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Evaluation of 3D Printed Monolithic G-band
Waveguide Components

Talal Skaik, Milan Salek, Peter Hunyor, Hui Wang, Peter G. Huggard, Paul F. Wilson, Mark A.
Williams and Yi Wang

Abstract— This paper presents a comprehensive evaluation of
3D-printed monolithic waveguide components fabricated by a
high-precision micro laser sintering (MLS) process. The
investigated devices are two 180 GHz bandpass filters and a
straight G-band (140-220 GHz) waveguide section. All were made
of stainless steel, which was later gold coated using an electroless
process. One of the filter samples was characterized using X-ray
micro-CT to inspect the printing quality as well as measure the
internal dimensions. The sample was then sectioned to allow
measurement of the surface roughness of the inner surfaces and
inspect the gold coating quality. The as-manufactured stainless
steel components showed high insertion losses: over 3 dB in the
filter passbands and between 4.7 dB and 7 dB for the waveguide
section, increasing with frequency over the G-band. This loss is
due to the electrical conductivity of stainless steel as well as the
surface roughness. Gold plating significantly reduced the
insertion losses, to 0.5 dB for the filters and to between 0.6 dB and
1 dB for the waveguide section. The investigative study showed the
high dimensional accuracy and good printing quality achieved by
MLS, demonstrating the value of the technique in producing
monolithic metal waveguide components with fine geometrics.

Index Terms—3D printing, G-band, micro laser sintering
(MLS), waveguide filter.

I. INTRODUCTION

D-PRINTING technology has been extensively investigated

as a new fabrication route for microwave components based
on waveguide structures. A number of processes are currently
available, including fused deposition modeling (FDM) [1],
stereolithography apparatus (SLA) [2] and selective laser
sintering (SLS) [3]. The FDM method has inferior accuracy, is
suitable for low-cost prototyping and may not be an appropriate
solution for millimeter-wave devices. The SLA process is
polymer-based, provides the highest dimensional accuracy
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among the three methods, and components exhibit excellent
surface finish. However, metal plating is required. The SLSisa
metal-based technique and a strong contender for mm-wave
components owing to accuracy as well as good mechanical and
thermal properties. SLS is also known as selective laser melting
(SLM) or micro laser sintering (MLS) that produces micro
metal parts. However, surface roughness of the as-printed
metallic parts remains a problem for devices that require low
insertion losses. Moreover, SLS process with relatively low
conductivity metals (e.g. stainless steel) also requires metal
plating.

Application of these techniques has been reported for a
number of straight rectangular waveguide sections.
Metal-coated polymer-based waveguide components were
studied at various frequency bands: WR-10 (75-110 GHz) [4],
WR-5 (140-220 GHz) [5], WR-3 (220-330 GHz) [6] and WR-1
(750-1100 GHz) [7]. The latter two works exploited the unique
capability of 3D printing technology of producing monolithic
components, unlike the conventional split-block approach that
requires assembly and fasteners. All-metal 3D printed
rectangular waveguides have also been reported [8]-[10]. In
[8], various monolithic waveguides produced by Cu-15Sn
powder using SLM were reported: WR-12 (60-90 GHz), WR-6
(110-170 GHz) and WR-3. In [9], an WR-10 waveguide section
manufactured by SLM process was presented. A WR-5
waveguide produced by MLS process was presented in [10].
The performance of these waveguide sections will be compared
later in this paper.

Other 3D printed components with more complex structures
such as horn antennas [11]-[13] and waveguide filters [13]-[23]
were also investigated. Waveguide filters are more challenging,
particularly for frequencies above 100 GHz, due to the fine
geometries of the coupling irises with wall thicknesses of the
order of 100 um. In [14], an X-band (8.2-12.4 GHz) SLA filter
demonstrated the 3D-printing capability in constructing
complex spherical resonators. SLA-fabricated filters with
rectangular cavity resonators operating from 75-110 GHz were
reported in [4] and [15]. Polymer-based 3D-printed G-band
filters made of H-plane split blocks were reported in [13], [16].
Those filters required metal plating as an extra step after
printing. A number of all-metal filters were also presented in
the open literature [17]-[23]. In [17], Ku/K band lowpass filters
made by SLM were presented. Reference [18] reports on a
Ku-band bandpass filter with ellipsoid cavities fabricated by
SLM process. A K-band filter made by aluminum alloy [19]



and an WR-12 (60-90 GHz) diplexer made by copper-based
alloy [20] were also fabricated by SLM technique. In [21],
W-band stainless steel filter made by MLS was reported. The
authors of this paper previously presented two filters above 100
GHz fabricated by MLS. The first is a G-band (140-220 GHz)
filter operating at 180 GHz [22] and the second is an H-band
(220-330 GHz) filter operating at 300 GHz [23]. The 180 GHz
filter was printed as a monolithic enclosed structure while the
300 GHz filter was made of a split-block of two identical
pieces. A literature survey has shown no other reports on
3D-printed filters operating above 100 GHz. This may be
attributed to the stringent requirement of high-resolution and
high-accuracy (within £10 pum) printers which are uncommon
and expensive. There are also significant challenges associated
with the post-processing of such high frequency waveguide
filters, especially for those with a monolithic structure. In this
context, here we extend the work on the 180 GHz stainless steel
filters. In particular, the components were coated with gold
using an electroless plating process. Internal structures were
investigated using micro X-ray Computed Tomography (XCT).
The sample was then sectioned using electrical discharge
machining (EDM) to allow further characterization on the
surface roughness of the inner surfaces, the internal dimensions
and the gold coating quality. The measured mm-wave
performance of the gold-coated 3D-printed samples is
compared below with that of G-band filters manufactured by
other technologies [24]-[28]. Additionally, the loss of a straight
G-band waveguide section made by MLS was evaluated to
extract the effective electrical conductivity. The performance of
this 3D printed section is also benchmarked against
commercially available waveguides.

The paper is organized as follows. Section Il presents the
design method, fabrication technique, gold-plating process and
measurement results of the 180 GHz waveguide filter. Section
1l shows surface characterization and dimensional
measurements. Section IV presents the G-band waveguide
section and Section V draws conclusions of this work.

Il. 180 GHz WAVEGUIDE CAVITY FILTER

A. Filter Design

The filter is designed at 180 GHz, with 11% fractional
bandwidth and 20 dB specified return loss. It is formed of
inductively coupled waveguide cavity resonators arranged in an
inline topology to produce a fifth-order Chebyshev filtering
response. The internal air-model of the filter is shown in Fig.
1(a). The filter performance was simulated using CST
Microwave Studio [29]. Following a standard filter design
technique [30], the dimensions of the coupling irises are
adjusted to realize the required inter-resonator coupling
coefficients M1, = Mss = 0.0961, Moz = M3s = 0.0706 and the
external quality factors Qe1 = Qen = 8.76. A top view of the
filter is also shown in Fig. 1(a) and the final optimized
dimensions are also given. A cross-sectional view and the final
physical model of the filter including standard UG387/U
waveguide flanges are shown in Fig. 1(b) and Fig. 1(c),
respectively. The flanges incorporate air cavities to reduce

mass and, more importantly, to alleviate thermal stress induced
by the rapid heating and cooling of the MLS process. The
hollow structure is a uniquely possible feature of 3D printing.
The octagonal perimeter of the flanges, Fig. 1, circumvents the
use of supporting structures and the pentagonal shape of the
holes in the flanges renders self-support during printing.

B. Filter Fabrication and Plating

Two monolithic filter samples were fabricated in 316L

stainless steel using MLS by 3D Microprint GmbH [31]:
Fig. 2(a). The printer utilized a laser beam with an average
power of 50 W and spot-size of 30 pum to selectively melt and
fuse metal powder in successive ~ 7 um thick layers. Fine
powder was used with a particle size of Dgy<5 um. The
printing time was about 10 hours. The filter was printed such
that central line along the filter is parallel to the building
platform and the filter is tilted by 45° as shown in Fig. 5 (c). The
as-printed parts were blasted with corundum and the planar
surfaces of the flanges were mechanically polished. This was
done on a sample grinding machine using SiC grinding plates
and a basic clamp mount.
An electroless gold plating process was developed to improve
the surface conductivity of the stainless steel samples. An
initial oxide layer removal was followed by an electroless
nickel undercoat, the latter deposited to increase adherence of
the subsequentially plated gold. The plating recipe is outlined
as follows: (1) rinse, (2) degreasing soak, (3) rinse, (4) acid dip,
(5) rinse, (6) Wood’s nickel strike, (7) electro-less nickel and
(8) immersion/autocatalytic gold plating. A peristaltic pump
was used to move the plating solutions along the length of the
waveguides. After the part is nickel plated, gold plating is
applied in a two-step process. Initially the part is plated with
immersion gold (for few minutes only) which only reaches a
few nm thick. This is followed by the autocatalytic gold. This
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Fig. 1. 180 GHz waveguide filter structure: (a) Air cavity model of the filter
and top view with the dimensional parameters; (b) H-plane cross-sectional view
showing internal filter structure; (c) Complete design model with hollowed
flanges. The dimensions in mm are: W = W; = W= W3 = W, = Ws=1.295, L; =
0.648, L,=0.782, L3=0.810, C, = C¢= 0.857, C,= Cs= 0.688, C3= C,= 0.645
and D;=D; = D3;= D4 =Ds= Dg = 0.250.
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Fig. 2. Photographs of the prototypes: (a) as-printed stainless steel samples; (b)
gold-coated samples and (c) measurement setup of the filter.

requires a long time (approximately 6-8 hours) as the plating
rate is slow (about 0.4-0.5 um/hour in ideal conditions) and it is
especially slow due to the internal structure of the filter with
irises. Temperature control is very important and hence the
solution temperature is checked every 30 minutes to make sure
it is in range. It should be noted that each filter had been plated
a few times.

The electroless nickel and gold plating procedure adopted
does not require an anode, cathode, or application DC current
like other polishing/plating methods. It is challenging to
achieve good gold coverage and uniform thickness due to the
internal walls between cavities. These structures impede the
flow of the solutions, which may result in insufficient removal
of gas bubbles generated during nickel plating (leaving exposed
steel areas) and cause turbulent flow, inhibiting the plating rate
of the autocatalytic gold. It is expected that the thinnest Ni/Au
coverage is at the corners of the filter cavities due to turbulent
flow. The solution flow was continuous, and the flow rate was
the slowest the pump could do. A reverse flow was also
introduced to improve the consistency in plating.

Therefore, five applications of gold were used to ensure good
coverage. We targeted a coating thickness of ten times the skin
depth, 3 = 0.18 um at 180 GHz, in exposed areas to ensure
sufficient coverage over the less accessible areas. A picture of
the gold-plated samples is shown in Fig. 2(b). Nickel undercoat
was applied before the first and last gold layers. The radio
frequency performance of the stainless steel component was
measured with the characterization repeated after the
application each gold layer.

C. Filter Measurement

A Keysight N5247B PNA-X network analyzer and VDI
frequency extension heads were utilized to test the filter
samples. A TRL (Thru, Reflect, Line) calibration method was
performed first, and the measurement setup is shown in Fig. 2
(c). The calibration moved the reference planes to the ends of
the frequency extender waveguides. The measured
S-parameters, as well as the simulated results, are given in Fig.

3 for Filter 1 and in Fig. 4 for Filter 2. Results after application
of layers of gold are denoted as Goldl, Gold2..., Gold5.
Measured results on the stainless steel devices indicate a
response curve downshifted by 2.75 GHz for Filter 1 and 2.45
GHz for Filter 2. This can be attributed to fabrication
inaccuracies in filter dimensions. Minimum measured insertion
loss is 3.0 dB for Filter 1 and 2.9 dB for Filter 2 while the
simulated value is 1.8 dB, evaluated using an electrical
conductivity of 1.35 x 108 S/m. Measured Si; is below -18.3 dB
for Filter 1 and below -17.2 dB for Filter 2. Further analysis on
larger than simulated insertion losses will be presented in
Section IIl. The first gold plating significantly reduced
insertion losses to a minimum of 1.4 dB (Fig. 3 (b)) in Filter 1
and to 2 dB in Filter 2 (Fig. 4(b)). Further improvement is
noticeable from the supplemental gold coatings with achieved
minimum insertion loss of 0.5 dB in Filter 1 and 0.6 dB in Filter
2 after the final gold coating, Gold 5. However, applying
multiple coatings degraded Si1 to below -14 dB for Filter 1 and
to below -13 dB for Filter 2, as measured after final plating.

A noticeable frequency shift upwards is also noticed after the
first and last gold plating owing to applying nickel undercoat
prior to these coatings. It should be noted that the final nickel
undercoat was applied to achieve better adhesion and to add an
extra thickness that would cause an upward frequency shift
toward the design response. The overall thickness of nickel
combined with the gold coating resulted in smaller cavity sizes
which caused a noticeable frequency shift.
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Fig. 3. Simulated and measured results of the Filter 1: (a) Si; and S,; of the
stainless steel device and after five layers of gold, Gold5; (b) Enlarged view of
S, of the stainless steel and gold-coated device, showing responses after each
stage of gold coating.
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Fig. 4. Simulated and measured results of the Filter 2: (a) Si; and S, of the
stainless steel device and after five layers of gold, Gold5; (b) Enlarged view of
S, of the stainless steel and gold-coated device, showing responses after each
stage of gold coating.

The plating thickness may be estimated from simulations
based on the frequency shift in center frequencies obtained
from the measurements after the coatings. To do so, a
simplified simulation model is used. The internal dimensions of
the filter are reduced uniformly to account for the effect of
plating. The change of the frequency as a function of the
coating thickness is established from a series of simulations.
According to the measured results of Filter 1, the frequency
shift after 1st gold coating (compared to stainless results) is
about 0.855 GHz. Based on the simulated relationship between
frequency and coating thickness, this corresponds to a coating
thickness of around 2 pum. In the subsequent 2™, 3 and 4%
coatings, only electroless gold plating was applied without Ni
undercoating. In 3 coating, a frequency shift of about 0.39
GHz (compared to 2" coating response) was observed which
corresponds to a gold coating thickness of less than 1 pm.
Moreover, improvement in insertion loss of about 0. 54 dB was
observed. The 2" and 4" coatings showed neither frequency
shift nor insertion loss improvement indicating ineffective
plating. The 5% coating with Ni/Au resulted in a frequency shift
of about 1.44 GHz (compared to the 4" coating) which
corresponds to a coating thickness of about 3 um. These
estimations from the simulations agree reasonably well with the
X-ray fluorescence (XRF) measurements in Fig. 7 that show Ni
and Au thickness for the last coating.

The performance of the 3D-printed samples is compared in
Table 1 with other G-band filters made by different
technologies such as deep reactive-ion etching (DRIE)

[25]-[26], substrate integrated waveguide (SIW) [27] and
computer numerical control (CNC) milling [24],[28]. The
advantage of the MLS devices over other filters is a monolithic
structure. Moreover, the filters exhibit insertion losses
comparable with the best alternative techniques. This suggests
that the MLS 3D-printing technology can be a strong candidate
as a fabrication process for waveguide components operating in
the G-band and sub-THz frequencies.

I1l. SURFACE CHARACTERIZATION AND DIMENSION
MEASUREMENTS

A high-resolution X-ray micro-CT scanner Zeiss Versa 520S
was utilized to measure the internal dimensions and to
characterize any porosity of Filter 1. The filter was scanned in
three separate sections and later merged to achieve sufficient
resolution for accurate visualization, at the following settings:
140kV, 8W, 6s Exposure, HE3 Filter, at 1601 Projections at a
voxel resolution of 1.75um. Voxel scaling was performed with
a calibrated artifact to increase spatial accuracy in VGStudio
Max 2.2, with plane-to-plane measurements being performed in
the same software. Fig. 5(a) shows an image marked with
dimensions of the widths of the cavities, also given in Table II.
The table also shows the measured lengths of cavities, the
widths of irises and thickness of walls and the dimensional
parameters W, L, C and D, as in Fig. 1.

(b)

Printing direction

Fig. 5. Micro-CT images of Filter 1: (a) dimension measurements; (b)
distribution of pores; (c) cross section at cavity 3. Colors represent pore size as
follows: Light Blue = <10 mm?®, Dark Blue = 10 mm® to <10° mm?, Red =
10° mm? to <10 mm?®, Green = 10* mm?® to <10 mm?, Yellow = 10° mm? to
<102 mm?®, Turquoise = >102 mm®,



TABLE |
COMPARISON WITH OTHER FILTERS

Ref. Centre Frequency  Bandwidth Filter Minimum Insertion Return Loss Manufacturing Response
(GH2) (%) Order Loss (dB) (dB) technique
16 181.7 9.3 5 0.6 >13 MSLA* Chebyshev
24 214.3 9.8 (3dB) 4 0.6 >15 CNC* milling Quasi-elliptic
25 141.9 10.2 6 0.5 >18 DRIE* Chebyshev
26 174 55 6 15 >15 DRIE* Chebyshev
27 180 8 4 3.2 >15 SIw* Chebyshev
28 187 2.1 5 15 >10 CNC milling Chebyshev
217 2.7 5 15 >10 CNC milling Chebyshev
This work
Filter 1(2) 180 11 5 0.5 (0.6) >14 (13) MLS Chebyshev

* MSLA: Masked stereolithography apparatus, DRIE: Deep reactive-ion etching, SIW: Substrate integrated waveguide, CNC: Computer numerical control

TABLE I
DESIGN AND MEASURED DIMENSIONS OF FILTER 1

Parameter Design Measured Mean difference Parameter Design Measured Mean difference
(um) Alicona/uCT from design (um) Alicona/uCT from design
(pm) (pm) (pm) (pm)
L1 648 657/655 +8 c2 688 681/675 -10
L2 782 790/792 +9 C3 645 639/632 -10
L3 810 808/820 +4 c4 645 632/631 -14
L4 782 785 /787 +4 C5 688 686/678 -6
L5 648 654/670 +14 C6 857 841/837 -18
W1 1295 1291/1289 -5 D1 250 224/241 -18
W2 1295 1297/1292 -1 D2 250 221/246 -17
W3 1295 1284/1286 -10 D3 250 238/253 -5
W4 1295 1281/1281 -14 D4 250 240/248 -6
W5 1295 1286/1282 -11 D5 250 236/243 -11
C1 857 849/841 -12 D6 250 236/243 -11
108 S/mto 1 x 10% S/m, with the increase of bulk porosity from
cutl 4% to 22%.

cut 3
E-plane

cut 2
H-plane
Fig. 6. Photographs of filter 1 after cutting along E-plane and H-plane.
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The table also includes dimensions measured by Alicona G4
InfiniteFocus optical microscope [32] after the filter was
sectioned, as explained later. Table Il presents the average
deviations of the measured dimensions from the design values:
it is found that dimensional accuracy is within £10 um. The
measured lengths of the cavities, L to Ls, are larger than the
design values. This may be partly due to the reduced thickness
of the iris walls, denoted by D; to De. The widths of cavities W,
to Ws, as well as coupling aperture sizes C; to Cg, are also
smaller than the design.

Fig. 5(b) shows distribution of pores across the sample. It is
noticed that pores are generally scattered evenly across the
sample except for a noticeable line defect running diagonally
through the filter around cavity 3, as shown in Fig. 5(c). There
is no concentration of pores around the internal surfaces, so
they should have a relatively insignificant impact on the RF
performance. The study reported in [33] investigated the
electrical conductivity and porosity in stainless steel 316L
scaffolds fabricated using selective laser sintering process. The
findings show existence of pores in the printed samples with
apparent decrease in electrical conductivity from about 3.2 x

To investigate the internal surfaces of the enclosed filter and
to directly measure the filter dimensions, Filter 1 was cut into
several pieces using electric discharge machining (EDM), as
shown in Fig. 6. The first cut, “cutl”, is across the waveguide
and separated the waveguide cavities from the feed. The second
cut, “cut 27, was applied along the H-plane to the part
containing the cavities. It allowed access to the top and bottom
surfaces of the cavities/waveguides. The part with the feed was
sliced along the E-plane, “cut 3”. It allowed access to the side
walls of the feeding waveguide. The internal dimensions of the
filter were measured using the Alicona optical microscope, and
compared to the design values in Table I, as mentioned earlier.
The thickness of the nickel and gold plating was measured for
both the E/H-plane-cut parts using X-ray fluorescence (XRF)
analyzer. Results are shown in Fig. 7. It should be noted that the
measured values represent the final gold coating over nickel
undercoat. Various areas were measured, and the results show a
gold thickness varying between 0.6 um and 1.73 um.

The range of thicknesses is attributed to the flow of the plating
solution that is different around the edges of the sample from
other locations. The thickness of the nickel undercoat is also
variable, at between 1.53 pm and 2.32 pm. The surface
roughness of the internal surfaces was characterized utilizing
the optical microscope. Fig. 8 shows photographs for the bases,
i.e. broad walls, of the waveguide cavities and the surface
roughness S, measured over a selected area of about 0.7 mm x
0.7 mm. The average value of S, at the bases of the five cavities
is 3.8 um. The surface roughness of the waveguide sidewall in
the E-plane block was also characterized: Fig. 9. The average S,
at two measured locations is about 3.45 pum. Considering
Sa=3.65 um as an average roughness of both the bases and the



sidewalls, the effective electrical conductivity of stainless steel
would degrade to about 35 x 10° S/m using
Hammerstad-Jensen model [34]. Similarly, gold electrical
conductivity is reduced to an effective value of 1.1 x 107 S/m.
The filter performance was simulated with the modified
conductivity. As shown in Fig. 10, the simulation results agree
much better with the simulation when an ideal gold
conductivity was used. This validates the explanation that
surface roughness is a dominant factor causing the additional
insertion losses. Moreover, the similarity in performance
between the two gold-plated filters indicates excellent printing
repeatability as well as gold coating consistency.

(+- 0.08)um)
1.53 (+- 0.23)(um)

Au 1.46 (+- 0.10)(um) Au 109
Ni 1.69 (+- 0.29)(um) e

Au  0.92 (+- 0.10)(um) Au 0.65 (+- 0.07)(um)
Ni 232 (+- 0.50)(um) Ni 232 (+ 0.45)(um)

(b)
Fig. 7. XRF images of Filter 1 after EDM cut for gold and nickel thickness
measurement (a) H-plane-cut part and (b) E-plane-cut part.

S,.=4.1 ym

S,=3.8 um

S,=3.7 um

Fig. 8. Surface roughness characterization of the H-plane block at the bases of
the waveguide cavities.

s Areal
S,=3.4 um

Fig. 9. Surface roughness characterization of the E-plane block at the sidewalls
of the waveguide.
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roughness, compared to measured results of both filters.

IV. G-BAND WAVEGUIDE SECTION

A straight G-band waveguide section was also fabricated
using MLS to characterize independently the losses and extract
the effective conductivities of the stainless steel and the gold.
This was a 50.8 mm (2 inch) long section that was built as one
monolithic block of stainless steel and gold-plated twice.
Pictures of the fabricated waveguide section before and after
gold plating are shown in Fig. 11. Similar hollowed
octagonal-shape flanges as in the filters are used. The
S-parameters of the 3D-printed waveguide were measured and
compared with those of a standard section from Virginia
Diodes Inc. (VDI) with the same length, shown in Fig. 11 (a).
Simulated and measured results of both waveguide sections are
shown in Fig. 12(a). The stainless steel waveguide shows a
reflection coefficient, Si11, of below -20 dB, worse than that of
the VDI section, measured below -30 dB. Gold plating
degraded the Si; of the printed waveguide to an average better
than -20 dB and a worst case =~ -16 dB. An enlarged view of S»
data is shown in Fig. 12(b). Sz: for the stainless steel section
increases with frequency from -7 dB to -4.7 dB over the
G-band. The simulated S is between -3.5dB and -2.2 dB,
estimated from a nominal electrical conductivity of 1.35 x 10°
S/m. Assuming a surface roughness of S;=3.65 um, taken from
the measured value of the 180 GHz filter, the effective
conductivity degrades to 3.5 x 10° S/m. The simulated Sy
ranges between -6.8 dB to -4.4 dB, in very good agreement with
the measurement, indicating the surface roughness is the main
contributor to the excess insertion losses.

The first gold plating of the 3D printed waveguide
significantly improved S»; to between -1.6 dB and -0.85 dB,
while the second coating further enhanced Sa; to be between -1
dB and -0.7 dB. Simulation results with ideal gold conductivity
of 4.4 x 107 S/m show S;; between -0.6 dB and -0.4 dB.

TABLE 1l
INSERTION LOSS OF 2 INCH LONG WAVEGUIDE SECTION AT 180 GHz
IL (dB)

Simulated stainless steel — smooth (c=1.35 x 10® S/m) 245
Simulated stainless steel — rough, S;=3.6 um (c.=3.5 x 4.80
10° S/m)

Measured stainless steel 4.95
Simulated gold — smooth (c=4.4 x 107 S/m) 0.43
Simulated gold — rough, S,=3.6 pm (cer=1.1 x 107 S/m) 0.85
Measured gold1 0.85
Measured gold2 0.80
Measured standard VDI 0.39




TABLE IV
COMPARISON OF WAVEGUIDE LOSSES AS FUNCTIONS OF FREQUENCY AND MANUFACTURING APPROACH

Ref. Waveguide Frequency range Technology Material Monolithic/  Attenuation (dB/m)
(GH2) split-block
4 WR-10 75-110 SLA Plated polymer Split 11 at 110 GHz
5 WR-5 140-220 Polyjet 3D printing Plated polymer Split 59 at 172 GHz
6 WR-3 220-330 SLA Plated polymer Monolithic ~13 at 280 GHz*
7 WR-1 750-1100 3D printing Plated polymer Monolithic 1425 at 925 GHz
8 WR-12 60-90 7.76 (average)
WR-6 110-170 SLM Copper alloy Monolithic 21.47 (average)
WR-3 220-330 93.82 (average)
9 WR-10 75-110 SLM Ti-6Al-4V alloy Monolithic 30.4 at 94 GHz
10 WR-5 140-220 MLS Stainless steel Monolithic 90 at 220 GHz
Standard WR-5 140-220 NA NA Split 7.7 at 180 GHz*
VDI
This work WR-5 140-220 MLS Stainless steel / Monolithic 98 at 180 GHz*/

Gold-coated 15 at 180 GHz*

* Dissipative attenuation is calculated using equation (1).

3D o
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Fig. 11. Photographs of the 2-inch waveguide sections: (a) 3D printed
waveguide section (left) standard section from VDI (right) and (b) gold-coated
3D printed waveguide section.
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Fig. 12. Simulated and measured results of the 3D printed and standard VDI
waveguide sections: (a) Si; and S,y; (b) Enlarged view of Sy.

Again, due to surface roughness, the effective electrical
conductivity of gold becomes 1.1 x 107 S/m and the simulated

Sz is reduced to between -1.2 dB and -0.8 dB. This also agrees
very well with the measured S»; after second gold coating. The
VDI waveguide showed better performance, with measured S
between -0.6 dB and -0.4 dB, which almost matches the
simulated result of an ideal gold coated waveguide. The
insertion loss results at a nominal frequency of 180 GHz are
given in Table 111 for comparison.

These results from both the filters and the waveguide sections
show: (1) The loss of these waveguide components can be
reasonably predicted when surface roughness is considered. (2)
The relatively high surface roughness is an important limiting
factor for 3D printed waveguide components and therefore
effective post-processing technique is required in order to
obtain a performance close to theoretical limits. To this end,
polishing techniques, applicable to small, enclosed structures,
such as abrasive flow machining (AFM) [35] or
electrochemical polishing [36] may be utilized. The AFM may
be applied to straight-through waveguide sections. However,
for waveguide cavity filters, the method may not be a suitable
polishing approach as the small coupling iris features may be
distorted. In [36], electrochemical process has been applied to
3D printed metal tubes with various geometries and it was
successful in reducing internal surface roughness S, from more
than 15 pm to less than 6 um. However, the process needs to be
further investigated and developed for small waveguide
structures like the parts presented here.

The performance of the waveguide sections is compared
with other reported 3D-printed sections at various frequency
bands [4]-[10] in Table IV. The dissipative attenuation of each
waveguide is given in [dB/m]. This attenuation is due to
dissipated or ohmic losses associated with the internal surfaces
of a waveguide with physical length | and is calculated as
follows [37]:

[dB/m] )

10 152112
ap = =% logio (55 7)
The attenuation op of the MLS gold-plated monolithic
waveguide is 15 dB/m at 180 GHz. It is lower than other
reported 3D-printed WR-5 waveguides: 59 dB/m at 172 GHz in
[5] and 90 dB/m at 220 GHz in [10]. The commercial
high-precision waveguide section from VDI still shows

superior performance with an attenuation of 7.7 dB/m at 180
GHz.



V. CONCLUSION

Monolithic waveguide filters operating at 180 GHz and a
monolithic G-band waveguide section, all fabricated by MLS
process, have been comprehensively evaluated. The RF
measurements of the as-printed stainless steel devices showed
high insertion losses, about 3 dB for the filters and a frequency
dependent 4.7 dB to 7 dB for the waveguide section. This was
due to the relatively low electrical conductivity of the stainless
steel alloy (1.35 x 10% S/m) as well as the high surface
roughness (Sa~3.65 pm). Successive application of electroless
gold plating has significantly reduced the insertion losses, to
about 0.5 dB in the filter samples and about 0.7 dB to 1 dB in
the waveguide section. One of the filter samples was inspected
utilizing micro-CT scan and then cut using EDM to further
investigate the internal surfaces and dimensions. Measurements
showed good build quality and average dimensional deviation
from design values of about +10 pum . Comparison between the
two filter samples confirmed excellent repeatability of the MLS
process and good consistency in the coating quality. Detailed
comparison between simulation and measurements also shows
that the insertion loss of the waveguide components can be
predicted with good accuracy when surface roughness is
considered. It also reveals the surface roughness is the main
limiting factor for the 3D printed components. This points to a
requirement for further development of post-processing surface
polishing techniques suitable for small enclosed monolithic
structures, such as electrochemical polishing. It should be noted
that no polishing technique was applied to the internal surfaces
of the presented components. The investigative study has
demonstrated the capability and some of the constraints of 3D
printing technology in fabrication of waveguide devices for
sub-terahertz applications.
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