
power (e.g., communications and radar). Commercially
machined waveguides are typically manufactured either by
drawing through a rectangular die (formative), computer-
ized numerically controlled (CNC) milling (subtractive) or
electronic discharge machining (EDM) with spark erosion
(subtractive). As a result, commercially made MPRWGs
are typically slow and expensive to fabricate, and are
significantly heavier than transmission lines. Manufacturing
costs are exacerbated at upper-millimeter-wave frequencies
(ca. 100 GHz to 300 GHz), as smaller apertures and internal
features require greater mechanical accuracy.

Polymer-based 3-D printing represents a promising alter-
native. For example, the authors have previously reported a
number of MPRWG components operating up to 1.1 THz
[4], [5], [6], [7], [8]. In general, above D-band (110
to 170 GHz), high-cost printing has been required, often
with custom-developed metal plating techniques, which
substantially reduces cost savings. Furthermore, little has
been reported on polymer-based 3-D printing of MPRWG
components with added functionality (e.g., twisting or
filtering) above W-band (75 to 110 GHz). This paper
investigates the design, fabrication and measurement of low-
cost G-band MPRWG components.

In Section II, a unique and exhaustive up-to-date literature
review is undertaken for 3-D printed thru lines above 75 GHz,
90° twists above 8 GHz and BPFs above 75 GHz. To the best
of our knowledge, all metal- and polymer-based exemplars
have been included, giving valuable insight into the main
design challenges for each component type.

In Section III, a new MPRWG design that can be
manufactured using an ultra-low-cost desktop masked stere-
olithography apparatus (MSLA) printer and a commercial
copper electroplating service is presented. This manufactur-
ing process, which is normally associated with applications
below 110 GHz, is extended to 220 GHz by introducing
a ‘trough-and-lid’ assembly. Here, a split-block design
is employed, where waveguides are manufactured in two
separate parts and later assembled, using an unorthodox
H-plane a-edge split and lips that extend beyond the
sidewalls to connect with the upper wall. A good elec-
trical/electromagnetic (EM) seal is formed between the
bottom and top parts of the MPRWG, to mitigate against
gap formation and, thus, electromagnetic radiation leakage.
This solution was used here to manufacture thru lines, 90°
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twists and symmetrical diaphragm inductive iris-coupled
Butterworth BPFs, all exhibiting relatively low loss (i.e.,
comparable dissipative attenuation to commercial-off-the-
shelf (COTS) components).

Successful BPF design also requires consideration of
the manufacturing accuracy limitations associated with
MSLA printing. For correcting the passband down-shifting
effects of iris corner rounding (ICR), a unique systematic
compensation technique is applied to the designs of two
5t order Butterworth BPFs, with design center frequencies
of 155 GHz and 175 GHz. We previously applied this
technique to transverse-offset inductive iris BPFs, but without
any introduction or discussion [1]. This new compensation
technique is different to the quantization predistortion that
we recently applied to BPFs at G-band [9]. Our low-loss
trough-and-lid assembly solution, discussed here, was also
employed in our previous D-band [10] and G-band MPRWG
demonstrators [1], [9], but again without any introduction or
discussion.

In Section IV, the fabrication procedure is given, including
analysis of the 3-D printed component cost savings. Our
outsourcing plating costs are high, when compared to the
3-D printing, but the overall cost is still low. In Section V,
conductor surface roughness is investigated to account
for excess insertion loss. Finally, measurement results are
discussed in Section VI. This includes a detailed time-domain
reflectometry (TDR) analysis for the thru lines and 90° twists.

In summary, this paper presents a unique literature review
of (sub-)THz 3-D printed thru lines, twists and BPFs. Our 3-D
printed trough-and-lid assembly is introduced and discussed
in detail. This paper also demonstrates the first polymer-
based 3-D printed MPRWG 90° twists and symmetrical
diaphragm inductive iris-coupled BPFs operating above
110 GHz, highlighting the potential for the trough-and-lid
assembly with upper-mm-wave MPRWGs. Also, for the first
time, a systematic ICR compensation technique is introduced.
A detailed TDR analysis is included in the characterization of
the thru lines and twists; the first instance of its application
with 3-D printed MPRWGs.

II. LITERATURE REVIEW

A. THRU LINES

Thru lines are defined here as straight sections of waveguide,
used as interconnects between two other components. They
are the simplest MPRWG structure, representing a useful
benchmark for assessing performance. Upper- and sub-
millimeter-wave (300 GHz to 3 THz) COTS waveguides are
generally precision-machined with two split-block parts that
are joined using brazing techniques.

From an exhaustive search, 16 examples of 3-D printed
thru lines operating above 75 GHz were found in the open
literature; all references published since 2015. A summary
is given in Table 1, where oj, and RL refer to the
respective average dissipative attenuation per unit length
and worst-case return loss across its waveguide band.
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The former enables a direct comparison between thru lines
with the same waveguide band, and is discussed further in
Section VI. In addition, nine COTS thru lines are included,
for comparison.

The submillimeter seamless (single-block) waveguide
product range from Flann Microwave Ltd. includes low loss
COTS thru line components operating up to 1.1 THz [11].
The nominal insertion loss, measured at the lower band-
edge frequency fr, is shown in Table 1. Either copper or
nickel is electroformed (formative) to create the MPRWG,
having a quoted internal mean profile surface roughness
of R, < 0.2 um. The performance is commensu-
rate with commercially machined waveguides having a
split-block construction [11]. Further analysis is given
in Section V.

Single-block metal-based 3-D printed thru lines have been
demonstrated at D-band and J-band (220 to 325 GHz) by
Zhang and Zirath, using selective laser melting (SLM) [12].
No additional plating was required, as the SLM printer uses
a copper alloy powder. The reported measured o, values
are 19 dB/m and 121 dB/m for 50 mm long thru lines at
D- and J-bands, respectively; these are 10 dB/m and 88 dB/m
for their respective COTS counterparts [12].

The difference in al’), between those from metal-based
3-D printed and COTS thru lines, can be attributed to
ohmic losses, principally due to poor intrinsic bulk DC
conductivity of the metal alloy powders, and high surface
roughness. Also, due to the high costs associated with metal-
based 3-D printers, fabrication may employ outsourcing
services.

Polymer-based 3-D printing has been shown to produce
low loss (sub-)THz thru lines, as demonstrated by von
Bieren et al. at J-band, using a single-block design [18].
Fabrication was undertaken using a high-resolution stere-
olithographic apparatus (SLA) printer, providing dimensional
accuracy to within only =10 pum, followed by their custom-
developed copper plating process. The measured o}, is only
13 dB/m; an order of magnitude improvement (in dB/m) over
the previous metal-based exemplar [12].

The authors previously demonstrated polymer-based 3-D
printed thru lines above G-band, using two different high-
cost manufacturing techniques. First, single-block 500 to
750 GHz (WM-380) and 750 GHz to 1.1 THz (WM-250)
exemplars were fabricated using the University of Tokyo’s
experimental ultra-high-resolution RECILS 3-D printer [20]
and a commercial electroless plating process [8]. With the
former the mid-band o7, is 240 dB/m, which is significantly
poorer than the COTS counterpart, having 65 dB/m. Second,
a 325 to 500 GHz split-block thru line was fabricated
by outsourcing high-resolution polymer-jet (Polyjet) 3-D
printing, with 500 nm thick copper sputter coating; the
average a7, is 440 dB/m. Radiation leakage from the split is
believed to be the major loss mechanism. This is caused by
a break in the transverse current path, due to a physical gap
between assembled parts. Neither of these exemplars can be
considered low loss MPRWG components.
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An example of low-cost manufacturing (i.e., with total
manufacturing costs being low in comparison to the retail
costs of typical COTS counterparts) uses a desktop polymer-
based SLA printer and a simple silver-copper electroless
plating process [16], [21]. This was used to produce a D-band
single-block 25.4 mm long thru line [15], with an average
measured «}, of 26 dB/m (comparable to a COTS thru line).

Until now, at G-band, the authors reported the only
previous example of a low-cost 3-D printed thru line,
employing a traditional symmetrical E-plane split-block
design and a desktop SLA printer [3]. This first attempt
demonstrated a high o, of 59 dB/m, due to radiation leakage
from the split. It will be shown in this paper that low loss
can be achieved with our unconventional H-plane split-block
design and a low-cost MSLA printer.

B. 90° TWISTS

A MPRWG connection between orthogonally polarized
waveguide ports can be provided by a physical rotation
of 90°. At upper-millimeter-wave frequencies, commercial
twists are normally realized by forced mechanical rotation of
a straight MPRWG thru line about its longitudinal axis [22],
resulting in a smooth transition. This may cause internal
physical defects and poor structural rigidity; the end result
being even more expensive than the original thru line.

Alternatively, 90° twists can also be manufactured through
precision-machining, by using novel designs. Examples
include a stepped rotation twist at W-band [23], shaped
channel transition at J-band [24] and a rectangular-square-
rectangular transition at WM-380 [25]. However, their
multiple wave impedance discontinuities, which are inherent
with these full waveguide band transitions, will result in
a degraded return loss performance and, therefore, higher
insertion loss when compared with smooth transitions.

Smooth transitions can be easily manufactured using
formative and low-cost additive manufacturing. From an
exhaustive literature review, 15 examples of 3-D printed
90° twists were found, operating above 8 GHz. A summary
is given in Table 2; all references published since 2016.
In addition, three COTS 90° twists are included, for
comparison.

Here, IL refers to the average insertion loss for the discrete
twist across the waveguide band. ‘Rotational Smoothness’
refers to the degree of rotation per A,y for smooth twists,
where Ay is the guided wavelength at the lower band-edge
frequency (having the worst-case attenuation), or step length
per Agr for stepped twists. As can be seen for the WR-
10 COTS twists, in Table 2, a lower value of rotational
smoothness gives a better return loss, but at the expense of
a degraded insertion loss.

The majority of the examples are integrated with one or
more functionalities, as a single component or within a multi-
component subsystem. This demonstrates the capability
of 3-D printing for manufacturing complex waveguide
geometries; avoiding the need for inter-stage flange-to-flange
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TABLE 1. Millimeter-wave 3-D printed and COTS thru lines. (*Nominal worst-case insertion loss found at the lower band-edge frequency f; and  COTS

components measured by the authors).

Frequency Range ' Manufacturing Technologies
(GHz) dgf g\’é Length Split-Block ¢ g Year Ref.
[Waveguide Band] (dB/m) (dB)  (mm) Printed/COTS Plating
65-90 SLM
WRL] 7.5 10 50 (CulsSn) None 2016 [12]
43¢ 25t 50 COTS (A]) Au 2022 [13]
55 25 100 Proprictary Cu 7 [14]
No plating
SLA Agand Cu
6.3 17 254 £ an 2017 [15]
electroless
75-110 IS
[WR-10] 8.3 18 100 (AISi1OMg) None 2017 [14]
1 20 60 E-plane SLA 30 pm Cu 2015 4]
symmetrical electroplating
Ag
14.0 21 254 DLP leotaloss 2016 [16]
115 - 100 COTS Au 2023 [11]
110-170 19 20 50 No (CS_LIZ’ISH) None 2016 [12]
[WR-6]
25.6 - 254 SLA Agand Cu 2017 [15]
electroless
9.4t 27t 5038 COTS
9.9t 8t 254 No (Al) Au 2022 (17]
140-220 127 13 7.4 H-plane MSLA 30 pm Cu 2022 This work
[WR-S] 13.7 14 104 a-edge electroplating
17* - 100 No COTS Au 2023 [11]
59 6 50.8 E-plane SLA 20 pm Cu 2018 3]
symmetrical electroplating
Custom-developed
13 - 25 SLA . 2014 [18]
220325 Cu plating
[Wl-{—S] 31 - 100 COTS Au 2023 [11]
SLM
120 12 50 No (Cu-1550) None 2016 [12]
3.6 um Ni, Cu and
e 36 - 254 RECILS e eetolos 2022 [19]
: . -
CWMLST0] 61 100 _ COTS - léu _ 2023 [11]
440 . 25 -planc Polyjet nmusputier 55,5 17
a-edge coating
* -
500750 115 100 COTS : AuA 2023 [11]
[WM-380] 240 7 5 RECILS Hm Ag 2017 8]
No electroplating
* -
7501100 230 100 COTS : AuA 2023 [11]
[WM-250] 1,400 6 5 RECILS HmAg 2017 8]
electroplating

coupling and, therefore, reducing wave impedance mismatch
losses. With all integrated twists, IL and RL measurements
were not available for the discrete component.

Zhang et al. demonstrated the integration of two function-
alities into a single component at Ka-band (26.5 to 40 GHz):
a 90° twist and a 4" order Chebyshev diaphragm inductive
iris-coupled BPF [34]. Fabrication involves SLA printing
and copper electroplating. Measured results show 0.81 dB
average passband insertion loss and 0.36% frequency
down-shifting from the designed BPF center frequency.
Peverini et al. demonstrated the integration of three func-
tionalities into a single component at Ku-band; a 90° twist,
alow-pass filter and a 90° bend [28]. Measured results exhibit
0.12 dB average passband insertion loss and greater than
60 dB stopband rejection.
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With multi-component subsystems, Dimitriadis et al.
demonstrated a fixed Ka-band single-block 2 x 2 conical
horn antenna array, with a waveguide feeding network
consisting of three 3 dB power splitters, two smooth transition
90° twists, two smooth 90° bends and four 90° miter
bends [32], using an SLA printer and electroless copper
plating. Measured results show an antenna gain of 19-23 dBi
across Ka-band.

More recently, the authors demonstrated the first fully 3-D
printed tunable microwave subsystem, consisting of 26 circuit
elements, creating a Ku-band steerable 4-element phased
array antenna [5]. The main MPRWGs were fabricated using
Polyjet and copper electroplating. The subsystem integrated
three 3 dB power splitters, four dielectric-insert tunable phase
shifters, four smooth transition 90° twists and four H-plane

32275



IEEE Access

R. Payapulli et al.: Polymer-Based 3-D Printed 140 to 220 GHz Metal Waveguide Thru Lines, Twist and Filters

TABLE 2. Microwave and millimeter-wave 3-D printed 90° twists operating above 8 GHz. (*measured step Iength/xg,_ and {COTS components were

measured by the authors).

Frequency Range Total ., Rotational Manufacturing Technologies
(GHz) (Idlig) (}flg) Length ¥Wlit Smoothness Integration Split-Block i ) Year Ref.
[Waveguide Band] (mm) P (°/Ag1) Printed/COTS Plating
8-12 Cu
[WR-90] v i Br electroplating 2021 [26]
Power splitter, 90° bends, No SLA 20 pm
) BPFs, horn antenna array Cuand S.n 2019 [27]
12-18 ’ electroplating
[WR-62] Power splitters, 90° bends, phase ~ H-plane . 20 pm Cu
) shifters, horn antenna array symmetrical Polyjet electroplating 2019131
- 63 Smooth 58 90° bend, BPF SLA Cu 2022 28]
15-22 47, 63, 60, 45, o SLM
[WR-51] T 36 90° bend, BPF (AISi10Mg) None 2018 29]
) Orthogonal Mode Transducer MLS 2019 [30]
(OMT) (AlSi10Mg)
. ; 90° bend, OMT, slotted antenna SHmCu g0y
electroless
) Power splitters, 90° bends, Cuclectroless 2017 [32]
26.5-40 horn antenna array SLA
[WR-28] 206 Stepped  0.28* Hpm Cuand 505 33
BPF No Ag electroplatl;lg
11 pm Cu anq
43 38 Ag electroplating 019 [34]
Power splitters, MLS
o turnstile junction, OMT (AISi10Mg) None 2022 [33]
. moo ; Diplexer, OMT DLP Agelectroless 2020 [36]
75-110 0.10+ 25+ 3175 31 COTS Ag - 37
[WR-10] 021 264 42 20 None (Al Au 2022 [38]
MLS
*
021 22 47  Stepped  0.18 (Stainless steel) None 2016 [23]
H-plane 50 pm Cu This
140-220 062 132 3175 18 a-edge MSLA electroplating 2022 work
[WR-5] Smooth None COTS
0.62f 129+ 31.75 18 No (Cu) Au - [39]

sectoral horn antennas. The total measured beam steering
angle is approximately £27° at 15 GHz and 17 GHz.

In summary, polymer-based 3-D printed 90° twists have
already been demonstrated up to 110 GHz. It will be shown
here that a G-band 90° twist can be realized by modifying the
design of a low loss thru line.

C. BANDPASS FILTERS

BPFs with lower insertion loss and narrower fractional band-
widths require suitably high quality (Q-)factor resonators,
which can be implemented using MPRWGs.

At microwave (0.3 to 30 GHz) and lower-millimeter-
wave frequencies (30 to ca. 100 GHz), the associated
linear dimensions (i.e., lengths and widths of both the
cavities and their coupling irises) are significantly larger
than the minimum feature size of most manufacturing
technologies, even with low-cost printers. However, for
a constant bandwidth, higher operational frequency BPFs
require higher loaded Q-factors (Qr ) and smaller dimensions.
Therefore, the range of suitable printer technologies is
further limited. Poor manufacturing accuracy can result in
significant frequency shifting, primarily due to errors in
cavity dimensions. Moreover, significant changes in the
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bandwidth can be found, primarily due to errors in iris
dimensions. In extreme cases, the desired filter response can
be distorted beyond acceptable limits.

As a result, almost all sub-THz (ca. 100 to 300 GHz)
MPRWG BPFs reported in the open literature employ
high-accuracy micromachining technologies, achieving close
agreement with design specifications. Examples include
CNC milling [40] and laser micromachining [41] at W-band,
SU8 micromachining at J-band [42] and deep reactive-ion
etching (DRIE) at WM-250 [43]. A full literature review of
micromachined sub-THz COTS MPRWG BPFs has already
been published [9].

From an exhaustive literature review, 12 examples of
3-D printed BPFs operating above 75 GHz were found.
A summary is given in Table 3; all references published since
2015. Here, fo, BW, and FBW refer to the center frequency,
3 dB bandwidth and fractional bandwidth, respectively.
Note that FBW = BW/fy is based on designed values,
while ‘Measured Q;’ is based on the measured 3 dB
fractional bandwidth. With the exception of our chained-
function BPF [9], all other filters were Chebyshev. In all
cases, TEjo; mode rectangular cavity resonators were
employed, with the majority using symmetrical diaphragm
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inductive irises. Two exceptions use either transverse offset
inductive irises [9] or asymmetrical diaphragm capacitive
irises [44].

Metal-based printing has also been adopted, with different
types of cavity resonator that include: shaped rectangular
and slotted spherical at X-band [45], [46], depressed super-
ellipsoid at Ku-band [47] and rectangular cavity at W-band
[48], G-band [49] and J-band [44]. As expected, higher
insertion loss is measured, when compared to machined
BPFs, due to lower effective bulk DC conductivity and larger
surface roughness.

Polymer-based printed BPFs have also been widely
demonstrated, with slotted dual-mode circular waveguide
resonators at X-band [50], gap waveguides at Ka-band [51]
and rectangular cavity resonators at W-band [4]. As expected,
passband insertion loss is lower than exemplars that use
metal-based printing. However, in general, greater center
frequency shifting occurs due to lower accuracy. Further-
more, several types of manufacturing accuracy limitations
with polymer-based printing do not exist in metal-based
technologies.

These include: (i) pixel quantization errors, associated with
MSLA printing [9]; (ii) significant iris corner rounding (ICR),
due to either material erosion or resin residues; (iii) warping,
due to uneven cooling-based contraction; and (iv) shrinkage
during UV post-curing.

For BPFs, manufacturing accuracy limitations can be
divided into two categories: dimensional and geometrical.
The former refers to discrepancies between the designed and
manufactured linear dimensions. The latter refers to changes
in resonator and iris geometries. The authors have previously
developed a pre-distortion technique for pixel quantization
errors, associated with MSLA printing, being one type of
dimensional inaccuracy [9]. With the latter, addressed in this
paper, ICR is the main type of geometrical inaccuracy found
with low-cost polymer-based printers. Here, the resulting
passband frequency shifting is investigated. It will be shown
that good results can be achieved using our new ICR
compensation technique, when applied to G-band BPFs.

Ill. G-BAND DESIGNS

A. THRU LINES

Standard WM-1295 [54] MPRWGs have internal cross-
sectional dimensions of only 1,295 um x 647.5 um for
G-band operation (equivalent to WR-5), with the flange
design based on IEEE standard specifications [55]. All 3-D
computer-aided design (CAD) drawings are undertaken using
Autodesk Fusion 360.

With single-block designs, the small aperture dimensions
for WR-5 MPRWGs makes conventional electro- or elec-
troless plating impractical. In contrast, a split-block design
can provide plating fluids with improved internal access
to the waveguide, ensuring sufficient metalization with
conventional copper electroplating. In theory, a conventional
symmetrical E-plane split will have less loss attributed to
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radiation leakage with high quality manufactured waveg-
uides, as no transverse currents flow across the center of
the broad wall with TE¢p mode propagation. However, with
polymer-based printing at G-band, any gap is likely to cause
significant radiation leakage. Furthermore, any misalignment
between assembled split-block parts will cause significant
cross-sectional distortion, which degrades the return loss.

Against conventional wisdom, our MPRWGs are con-
structed by printing the waveguide and all internal features on
the bottom part, with the split made along the broad sidewall,
as a solution to avoid assembly misalignment. This is referred
to here as an H-plane a-edge split; the nomenclature is
derived from Stil et al. [56], where an E-plane split along the
narrow sidewall is defined as a b-edge. Further advantages
for this construction include the easier removal of resin
residue, easier integration of external components and the
ability to inspect and measure complete waveguide features
(discussed in Section III.C.). Note that H-plane a-edge
splits have already been reported in 3-D printed MPRWGs
at S-band [57], X-band [58], Ka-band [59], D-band [10],
G-band [1] and WM-570 band [7], with four of these
examples integrating external components.

To mitigate against radiation leakage, candidate techniques
from subtractive manufacturing include brazing, RF chokes
[60], pin wall joints [61] and photonic crystal joints [62].
These are unsuitable here, due to the polymer’s inability to
withstand high temperatures, its inherent softness, and post-
production warping. Instead, our design employs ‘lips’ that
form part of the sidewalls, to connect with the upper wall,
to provide a good electrical/EM seal with tight assembly. This
is illustrated in Fig. 1, with a and b referring to the internal
aperture width and height, respectively. The lip width W and
lip height H are set to 550 pm and 200 pm, respectively. The
full split-block structure is referred to here as the ‘trough-and-
lid’ assembly.

Lip 4 b Lip tH

FIGURE 1. Flange view illustration of the trough-and-lid assembly,
showing lips in contact with the flat top part.

While having been developed independently for 3-D
printing by the authors, a recent online search found a similar
approach with commercially-available machined mixers at
W-band [63] and G-band [64]. Since machined parts are very
rigid, any significant inaccuracy may result in small gaps to
appear between the lips and the lid, resulting in radiation
leakage. In contrast, with polymer-based printing, there is
some degree of malleability that helps to close small gaps.

Finally, to advance the technology readiness level of
polymer-based printing for aerospace applications, all
MPRWG components are ruggedized, to improve structural
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TABLE 3. Millimeter-wave 3-D printed MPRWG BPFs. (*our previously reported transverse offset itis {Chebyshev and ichained-function BPFs [9]).

fo FBW Waveguide Band IL RL " Technology fo Shift BW Shift .
(GHz) (%)  [FilterOrder] (dB) (aB) Measured Qu Split-Block o o Plating (%) (%) Coupling - Year  Ref.
73.5 6.8 “?1{5]12 80 8 189 MLS +2.7 -20
R (Cusatsy  Nore 2015 [52]
83.5 6.0 [li] 30 9 14.5 +4.2 +20
90 111 04 18 6.7 No sta J0mwmCu e o , 2016 [41]
— electroplating Symmetrical
5] 0 15 73 MLS 5 um Cu 10 01 Diaphragm
90 11.1 ) ’ (Stainless electroplating ) Inductive Iris 2019  [48]
19 18 7.0 steel) None -1.8 +0.7
WR-10 SLS Cu
13 '8 [4] 1476 122 E-plane (Polyamide) electroplating 338 14 2020 [33]
100 10 WRIO g gsg Symmetrical g, 30mmCuo, 2015 [4]
[6] electroplating
155 0 WR-05 047 10 11.2 Heplane VSLA 50 um Cu +2.3 -84 Sggrr}ller:lisl . This
175 [5] 044 13 115 a-edge electroplating  +0.5 +13 In dug tiveglris work
180 11 No (Stainless None Diaphragm 2020 [49]
\’\/[15{]-5 30 18 7.1 steel) -15 +21 Inductive Iris
0.551 6f 1.7% H-plane 50pumCu _-3.37  +11%  Transverse Offset N
183 93 0.55% 137 5.8% a-edge MSLA electroplating -0.97  +15% Inductive Iris 2022 9]
MLS Asymmetrical
300 105 WR-3 L1100 80 Eplane — qitess SHMAY 15 468 Disphragm 2021 [44]
[5] symmetrical electroless o
steel) Capacitive Iris
0 T 0 . .
The 3-D CAD layout for the 90° twist and thru line
10k are shown in the inset of Fig. 2, where L indicates the
20K same total length for both components and the cross-
" sectional waveguide dimensions are fixed along this length.
o o Simulations are performed using a commercial 3-D full-
o 4of i wave EM simulation software package (High-Frequency
- L4 N : N
D ol // 2 Structure Simulator, HFSS). Here, the internal MPRWG
g niE” 15,2, 90° Twist | { -1.4 walls are represented by annealed copper, having a bulk DC
60 ¢ = = .. .
Morty o, 1y g [T 7B conductivity of 5.8 x 107 S/m. The simulated band-average
\ 2 90° Twi . .
AERY '\\" vy /‘-' ‘V. :22':2'::T "1 1s insertion loss and worst-case return loss for a perfectly
- = i . .
_80': Sk Bl el 9 matched twist are 0.28 dB and 28.4 dB, respectively, as shown

140 150 160 170 180 190 200 210 220
Frequency (GHz)

FIGURE 2. HFSS simulation results for the WR-5 thru and 90° twist (insets
show internal CAD layouts of the components) having length L=31.75mm.

rigidity. Two lengths of 3-D printed thru line are manufac-
tured and tested: 7.4 mm and 10.4 mm.

B. 90° TWISTS

Two G-band COTS 90° twists, manufactured by Pasternack
Enterprises Inc., have a flange-to-flange component length of
1.25 inches (31.75 mm), which includes 0.25 inch (6.35 mm)
thru lines within each flange. This results in a twist length
of exactly 5A,r, having a rotational smoothness of 18°/A, .
Our ruggedized 3-D printed counterpart has the same flange-
to-flange component length. Any evanescent mode excitation
at one port will have significantly decayed over a distance
of 5,1, avoiding interactions with the other port and, thus,
avoiding additional insertion loss.
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in Fig. 2. Also included in Fig. 2 are the simulation results
for a thru line; degraded performance can be inferred by the
introduction of the twist.

C. BANDPASS FILTERS

Two 5" order G-band BPFs are designed, having center
frequencies of 155 GHz and 175 GHz and associated 3 dB
bandwidths of 15.5 GHz and 17.5 GHz, respectively (i.e.,
both having a 10% fractional bandwidth). Symmetrical
diaphragm inductive irises are employed to couple adjacent
rectangular TE(g; mode cavity resonators together. This
conventional filter implementation also employs our trough-
and-lid assembly solution.

Waveguide BPFs typically use a Chebyshev (Type I)
approximation design, due to their steeper transition band
roll-off and superior stop-band rejection characteristics when
compared to Butterworth approximation filters. However,
the former is more sensitive to manufacturing accuracy
limitations, as return loss zeros should be precisely dis-
tributed across the passband. Indeed, this is confirmed by
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the relatively poor passband transmission response of our
previous G-band Chebyshev BPF [9]. Therefore, Butterworth
approximation designs are employed here, having all return
loss zeros located at the center frequency.
Lygep 41;1’ L, L, L, ‘11»

—> —> —>

N

LFEEI)
—>

@ W,I WZI wl W WZI w,
r s [ # [[# [1#50

FIGURE 3. Plan view illustration of a symmetrical 5t order waveguide
BPF, showing ideal rectangular geometries.

An illustration of a 5™ order diaphragm inductive iris-
coupled waveguide BPF is shown in Fig. 3, with symmetry.
Here, Lrggp is the length for both the input and output feed
lines and L; is the length of the i" cavity resonator (i €
[1,2,3,4,5]). The aperture width of the jth iris is denoted
by W; (j € [1,2,3,4,5, 6]), with all irises having thickness
T = 270 um. The H-plane a-edge split provides a complete
internal plan view of the trough, enabling the detection of
visual defects and allowing dimensional characterization.
This is not possible with a symmetrical E-plane split or
single-block designs, with non-destructive testing.

Our first design step calculates the ideal linear dimensions,
using standard textbook filter synthesis [65], with minor
tuning performed in HFSS. An arbitrary feed length Lrggp ~
Agr/2 is used, with respective flange-to-flange lengths of
104 mm and 7.4 mm for the 155 GHz and 175 GHz
BPFs. The thru lines have the same flange-to-flange lengths,
to establish a baseline insertion loss for comparison.

—

Ceiling

Outer
corner

FIGURE 4. Single iris rounding: (a) CAD isometric representation; and
(b) 3-D printed and copper electroplated, plan view microphotograph.

Our second design step is to characterize the corner
rounding, as illustrated in Fig. 4(a). Rounding at the bottom
and top of the trough or iris is referred to here as floor
and ceiling rounding, respectively. However, EM simulations
have shown that both these types of rounding exhibit a
negligible influence on passband performance. Moreover,
negligible floor rounding is found in practice, as shown in
Fig. 4(b), due to the layer-by-later nature of 3-D printing.
However, ceiling rounding is significant, due to erosion
during post-print cleaning. As shown in Fig. 4(b), significant
ceiling rounding does not reflect the incident light (projected
from an elevated position) and is observed as a dark rim.
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Only inner and outer iris rounding is considered. The
former results from an excess resin residue, due to insufficient
post-print cleaning. The latter is mainly due to erosion during
post-print cleaning, prior to full UV curing; as well as
pixelation and UV light dispersion. Rounding radii are best
measured at the mid-point of the internal sidewalls, to avoid
any contributions from the floor and ceiling rounding.
Iris corner rounding is found to be elliptical, rather than
circular, giving two ICR radii per corner (R; and R»),
as illustrated in Fig. 4(a) for outer rounding. Similar variables
can also be assigned to inner rounding, although their
sizes will be approximately similar to the outer rounding.
It has been found here, from preliminary printed and plated
filter implementations (without any compensation), that the
arithmetic mean value for all ICR radii R ~ 100 um. As a
result, this single value is used in our rounded BPF designs,
as a means of compensation with printing and plating.
Lleen,  Leen L Lap | L Lrsen

‘L FEED 47: . L

TUEE
4 B Q« h
(@) ) (b)

FIGURE 5. Plan view illustration of a single cavity resonator, having two
inductive irises: (a) non-rounded; and (b) rounded.

Our final design step is to implement ICR compensation.
Figure 5 illustrates the non-rounded and rounded single res-
onator geometries used in simulations; the latter employing
the Fillet tool in Fusion 360. The cavity has two adjacent
inductive irises, with Lrggp, Lap, T and Wy p corresponding
to the feed length, cavity length, iris thickness and iris
aperture widths, respectively. With the rounded case, circular
radius R is applied to both irises, effectively increasing the
iris width. This results in a 3 dB bandwidth increase, due
to an increase in the coupling coefficients [66]. Moreover,
the cavity’s effective electrical length increases, due to an
increase in the effective iris electrical length, resulting in a
resonator center frequency down-shift. With every iris corner
being rounded by the same amount in the simulations, the full
BPF frequency response also has a 3 dB bandwidth increase
and a center frequency down-shift.

Simulations are first undertaken with the non-rounded
cavity resonator, giving target values for the center frequency
and 3 dB bandwidth. Then, with the pre-determined value of
R, parametric sweeps of Lyp and Wy p are applied to tune the
rounded cavity resonator to the fixed target values for center
frequency and 3 dB bandwidth from the non-rounded case.

With the symmetrical 5 order BPF, illustrated in Fig. 3,
the individual cavity resonators are treated independently,
as shown in Fig. 5, with Cavities #1, #5 and #2, #4 being
identical. The compensation process starts at the center,
with Cavity #3 having two swept variables L3 and Wsj.
Then Cavities #2, #4 have their two variables L, and W
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swept, with the previous value of W3 fixed; this is followed
by Cavities #1, #5 having their two variables L; and W
swept with the previous value of W, fixed. Finally, the
individual rounded cavity resonators are combined to create
the complete rounded BPF for simulation, with minor tuning
applied (if required).

2
IS,,I? (dB)
o

Original (Non-Rounded)
R =100 ym,
Before compensation
/ _ _.R=100pm,
After compensation
L

/ —

Ty 150 155 157
Frequency (GHz)

(a)

o)
T 20f
o~
—_— ~
S 3
2 0t 1 21 |
% 1
o 1
T 40+ !
» \
21\ / Original (Non-Rounded)
|S11| \ R=100 pm,
-50 ‘l Before compensation
1 — . R=100pm,
After compensation
-60 - -
140 150 160 170
Frequency (GHz)
(b)

FIGURE 6. ICR compensation simulations applied to the 155 GHz BPF,
with yellow and blue arrows indicating frequency shifting due to detuning
and compensation, respectively: (a) Cavity #3; and (b) complete BPF.

Figure 6(a) shows the results of ICR compensation when
applied to Cavity #3 for the 155 GHz BPF. The yellow and
blue arrows indicate the down- and up-shifting due to ICR and
its compensation, respectively. It can be seen that, with R =
100 pum, ICR causes a center frequency down-shift of 2.0%
(3.0 GHz) and a 3 dB bandwidth increase of 40% (1.0 GHz).
After compensation, the non-rounded response is almost fully
restored. It should be noted that Cavity #3 has the highest
loaded Q-factor and, therefore, has the greatest sensitivity to
rounding, when compared to the other cavity resonators.

The simulation results for the complete rounded BPF are
shown in Fig. 6(b). It can be seen that, with R = 100 pm,
ICR causes a center frequency down-shift of 1.8% (2.8 GHz)
and a 3 dB bandwidth increase of 14.2% (2.2 GHz). After
compensation, the non-rounded response is almost fully
restored, with the small differences being attributed to the
cumulative effect from reconstructing the complete BPF. The
final linear dimensions are given in Table 4.
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TABLE 4. Non-rounded and compensated linear dimensions for
the 155 GHz and 175 GHz BPFs.

fo = 155 GHz f, = 175 GHz

P MRl o NI i
(um) (1m)
Lregp 1849 1873 919 1023
Ly 870 863 672 635
Ly 1093 1082 851 807
Ly 1156 1144 896 851
w, 1000 979 905 880
W, 790 746 700 680
Ws 690 645 625 605
T 270 270 270 270

IV. FABRICATION

A. 3-D PRINTING WITH POST-PROCESSING

The low-cost ($230) Elegoo Mars 2 Pro was used for 3-D
printing, having a maximum print volume of 80 mm X
129 mm x 160 mm [67]. This model has a 2K monochrome
liquid crystal display (LCD) mask, witha49.4 um x 50.4 um
pixel size [9]. The Elegoo Water Washable Rapid Resin
(Ceramic Grey) provides high accuracy, low shrinkage and
can be cleaned with water (i.e., without organic solvents).

FIGURE 7. Flange views of print orientations in Chitubox, showing
support structures: (a) thru lines and BPFs; and (b) 90° twists.

The orientation of each part on the printer’s build plate
is determined using the Chitubox Basic slicer software,
as shown in Fig. 7 [68]. To avoid defects on critical surfaces
(e.g., internal waveguide and flange), support material is only
attached to non-critical outer surfaces. For the thru lines and
BPFs, the H-plane split is kept parallel to the build plate,
whereas the 90° twists are rotated by 45° such that the two
waveguide ports are at £45° (to minimize overhang). These
orientations are found to optimize dimensional accuracy
within the waveguides. Note that anti-aliasing is not applied
in Chitubox, as this will increase the levels of corner
rounding.

After printing, all parts are post-processed at room
temperature to remove all mechanical support structures and
uncured resin residue. This is undertaken using the following
steps: (i) remove parts from the build plate; (ii) mechanically
remove all support structures; (iii) pre-rinse in water; (iv)
place in an ultrasonic water bath for 2 minutes; (v) water-jet
clean and soft brush trough corners and grooves, to remove
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uncured resin residue; (vi) dry with compressed air; and (vii)
post-UV cure in natural light for at least 4 hours. Note that
using a UV lamp for faster post-curing is avoided, since this
can result in warping, shrinkage and layer delamination.

B. METALIZATION

With the commercial copper electroplating process, a thin
electroless-plated nickel seed layer is first deposited, fol-
lowed by a 50 um thick layer of electroplated copper,
corresponding to 283 skin depths at 140 GHz. This guarantees
a minimum thickness at corners and edges; < 50 um
thickness can cause underplating. Finally, an anti-tarnishing
treatment is applied.

Metalization causes a narrowing of internal waveguide
dimensions, which is compensated for in the CAD drawing.
Initially, a standard 50 pwm deposition process was used. How-
ever, the plating thickness was found to be only 35 pm inside
the waveguide. This underplating is believed to be the result
of having a narrow trough (with higher conduction current
density during electroplating). Subsequent waveguides were
re-designed to account for the 35 um thickness within the
trough when using the standard 50 um process.

C. ASSEMBLY

After 3-D printing and electroplating, and prior to full
assembly, the 7.4 mm and 10.4 mm thru lines and the 90°
twist weigh 4.7 g, 6.6 g and 15.8 g, respectively. The 175 GHz
and 155 GHz BPFs are essentially the same weight as the
respective 7.4 mm and 10.4 mm thru lines.

FIGURE 8. WR-5 MPRWG thru lines: (a) disassembled 3-D printed

10.4 mm thru line, before plating; (b) disassembled, after plating,
showing stainless steel dowel pins; (c) fully assembled, after plating; and
(d) 25.4 mm COTS counterpart from VDI [17].

The disassembled 3-D printed 10.4 mm thru line, before
and after electroplating, is shown in Figs. 8(a) and 8(b).
Two pairs of stainless steel screws, nuts and washers are
used for assembly. Alignment between the two ruggedized
parts is further improved by using two pairs of stainless steel
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dowel pins, which ensure flat flange interfaces, as shown in
Fig. 8(b). The fully assembled 3-D printed 10.4 mm thru line
is shown in Fig. 8(c). A 25.4 mm thru line COTS counterpart,
from Virginia Diodes Inc. (VDI) [17], is shown in Fig. 8(d),
which appears to have a textbook symmetrical E-plane split.

FIGURE 9. Flange view microphotograph of the trough-and-lid assembly
for a thru line, showing lips in contact with the flat top part.

The trough-and-lid assembly for a thru line is shown in
Fig. 9, where a;;, and apg, refer to the minimum and
maximum trough widths, respectively. Overtightening has
caused rectangular-to-trapezoidal cross-sectional distortion,
with ~9° of lip bending, shown in Fig. 9. The effect on
measured performance will be discussed in Section VI.

Ew | 1Y
‘ﬁ 7 k

FIGURE 10. WR-5 MPRWG 31.75 mm 90° twists: (a) disassembled 3-D
printed and copper electroplated bottom part; (b) disassembled top part;
(c) fully assembled; and (d) COTS counterpart from Pasternack [39].

The same assembly approach has also been adopted for
the twists. Here, with the longer waveguide length, six pairs
of screws, nuts and washers and four pairs of stainless steel
dowel pins are used for the assembly of the ruggedized
parts. Images of a disassembled and assembled 3-D printed
twist, along with its COTS counterpart, are shown in Fig. 10.
Unlike the thru lines, it was found that a tight assembly did
not introduce significant cross-sectional distortion. This is
likely due to the distributed forces being exerted in different
directions along the waveguide length. It can be seen in
Fig. 10(a) that there are imperfections in the floor of the
trough.
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FIGURE 11. Plan view microphotographs of the internal structure for 3-D
printed and copper electroplated 5th order Butterworth BPFs, with cavity
resonators labelled and feed lengths omitted: (a) fo = 155 GHz; and (b)
fo = 175 GHz. Red rectangles highlight the peripheries of the cavities.

BPF designs were almost identical to their corresponding
thru lines, but with the addition of the irises within the
trough. The internal waveguide features for the 155 GHz
and 175 GHz BPFs (without feeds) are shown in Fig. 11.
Post-assembly cross-sectional distortion was negligible. This
is likely due to the irises providing lateral reinforcement.

Note that, while assembly with stainless steel screws, nuts,
washers and dowel pins is convenient for prototyping, a pos-
sible commercial solution would use conductive epoxy glue,
which mitigates against radiation leakage while enabling
simpler assembly and weight reduction.

D. COST COMPARISON

Each 3-D printed component costs approximately $0.20 to
print, while the additional commercial copper electroplating
costs approximately $82 (depending on the total surface
area). Table 5 shows a more accurate cost comparison for
G-band COTS thru lines and 90° twists, all sourced from
the US (Pasternack Enterprises Inc., Fairview Microwave Inc.
and Hasco Components Inc.). Prices for G-band BPFs are not
included, as these components have bespoke specifications.
The cost ratio is defined here as the purchase cost of the COTS
component per unit length divided by total manufacturing
cost per unit length of our 3-D printed counterpart. It will
be seen in Section VI that the measured performance of
our 3-D printed twist is commensurate with the Pasternack
COTS twist. The cost savings capability of 3-D printing is
demonstrated by the little additional cost incurred by the 3-D
printed twist in comparison to the thru line.

V. SURFACE ROUGHNESS
A conductor with a rough surface has additional losses, due
to localized EM wave scattering from and power dissipation
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TABLE 5. Comparative costs (at the time of writing) for G-band thru lines
and 90° twists with COTS components and their 3-D printed counterparts.
(*costs available online).

Component COTS Cost Length Cost per Cost
Type Manufacturer (i) (mm) length ratio Ref.
($/mm)
Pasternack 456 254 18 24 [69]
Fairview 429 254 17 23 [70]
Thru Line Hasco 259 254 10 14 [71]
ICL This
G-Dprinted) 104 8 T work
Pasternack 735 31.75 23 8.5 [39]
Fairview 414 318 13 48 [72]
90° Twist Hasco 407 254 16 5.9 [73]
ICL This
G-Dprinted) 0 318 3 T work

within microscopic surface defects [74]. Both become more
significant at higher frequencies, as the dimensions of
these defects become more significant when compared
to the wavelength and classical skin depth, respectively.
For example, the authors previously measured the root
mean square (RMS) profile roughness R, = 1.16 um
for electroplated copper on an SLA-printed MPRWG [4].
By comparison, the classical skin depths for copper are
0.18 um and 0.14 pm at 140 GHz and 220 GHz, respectively.
As a result, surface roughness is expected to be an important
contributor to insertion loss at G-band.

Surface roughness models generally relate either the power
dissipated Ppg or dissipative attenuation abR for rough
conductors normalized to smooth conductors (Ppg or oz’DS),
using a frequency-dependent roughness coefficient K [75]:

K = Ppr/Pps = apg/cpg ey

Using (1), most models fall into one of two categories:
(i) phenomenological models, which fit empirical equations
to o, measurements; and (ii) physical models, which apply
analytical (Maxwell’s) equations with boundary conditions
set by the specific surface structures. With the former, the
most commonly used examples are the Hammerstad-Jensen
(HJ) model [75] and the Groiss model [76]. However, their
roughness coefficients asymptotically approach K = 2
at relatively low frequencies (ca. 5 GHz), even with sub-
micron values for R;, making them unsuitable for G-band
applications. With the latter, the most commonly used
examples are the conventional Hemispherical model [77],
which considers hemispherical protrusions on a flat plane,
and the Huray model [74], which considers pyramidal
protrusions of stacked spheres. The appropriate choice of
physical model is dependent on the geometries of the surface
defects observed on fabricated components.

Images of the iris sidewalls and the bottom of the MPRWG
trough for the plated 155 GHz BPF are shown in Fig. 12, taken
using a Zeiss LEO 1450VP scanning electron microscope
(SEM). The surface roughness is representative of all
plated parts. The main surface defects are approximately
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FIGURE 12. SEM images for the 155 GHz BPF: (a) iris sidewalls; and
(b) plan view of the bottom of the MPRWG trough and one iris aperture.

hemispherical, suggesting that the Hemispherical model is
appropriate. Based on our detailed statistical analysis of
the microphotographs in Fig. 12, the average hemispherical
radius rp45 and separation distance between adjacent protru-
sions dpeaks are found to be 3.7 yum and 17 wm, respectively.
This corresponds to an effective value of R, = 1.41 um at
the peaks of the hemispheres, which agrees well with our
previous measurement of R, = 1.16 pum.

Simulation-based techniques represent another surface
roughness model category [78], [79]; these were not consid-
ered, as the observed surface defects strongly suggest that the
Hemispherical model is appropriate.

peaks
T—;
i—b | Tpase
tlle Peaks
(@ (b)

FIGURE 13. The Hemispherical surface roughness model, represented by
a single hemispherical protrusion positioned on a flat plane, with
incident plane wave propagating parallel to the flat surface: (a) plan
view; and (b) side view [80].

Figure 13 illustrates a single cell for the Hemispherical
model, which is assumed to extend periodically in the
longitudinal and transverse directions, across the entire
conductor surface. A transverse electromagnetic (TEM)
plane wave is applied, with electric field E normal to the
flat plane and the magnetic field H being tangential, with
the direction of propagation from left to right in Fig. 13. The
dimensions Apgse and Ay, refer to the areas of the hemisphere
base and flat tile, respectively, [77]. These can be related to
the average physical dimensions, obtained from SEM images,
as:

Apase = mgm [m?] (2a)
Asite = d g1 [M] (2b)

peaks

A simplified equation for the Hemispherical model [77]
roughness coefficient is:
Mo Oy Avile — Apase

K= — 3
2Rs  Ayite Avite
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where 7, and Rg are the intrinsic impedance of free space
and classical surface resistance for a smooth conductor
(calculated using bulk DC conductivity o,), respectively. The
total cross-section oy, is the sum of the power dissipated and
scattered by a conducting sphere positioned in free space
divided by the incident flux (power surface density) [81].
Here, the dissipated and scattered fields are solved analyt-
ically, with the latter being derived from spherical Bessel
functions [81] to give:

or = O'dissipated ~+ Oscattered [mz] (4a)
(kor, bave)
o= Z [Qi— 1)"12

where oyissipated and Ogcarrereq are the dissipated and scattered
cross-sections, kg = 2m /XA is the angular wavenumber,
o; and B; are dimensionless scattering coefficients and i is
a summation term. For korpese << 1, the following long-
wavelength approximations are given as [81]:
korpase — j(@ + 1)Zs /1o
o = - (5)
korbase + JiZs /M0
b ~ korbase —j(iJ.r. Dno/Zs (5b)
korpase + jino/Zs

The conventional Hemispherical model employs only the
first term (i = 1) and is quoted as being valid up to 30 GHz
[77]. However, to provide better accuracy for G-band, oy
is calculated up to i = 5. This is referred to here as the
Extended-Hemispherical model.

The conventional Huray model calculates o; = 0issipated »
with Ogcarrereq being omitted, using a different equation
for the roughness coefficient (i.e., not employing (3)).
Moreover, instead of using (4b) and any long-wavelength
approximations, the 1% order Born approximation for the
amplitude of the scattered fields is employed in (4a) with [74]:

-Im{a; + B;} [m*]  (4b)

2
3nk0rbase8(,

()
= | —2
14 e rbaAe + 2 (Vbase)

0 } [m*]  (6b)

Tbase

[m?] (6a)

Odissipated =

10
Oscattered = ?nkjrgaxe [1 + g :

where 6, = 1/o,Rg refers to the classical skin depth
of the conductor, calculated using bulk DC conductivity.
By including the ocasereq term in (6b), giving better accuracy
for G-band, and adopting the Hemispherical model roughness
coefficient equation in (3), this is referred to here as
the Huray-Hemispherical model [74]. To the best of our
knowledge, these Extended/Huray-Hemispherical models
have not been previously applied to MPRWG applications.
With a perfectly smooth surface, Ap,se and o; are both
zero, and so K = 1. The application of K > 1 to EM
simulations is introduced in Section VI. Using the values of
Tbase and dpeqis obtained from SEM images, the calculated
mid-band values are K(180 GHz) = 1.32 and 1.28 for the
Extended- and Huray-Hemispherical models, respectively,
with minimal variation across the band. The calculated K
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values are multiplied by the calculated/simulated aj, to

obtain aj,p, as given by (1).
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FIGURE 14. Flann submillimeter seamless waveguides: (a) total
attenuation measurements, with ideal calculated values and COTS thru
line measurements; and (b) effective roughness coefficient Kz (f;)-

An example of a phenomenological model for the rough-
ness coefficient can be seen in Fig. 14. Here, Fig. 14(a) shows
the measured total attenuation, arg = —101log;, |S21 |2, for
100 mm long Flann Microwave Ltd COTS submillimeter
seamless MPRWG thru lines [11], previously introduced
in Section II.A. Their current catalog covers 11 waveguide
bands, ranging from WR-8 (with f; = 90 GHz) to WR-1
(with f = 750 GHz). A close fit (derived empirically) to the
measurements is found with a7 = 7.1 x 1074 fL (GHZ)1'5669,
having a coefficient of determination R? = 0.9986, shown
in Fig. 14(a). In addition, Fig. 14(a) also includes the
dissipative attenuation for 100 mm long smooth thru lines
aps, calculated at fy. Here, standard textbook equations
are used (e.g., Pozar [82]), given in Section VI, with bulk
DC conductivity for gold (since all the thru lines are gold-
plated). A close fit (derived empirically) to the calculated
results is found with aps = 9.2 x 1074 . fL(GHz)1'4452,
having a coefficient of determination R> = 0.9980, shown
in Fig. 14(a).

For these COTS thru lines, the effective roughness
coefficients Koy (fr) = arr/aps, with results given in
Fig. 14(b). Using the previously derived empirical fits,
effective Ko (fL) ~ 0.77-f1 (GHz)1217_ These values will be
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an overestimation, as the total attenuation is increased by the
contribution from the wave impedance mismatch reflection.

VI. MEASUREMENTS

Scattering (S-)parameter measurements were undertaken
at the U.K.’s National Physical Laboratory, using their
Keysight Technologies PNA-X N5247B vector network
analyzer (VNA) [83], with VDI WR-5.1 frequency exten-
der heads [84]. Thru-Reflect-Line (TRL) calibration was
undertaken prior to measurements, with reference planes at
the VNA frequency extension heads. The two-port device
under test (DUT) is assembled and placed between the two
measurement reference planes, as shown in Fig. 15.

Reference
Plane

3-D Printed
Twist

Reference
Plane

FIGURE 15. Two-port waveguide measurement setup, with VNA screen
displaying the frequency-domain response (top panel) and time-domain
response (bottom panel). The DUT here is a 3-D printed 90° twist
connected to a COTS 90° twist (i.e., Cascade #1).

A. THRU LINES

The 7.4 mm and 10.4 mm 3-D printed thru lines are
measured. In addition, two VDI WR-5 thru line counterparts,
of lengths 254 mm and 50.8 mm, are included for
comparison. The measured aperture dimensions [@yin, @max,
b] for the 3-D printed thru lines are [1,010 um, 1,320 um,
680 pm] and [1,000 pm, 1,290 wm, 690 um] for the
7.4 mm and 10.4 mm thru lines, respectively. The COTS
thru lines are machined from aluminium alloy 6061-T6,
with quoted cross-sectional aperture dimension being ideal
[1,295 pm, 1,295 pum, 647.5 um] [85]. Gold (with bulk DC
conductivity of 4.1 x 107 S/m) is used for all COTS thru
line theoretical calculations and EM simulations, since the
machined parts are gold plated. Copper is used for all 3-D
printed counterparts. All COTS components are assumed to
be smooth internally. Moreover, all responses that are referred
to in this paper as‘EM simulated” adopt the ideal dimensions
in HFSS.

Figure 16 shows the reflection measurements for all thru
lines across G-band. The S1; and S, responses are in good
agreement, indicating a similar wave impedance mismatch
at both ports. The worst-case return loss is 14.9 dB and
14.1 dB for the 7.4 mm and 10.4 mm 3-D printed thru lines,
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FIGURE 16. Reflection measurements for 3-D printed and COTS thru lines.

respectively. In comparison, they are 27.8 dB and 26.5 dB for
the 25.4 mm and 50.8 mm COTS thru lines, respectively. Poor
return loss is primarily the result of aperture size and spatial
orientation discrepancies at the flange interfaces between the
waveguide extender heads (defining the calibrated reference
planes) and the DUT. This is exacerbated with 3-D printed
thru lines, due to four factors: (i) poorer dimensional accuracy
of rectangular apertures; (ii) rounded edges and corners; (iii)
rectangular-to-trapezoidal cross-sectional distortion, due to
lip bending; and (iv) 3-D misalignment between extender
heads and DUT apertures. In comparison, the COTS thru lines
exhibit high dimensional accuracy in all aspects.

Nevertheless, the current results compare favorably to
those from the previously reported G-band thru line [3],
which had a worst-case return loss of 6 dB. This is due to
misalignment between parts, associated with the traditional
symmetrical E-plane split block approach, being avoided.

Fabry-Pérot ripples are evident in the frequency responses,
caused by wave impedance mismatches located at both ports.
These have frequency period Af, correspond to standing-
wave reflections between two spatial boundaries that are
separated by waveguide length L ~ v,(180 GHz)/Af, where
v¢(180 GHz) = 2.30x 108 m/s is the theoretical mid-band
group velocity of the waveguide. With Af = 29.8,22.3 GHz,
the extracted value for L ~ 7.7, 10.3 mm, corresponding to
the exact length L = 7.4, 10.4 mm between ports.

The ideal textbook transmittance (which assumes perfect
wave impedance matching) and the corresponding insertion
loss IL |4, for an air-filled MPRWG is given by:

|S01 > = ™2t %)
IL|14ear = 8.686 acL [dB] 8)
Rs 27%b+ a’k?
= — . . —————— [Np/ 9
where S31, ac, L, g and B = 2m/A, are the forward

voltage-wave transmission coefficient, attenuation constant
associated with the smooth conductor [82], waveguide length,
guided wavelength and phase constant, respectively.
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Total power attenuation ar = ay + Laj, = —10logy,
|S21|2 [dB] is equal to insertion loss, where oy represents
the contribution to the total attenuation due to the wave
impedance mismatch reflection at the input port and o,
represents the dissipative attenuation per unit length due to
ohmic losses [4], [86]:

ay = —10 log;o(1 — |S11/%) [dB] (10
10 1521

=——1o _— dB/m 11

ap 2 g10(1—|S11|2 [ ] (11)

where S;; is the input voltage-wave reflection coefficient.
It should be noted that (10) and (11) assume a DUT that
is passive, reciprocal, symmetrical and homogeneous. Since
oy does not contribute to the intrinsic transmission loss
performance, only &}, will be considered here. As a result,
(11) represents the ratio of available power into the DUT to
the transmitted power out of the DUT, divided by the physical
length of the DUT.

The ideal calculated dissipative attenuation oeb| Ideal®
with ideal cross-sectional dimensions to give perfect wave
impedance matching (i.e., |S11| = 0), can be calculated by
substituting (7) into (11):

IL |Ideal
L

aplideal = — = 8.686 a¢ [dB/m] (12)

Therefore, 0(1/3 | Ideal corresponds to the attenuation constant,
given by (9), converted from Np/m to dB/m. For resonators,
dB/A, is a more useful unit, obtained simply by multiplying
(11) and (12) by A,.

2
18,12 (aB)
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-0.6

Ideal Calculated, Smooth, 7.4 mm (Cu) = == EM Simulated, Smooth, 7.4 mm (Cu)

EM Re-simulated, Rough, 7.4 mm
(Cu, Huray-Hemispherical)
Measured, 3-D Printed, 10.4 mm
Measured, COTS, 50.8 mm

N N N
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Measured, 3-D Printed, 7.4 mm
Measured, COTS, 25.4 mm

N ! "
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FIGURE 17. Transmission results for the 3-D printed and COTS thru lines.

Figure 17 shows transmission measurements across
G-band, as well as the ideal calculated, EM simulated and
EM re-simulated responses for a 7.4 mm thru line. All
responses that are referred to in this paper as ‘EM re-
simulated’ adopt measured dimensions in HFSS, giving a
more accurate characterization of the real component. For
example, here, the measured effective mean aperture width
Amean = (Qmin + Amax) /2 = 1,150 pm is applied to account
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for rectangular-to-trapezoidal cross-sectional distortion. The
re-simulated S-parameters are then used to calculate oyg.
In addition, surface roughness losses are included, using the
Extended/Huray-Hemispherical model K(180 GHz) values
calculated previously. The results match closely with the
measured data for the 7.4 mm thru line. With the Fabry-
Pérot ripples, observed in both reflection and transmission
frequency responses, the peaks in the transmission responses
(corresponding to the troughs in the reflection responses)
approach the EM re-simulated curves.

30

T T T
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y = = EM Simulated, Smooth (Cu)
Ideal Calculated, Smooth (Au)
A | —~ = EM Simulated, Smooth (Au)
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FIGURE 18. Dissipative attenuation for the 3-D printed and COTS thru
lines: (a) per meter; and (b) per guided wavelength.

Figure 18 shows the calculated, EM simulated, measured
and EM re-simulated ab across G-band. Both EM simulated
responses are in good agreement with the ideal calcu-
lated results, with both modelling scenarios having smooth
rectangular walls and perfect wave impedance matching.
The measured ocb, averaged across G-band, is 12.7 dB/m
(0.032 dB/Ag) and 13.7 dB/m (0.035 dB/A,) for the 7.4 mm
and 10.4 mm 3-D printed thru lines, respectively. In com-
parison, these measurements are 9.9 dB/m (0.024 dB/A,)
and 9.4 dB/m (0.022 dB/A,) for the 25.4 mm and 50.8 mm
COTS thru lines, respectively, comparing well with both ideal
calculated and EM simulated results.
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With reference to Fig. 18, between ca. 200 and 220 GHz,
the 3-D printed and COTS thru line performances are
commensurate.

EM re-simulations agree closely with the measurements,
with effective mean aperture width @64, = 1,150 um and the
Extended/Huray-Hemispherical model K (180 GHz) values
being applied. Clearly, the degraded performance for the 3-D
printed thru lines below ca. 200 GHz can be mainly attributed
to the rectangular-to-trapezoidal cross-sectional distortion,
with surface roughness adding approximately 2-3 dB/m of
additional attenuation across G-band. The narrower effective
mean aperture width shifts the TEjo mode cutoff frequency
from 116 GHz up to 130 GHz, dramatically increasing the
attenuation at the lower band edge frequency for G-band.
It is worth noting that detailed re-simulations were also
undertaken with a trapezoidal cross-section, using measured
values for a;, and apgy, with very similar results to the
narrowed rectangular cross-section.

In comparison, our previously reported 3-D printed thru
line exhibits an average a’D of 59 dB/m at G-band [3].
D- and J-band metal-based MLS 3-D printed 50 mm thru
lines reported by Zhang and Zirath exhibit an average o, of
19 dB/m and 120 dB/m, respectively [12]. Table 1 shows that
our current results compare favorably with all 3-D printed
D-band thru lines, and are even commensurate with some 3-D
printed W-band thru lines, despite having a higher theoretical
minimum attenuation due to the smaller aperture dimensions.
This provides a robust proof-of-concept for the split-block
trough-and-lid assembly.

Time-domain reflectometry (TDR) is a very sensitive
tool for detecting impedance mismatches, with its transient
responses, which may not be easily seen from steady-state
frequency-domain responses. As such, TDR is useful for
determining the quality of flange-to-flange wave impedance
matching, at port-to-DUT and inter-component intercon-
nects, and for performing a non-invasive test for physical
deformation and surface defects within MPRWGs.

Emulated TDR (|S1;| and |S>2]|) measurements have
been undertaken for the 3-D printed thru lines. Within the
VNA, a discrete inverse Fourier transform is applied to
the frequency-domain return loss responses (Si; and S»).
Ideally, this is mathematically equivalent to launching a unit
impulse into the DUT and measuring the corresponding
reflected response [87]. The resulting TDR response is a
series of return pulses, each corresponding to a discrete
wave impedance discontinuity. A Kaiser-Bessel window
function (with Bk = 6, which closely approximates a
Hanning window function) is applied to the frequency-
domain measurements, across G-band with 5,001 data points,
before undertaking the inverse Fourier transform using the
PNA-X Band Pass Impulse transform mode. Note that, for
a band-pass frequency-domain operation having an ideal
rectangular (also referred to as ‘boxcar’, ‘top hat’ or ‘brick-
wall’) filtering function with a 3 dB bandwidth BW, the
corresponding full-width at half-maximum (FWHM) values
of the ‘synthetic-pulse’ for the time-domain impulse response
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is trwaM.R = 1.2/BW = 15 ps, with G-band having BW =
80 GHz [87]. Frequency-domain Kaiser-Bessel (Bx = 6)
and Hanning window functions have impulse widths of
trwaM K = 1.63 X tpwamRr = 1.96/BW = 24.4 ps [87]
and frwaM.H = 2/BW = 25 ps, respectively [88]. From
observation, the arithmetic mean reflected impulse width for
the EM (re-)simulated and measured TDR data is ~ 24 ps.

The extracted physical distance d along a thru line between
any two points on a TDR trace is given by [87]:

d ~veAt/2 [m] (13)

where At refers to the round-trip time difference between
any two points on the trace. The two-port differential-phase
group delay 1, = d/vy >~ At/2. For example, between
the two main reflection pulse peaks, At should correspond
to twice the flange-to-flange length L. Using (13), with
(180 GHz) = 2.07x10® m/s calculated using a —
Amean, the second pulse is predicted to arrive at ~72 ps and
~101 ps for the 7.4 mm and 10.4 mm 3-D printed thru lines,
respectively.

Emulated TDR |S;;| measurements can also be created
from frequency-domain EM (re-)simulations, by importing
a Touchstone data file into AWR’s Microwave Office®
(MWO). Here, | TDR_BPI(1,1,0,10,4,0)| calculates the time-
domain, Band-Pass Impulse (BPI) response for a linear,
time-invariant network. In addition, MWO can emulate
TDR measurements from simple circuit elements; as shown
in Fig. 19(a) with a —  apeqan- Re-simulations apply
K (180 GHz) = 1.32 and 1.28 to give effective bulk DC
conductivity values for rough copper of 3.34 x 107 S/m and
3.54 x 107 S/m; these, in turn, give the corresponding MWO
circuit simulator ‘metal bulk resistivity normalized to copper’
values (Rho) of 1.737 and 1.638. The results from both the
Extended and Huray-Hemispherical roughness models are
almost identical, so only the former is shown.

In order to match with PNA-X TDR measurements,
MWO must employ a Hanning window, with a Time
Resolution Factor of 10 (to apply sufficient zero-padding in
the frequency-domain to increase the time resolution) and an
amplitude scaling factor of x2 (to account for the one-sided
frequency-domain spectrum).

It can be shown that, for normal passive homoge-
neous/uniform media (e.g., material samples or guided-wave
structures under test) of infinite thickness/length, the peak of
the ‘synthetic-pulse’ from the magnitude of the input voltage-
wave reflection coefficient (|S11]|) TDR trace can be given by:

Z -7y

|00l peak,k = 757 (14)

where subscript ‘R’ refers to the use of the rectangular
frequency-domain window function, p, is the zeroth-order
electric-field wave reflection coefficient, Z is the intrinsic
impedance for a material sample or characteristic/wave
impedance for a transmission line/waveguide under test and
Zy is the reference impedance; both impedances must be
dispersionless. For a Hanning frequency-domain window
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FIGURE 19. Emulated TDR re-simulations and measurements for the 3-D
printed thru lines: (a) MWO re-simulated setup for the reduced width

7.4 mm thru line; (b) 7.4 mm thru line traces; and (c) 10.4 mm thru line
traces.

function, having subscript ‘H’, the peak is given by:

|00l peat. R
| ol peak 11 = T (15)

With a medium of finite thickness/length, two dominant
peaks will be seen. Given dispersionless impedances, the first
peak is given by the following close approximation:
_Z—27
|pollst Peak,R — Z+—Z() (16)

For an ideal (lossless and dispersionless) medium it can be
shown, using a simple heuristic engineering approach [89],
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that the second peak is given by the following approximation:

2
(1= 1P peat ) - 1Polvss .
|p0|2nd Peak H = ) 7)

Equations (14)-(17) are quantitative for lossless and non-
dispersive media. However, since waveguides are inherently
highly frequency dispersive [90], (14)-(17) can only predict
qualitative values, being of the same order of magnitude.

With reference to Fig. 19(b) and 19(c), the straight vertical
blue and black dashed lines indicate the timings of reflected
pulse peaks from the measured S1; (blue trace) and MWO
circuit re-simulation |S11| = |S22| (black trace), respectively.
The second reflected pulses for the respective 7.4 mm and
10.4 mm 3-D printed thru lines arrive at 74 ps and 104 ps
in EM re-simulations and at 73 ps and 102 ps in MWO
circuit re-simulations. There is good agreement between the
re-simulated values and those previously calculated (~72 ps
and ~101 ps, respectively). However, as shown in Fig. 19,
there is a slight discrepancy with the measured results, as the
second pulses arrive at 67 ps and 92 ps for the 7.4 mm
and 10.4 mm 3-D printed thru lines, respectively. This is
believed to be mainly due to mechanical compression of the
copper-plated polymer-based thru lines (in the longitudinal
direction) with our measurement setup. As a result, from
both MWO re-simulations and (13), the respective reduction
in lengths are believed to be approximately 0.5 mm (6.8%)
and 0.9 mm (9.1%).

Figure 19 qualitatively shows the measured levels of wave
impedance mismatching at both ports. From Fig. 19(b) and
19(c), the two dominant peaks are evident. The first peak
in |S11| represents the wave impedance mismatch reflection
from the unit impulse incident at Port 1 and the second
peak corresponds to the reflection at Port 2. Similarly, the
first peak in |S7y| represents the wave impedance mismatch
reflection from the unit impulse incident at Port 2 and the
second peak corresponds to the reflection at Port 1. As a
useful reference, where there is an equal wave impedance
mismatch at both ports, the MWO re-simulations results show
that the second peak will be lower than the first, mainly
due to the product of the two complex Fresnel transmission
coefficients at the incident port being less than unity. From
this simulation benchmark, we can establish which port has
the worst wave impedance mismatch. For example, with
reference to Fig. 19(b), the 7.4 mm thru line has the worse
wave impedance mismatch at Port 1, when compared to
Port 2. Conversely, with reference to Fig. 19(c), the 10.4 mm
thru line has the worse wave impedance mismatch at Port 2,
when compared to Port 1.

B. 90° TWISTS

Quantitative two-port measurements of a 90° twist require
one of the frequency extender heads to be rotated by 90°.
However, at such high millimeter-wave frequencies, the
resulting phase mismatch in the associated feed coaxial cable
could introduce a significant post-calibration measurement
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error. Instead, two-port measurements were undertaken by
cascading the DUT with another 90° twist, giving a qualita-
tive performance for the 3-D printed twist. As an alternative,
quantitative one-port measurements were undertaken by
connecting one end of a 90° twist to the Port 1 frequency
extender head, with the other end connected to a high quality
commercial VDI wave impedance matched-load termination.

Three components are used in the following measure-
ments: the 3-D printed 90° twist and two brand-new
commercial 90° twists (referred to here as COTS #1 and
COTS #2). The mean measured aperture dimensions [a, b]
for these three twists are [1,270 pum, 580 pum], [1,250 um,
720 pm] and [1,260 pm, 710 pm], respectively, at both
ends. Clearly, none of the three components meet the WM-
1295 standard of [a, b] = [1,295 um, 647.5 um], with the
3-D printed twist having a better dimensional match when
compared to COTS #1. Moreover, COTS #1 and COTS #2
have very similar dimensions, while COTS #2 was found to
have a visible aperture defect at one of its flanges.

T T T
Measured, 3-D Printed with Matched Load
5t Measured, COTS #1 with Matched Load

-20

2
IS, 1% (dB)

-25

-30 [

=35

40 1 f L L L L
140 150 160 170 180 190 200 210 220

Frequency (GHz)

FIGURE 20. One-port reflection measurements for the 3-D printed and
COTS #1 twists (terminated with a wave impedance matched load).

Figure 20 shows one-port reflection measurements across
G-band for the individual 3-D printed and COTS #1 twists,
connected to a wave impedance matched load termination.
The COTS #2 twist was not included here, as its flange
aperture defect results in poorer reflection measurements
when compared to those from the COTS #1 twist. Clearly, our
3-D printed twist has measured results that are commensurate
with its brand-new commercial counterpart.

Ideally, without any twist, all the incident power at the
commercial wave impedance matched load will be dissipated,
resulting in a zero reflection coefficient at this termination.
With the twist inserted, the measured reflectance |S;;|* will
then represent the reflection response of the individual twist.
The worst-case return loss across G-band is 13.2 dB for the
3-D printed 90° twist, while that for the COTS #1 twist is
12.9 dB. The return loss for the 3-D printed twist is generally
greater than 15 dB across G-band and commensurate with
that for the COTS #1 twist.

For two-port measurements, two cascade combinations
were employed: (i) the 3-D printed twist (at Port 1) connected
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to COTS #1 (at Port 2), and (ii) COTS #1 (at Port 1)
connected to COTS #2 (at Port 2). These shall be referred
to here as Cascades #1 and #2, respectively. As the COTS
twists are manufactured from gold-plated oxygen-free hard
copper [39], associated theoretical calculations and EM
(re-)simulations are undertaken using the bulk DC conduc-
tivity of gold.

Measured, Cascade #1
Measured, Cascade #2

2 2
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FIGURE 21. EM simulations and measurements for Cascades #1 and #2:
(a) reflection; and (b) transmission.

Figure 21(a) shows two-port reflection measurements
across G-band for Cascades #1 and #2. Note that, since
Cascade #1 is not symmetrical, the S;; and Sy, responses
are not identical. The worst-case return loss across G-band
is 8.3 dB and 7.2 dB for Cascades #1 and #2, respectively.
The 1.1 dB improvement in the worst-case return loss with
Cascade #1 can be attributed to the aperture dimensions of the
3-D printed twist being closer to the ideal dimensions, when
compared to that for COTS #1 or #2. The poor return loss is
the result of three wave impedance mismatches (i.e., at both
port flanges and the inter-twist flange interfaces). The Fabry-
Pérot ripples in the frequency responses are characteristic of
multi-stage reflections.
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Figure 21(b) shows two-port transmission measurements
for Cascades #1 and #2, across G-band, demonstrating an
average insertion loss of 1.24 dB for both cascade scenarios.
The qualitative average insertion loss for a single twist is
approximately 0.62 dB, given that all twists have similar
return loss performances. This suggests a commensurate
insertion loss performance between the 3-D printed twist and
the COTS counterparts.

The EM simulated transmission responses for two ideal
cascaded twists (having perfect wave impedance matching)
exhibit significantly lower loss when compared to Cascades
#1 and #2. When surface roughness losses are applied, using
the Extended/Huray-Hemispherical model K (180 GHz) val-
ues, the results are closer to our measurements. However,
there is still a significant discrepancy due to the 3-D printed-
to-COTS inter-twist mismatch (also found with Cascade
#2). Moreover, any intra-waveguide defects, which could be
introduced by the respective manufacturing techniques of
either twist, may cause significant reflections. For example,
within the 3-D printed twist, this would be associated with
layer-by-layer defects due to changing printing orientation
and by defects seen in Fig. 10(a).

It should be noted that «j, cannot be investigated with
Cascades #1 and #2. This is because (11) is no longer
valid, as the wave impedance mismatch reflections from the
3-D printed-to-COTS #1 twist flange interface and intra-
waveguide defects result in a non-homogeneous DUT.

Using the mean measured aperture widths of a =
1.27 mm and 1.25 mm for the single 3-D printed and COTS
#1 twists, respectively, the corresponding calculated mid-
band group velocities are v¢(180 GHz) = 2.26x10% and
2.24 x 108 m/s. By applying these to (13), the respective
second pulses are predicted to arrive at 281 ps and 284 ps,
respectively. With Cascade #1, the time of the second pulse
for |S11] is equal to that for the one-port 3-D printed twist,
with the second pulse for |S2;| corresponding to that for one-
port COTS #1 twist. The third pulse is predicted to arrive at
281 + 284 = 565 ps, with both |S11| and |S2>| responses.

Figure 22(a) shows one-port TDR traces for the 3-D
printed and COTS #1 twists, with Fig. 22(b) showing two-
port TDR traces for Cascade #1. VNA measurements and
EM re-simulations (with only the Extended-Hemispherical
model shown) are given. In Fig. 22(a), two major reflections
are observed, corresponding to the interface flanges at the
measurement port and at the matched load. In Fig. 22(b),
three major reflections are observed, corresponding to the
flange interfaces at the two measurement ports and between
the twists.

With reference to Fig. 22(a) and 22(b), the second reflected
pulses arrive at 267 ps and 281 ps in the measurements
and at 281 ps and 283 ps in the EM re-simulations, for
the 3-D printed and COTS #1 twists, respectively. It should
be noted that the previously calculated single-twist arrival
time predictions are for a 31.75 mm thru line, using (13),
which gives almost identical values with EM re-simulations
for the 31.75 mm long twists. With reference to Fig. 22(b),
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FIGURE 22. TDR measurements and EM re-simulations: (a) one-port for
the 3-D printed and COTS #1 twists terminated with a VDI matched load;
and (b) two-port for Cascade #1.

the third reflected pulses arrive at 525 ps and 539 ps for the
corresponding S1; and S»» measurements and at 553 ps and
565 ps in the EM re-simulations.

The slight discrepancy between measured and calculated/
re-simulated results is due to mechanical compression of
the 3-D printed twist in the longitudinal direction with our
measurement setup. The reduction in the 3-D printed twist
lengths, calculated using (13) with the timings of the second
pulses in Fig. 22(a) and 22(b), is approximately 1.6 mm
(5.0%).

Overall, the 3-D printed twist has a better wave impedance
match, when compared to COTS #1. With reference to
Fig. 22(a), it can be seen that the 3-D printed twist has a
worse wave impedance mismatch at Port 2, when compared
to Port 1. Conversely, COTS #1 has a worse wave impedance
mismatch at Port 1, when compared to Port 2.

Between the main reflections, smaller pulses can also be
seen in Fig. 22, both in the measurements and re-simulations.
The latter are consistent in magnitude with both the 3-D
printed and COTS #1 twists. These are believed to be due
to distributed reflections from the twisting transition.

32290

Moreover, these re-simulated smaller pulse amplitudes
agree with those measured for the 3-D printed twist. However,
the commercial twist exhibits significant smaller pulses,
which are much greater in magnitude than those predicted
through re-simulations. Since internal discontinuities are not
included in the re-simulations, and also because of the short
time intervals between the smaller pulses, it is believed that
they are due to internal defects seen in the measured results.
These may have occurred due to forced mechanical rotation
during manufacture. Note that this cannot be verified without
destructive visual inspection.
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FIGURE 23. EM simulated, measured and EM re-simulated two-port
S-parameter responses for the 10.4 mm long 155 GHz BPF, with ICR
compensation applied: (a) G-band responses; and (b) close-up passband
transmission responses, with the 10.4 mm reference thru line included.

C. BANDPASS FILTERS
Figure 23 shows the S-parameter responses for the 155 GHz
BPF, showing EM simulated, measured and EM re-simulated
results (i.e., using measured dimensions and iris corner
rounding). As with the thru lines and twists, surface rough-
ness is included in the EM re-simulations, with the Extended-
and Huray-Hemispherical models; the latter not being visible
in Fig. 23(a). The measured and re-simulated responses agree
well, suggesting that the measured dimensions are accurate.
It can be seen from Fig. 23 that the BPF almost preserves
the typical Butterworth approximation, having the charac-
teristic mid-band single return loss zero. In contrast, our
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previously published G-band 5" order Chebyshev filter [9]
lost its characteristic return loss zero passband distribution,
mainly due to not incorporating ICR compensation.

At the center frequency, the measured insertion losses for
this 10.4 mm long BPF and reference 10.4 mm thru line
are 0.47 dB and 0.24 dB, respectively, giving a minimum
discrepancy of only 0.23 dB at 155 GHz. With both the BPF
and thru line there is a good impedance match at 155 GHz,
with return losses at 20 dB. It is evident that surface roughness
and resonator detuning (due to manufacturing inaccuracy)
are the main contributors to insertion loss (i.e., there is
insignificant radiation leakage).

There is a slight center frequency up-shift of 2.3%
(3.6 GHz) and an 8.4% (1.3 GHz) decrease in 3 dB
bandwidth, increasing Q; from the target value of 10 to
the measured value of 11.2. Passband frequency shifting can
be explained by measuring the linear dimensions and ICR.
The former were found to be a good fit to its predicted
compensation values. However, the measured average ICR
radius is 75 pum, compared to the predicted compensation
value of R = 100 um. Since ICR compensation results in
a center frequency up-shift and a 3 dB bandwidth narrowing,
this suggests that over-compensation has occurred.
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FIGURE 24. EM simulated, measured and EM re-simulated two-port
S-parameter responses for the 7.4 mm long 175 GHz BPF, with ICR
compensation applied: (a) G-band responses; and (b) close-up passband
transmission responses, with the 7.4 mm reference thru line included.
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Figure 24 shows the S-parameter responses for the 175 GHz
BPF, showing EM simulated, measured and EM re-simulated
results. Surface roughness, with the Extended and Huray-
Hemispherical models, is again included in the EM re-
simulations; the latter not being visible in Fig. 24(a). The
measured and re-simulated responses agree well, suggesting
that the measured dimensions are accurate.

It can be seen from Fig. 24 that the measured and re-
simulated responses for our G-band 5™ order filter do
not preserve the typical Butterworth approximation, mainly
due to underestimating the level of reduction in the iris
width values associated with the predicted compensation.
Nevertheless, bandpass filtering is achieved.

The minimum insertion loss for this 7.4 mm long BPF is
0.44 dB, at 180 GHz. At this frequency, the reference 7.4 mm
thru line has an insertion loss of 0.13 dB, giving a minimum
discrepancy of only 0.31 dB when compared with the BPF.
With both the BPF and thru line there is a good impedance
match at 180 GHz, with return losses better than 20 dB.

There is a slight center frequency up-shift of only 0.5%
(0.9 GHz) and a 12.7% (2.2 GHz) increase in 3 dB bandwidth,
increasing Qy, from the target value of 10 to the measured
value of 11.5.

The minimal passband frequency shifting can be explained
by the good fit of the measured cavity lengths and ICR
to its predicted compensation values. Here, the measured
average ICR radius is 95 pum, compared to the predicted
compensation value of R = 100 um. Choosing an accurate R
value can be difficult, due to the several factors that influence
ICR (discussed previously). Nevertheless, compensation with
an R value that approximates the real values is sufficient,
as demonstrated by both the 155 GHz and 175 GHz BPFs.

As shown in Table 3, both BPFs compare well with W-band
polymer-based 3-D printed symmetrical diaphragm inductive
iris BPFs, in terms of passband insertion loss and center
frequency shift, despite the higher operational frequencies.

At G-band, our filters demonstrate a comparable frequency
shift, and a 2.5 dB insertion loss improvement, when
compared to the higher-accuracy metal-based MLS 180 GHz
BPF [49]. In contrast to our previous 183 GHz 5% order
chained-function filter [9], having a measured minimum
insertion loss of 0.55 dB, our new 175 GHz 5% order
Butterworth filter exhibits a slightly lower loss of 0.44 dB.
Moreover, Q; significantly decreased from the target value of
10.8 to the measured value of 5.8 [9], while our new 175 GHz
filter increased from the target value of 10.0 to the measured
value of 11.5; the levels of frequency shift were —0.9%
with the previous filter and +0.5% [9] with the new
175 GHz filter.

VII. DISCUSSION AND CONCLUSION

This paper represents the current state-of-the-art in polymer-
based 3-D printing of metal-pipe rectangular waveguide
components at G-band. The paper starts with a unique
and exhaustive up-to-date literature review for 3-D printed
MPRWG thru lines, twists and BPFs. This timely review
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reveals three main challenges for G-band split-block designs:
(i) EM radiation leakage loss; (ii) assembly part alignment;
and (iii) manufacturing accuracy limitations. To this end,
the authors investigated the design and application of
a ‘trough-and-lid’ assembly solution, using an H-plane
a-edge split and lips that extend beyond the sidewalls to
connect with the upper wall. This was used to realize thru
lines, a 90° twist and symmetrical diaphragm inductive iris-
coupled BPFs; the latter two are the first such components
to operate above 110 GHz. This split-block solution has
also been previously reported by the authors, but without
any introduction or discussion. Fabrication was undertaken
using an ultra-low-cost desktop MSLA 3-D printer. Our
outsourcing plating costs are high, when compared to the
3-D printing, but the overall cost is still low. In-house plating
would dramatically reduce this cost.

3-D printed thru line measurements demonstrate an
average «j, across G-band of 12.7 dB/m (0.032 dB/A,)
for the 7.4 mm exemplar and 13.7 dB/m (0.035 dB/A,)
for the 10.4 mm exemplar, which compares well with all
previously reported D- and G-band 3-D printed thru lines.
Commensurate performance to the COTS counterparts is
achieved above ca. 200 GHz. However, below ca. 200 GHz,
rectangular-to-trapezoidal cross-sectional distortion (due to
lip bending) causes additional attenuation. This was con-
firmed with EM re-simulations, by applying the measured
effective mean aperture width ape., < a; the resulting
increase in the TE{p mode cut-off frequency, from 116 GHz
to 130 GHz, significantly increases the level of attenuation in
the lower-half of the band. A more robust lip design should
be investigated, having a reduced height and increased width,
to mitigate lip bending.

Surface roughness modeling was also applied,
using the Extended/Huray-Hemispherical models with
K (180 GHz) = 1.32 and 1.28, respectively, adding approx-
imately 2 to 3 dB/m of additional attenuation across G-
band. This is the first example of their use with 3-D printed
MPRWGs.

The 3-D printed and COTS #1 90° twists exhibit com-
mensurate quantitative worst-case return losses of 13.2 dB
and 12.9 dB, respectively. Furthermore, from two-port mea-
surements, both exhibit commensurate qualitative average
insertion losses, being approximately 0.62 dB. The retail
cost of the measured COTS counterpart is a factor of
x 8.5 greater than the manufacturing cost of our ruggedized
3-D printed/plated 90° twist.

Detailed TDR analyses, for the thru lines and the twists,
confirm that the flange-to-flange interfaces are the main
source of reflections, with a qualitative comparison made
between port wave impedance matching. Moreover, when
tightly fixed to the measurement setup, the 3-D printed
components are mechanically compressed in the longitudinal
direction — approximately 0.5 mm (6.8%), 0.9 mm (9.1%)
and 1.6 mm (5.0%) for the 7.4 mm thru line, 10.4 mm
thru line and the twist, respectively. With the twists, TDR
suggests that there is a significant return loss contribution
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from internal defects in COTS #1, which cannot be verified
without destructive visual inspection.

A unique, systematic ICR compensation technique has
been applied to two 3-D printed BPFs. As a result,
the 155 GHz and 175 GHz exemplars exhibit a low
minimum passband insertion loss of 0.47 dB and 0.44 dB,
with center frequency up-shifting of only 2.3% and 0.5%,
respectively. This compensation technique was previously
applied to transverse-offset inductive iris BPFs, but without
any introduction or discussion. Further improvement can be
expected with: (i) close visual inspection and early part selec-
tion/rejection during manufacture; (ii) improved manufactur-
ing process characterization and control; (iii) design iteration;
and (iv) the additional application of pixel quantization pre-
distortion for MSLA printers (which was beyond the scope of
this paper).

The continual advancements in desktop UV photocurable
resin printing is leading to significant improvements in
dimensional accuracy and surface finish quality. As a
result, in the near future, this technology is expected to
extend the trough-and-lid assembly solution to MPRWG
components to higher frequency bands, a wider range of
geometrical complexity (e.g., 90° bends and orthogonal mode
transducers), packaging components within the waveguide
and integration into subsystems. The trough-and-lid assembly
is now a viable solution for new upper-mm-wave MPRWG
components. In the not too distant future, with both
performance and cost being the main drivers, this paradigm
shift in the manufacture of millimeter-wave components
and subsystems will inevitably compete with traditional
machined technologies; for example, in ubiquitous 5G+
mobile communications and security imaging systems.
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