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Abstract—V-band and W-band two-way rectangular waveguide
splitters are designed and fabricated using additive manufac-
turing by direct metal laser sintering of AISiMg and maraging
steel. The designs include a septum and tapers which improve
performance but are difficult to achieve using conventional
split-block machining. Standard WR-15 and WR-10 waveguide
flanges are manufactured together with the waveguides and then
alignment pin holes are tapped after printing. Otherwise, no post-
processing is applied to the components. Measurements show that
the maraging steel has better feature fabrication. The measured
return loss is below 20dB over both bands. The measured
coupling ranges from 4 to 6dB in V band and 5 to 8dB at
W band, between waveguide flanges. The estimated loss increase
due to surface roughness ranges from 10.8 dB/m at 62.5 GHz to
33.9dB/m at 92.5 GHz. Measured asymmetries in the coupled
port responses are explained by full-wave simulations of the
actual fabricated geometry.

Index Terms—3D printing, additive manufacturing, V'-band,
W -band, millimeter-wave, direct metal laser sintering (DMLS),
selective laser melting (SLM), surface roughness, waveguides,
combiner, splitter.

I. INTRODUCTION

Recent interest in additive manufacturing (AM) for mi-
crowave and millimeter-wave components is motivated
by possible reduction in cost and weight of components, as
well as shorter manufacturing times. Additionally, 3D printing
allows fabricating geometries that are either much more diffi-
cult, or even not possible, to fabricate using traditional split-
block machining techniques. Examples are corners and edges
that are not rounded by the mill bit, or smooth impedance
tapers. AM is especially attractive for higher frequency metal-
lic waveguide components. Conductor additive manufacturing
methods are limited, and most of them result in roughness that
is considered to be too high to result in low loss at frequencies
above V-band.

Examples of reported millimeter-wave passive components
fabricated using selective laser melting (SLM) include anten-
nas and couplers covering E,D and H bands using a copper
alloy [1], [2]. A good overview of work up to 2015 is given in
[3]. More recently, metal coated plastic waveguide has been
demonstrated from W and D band in [4] up to WR-1.5 (500-
750 GHz) and WR-1 (750-1100 GHz) in [5]. High-order SLM
waveguide filters with relatively complex internal geometries
have been demonstrated with good performance at Ku band,
e.g. [6]. However, feature size limitations and additional loss
due to surface roughness have limited performance at higher
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frequencies. In [7], a comparison is presented between four
different metal alloy 3D printed V- and W-band straight
waveguide sections and directional couplers, along with a
comparison to components fabricated in a metal-coated plastic
process.

The work presented here focuses on V- and W-band rect-
angular waveguide 3-dB splitters manufactured using an alu-
minum alloy and maraging steel alloy, shown in Fig.1. The
shape of the metal waveguide includes smooth impedance
tapers, a narrow septum at the waveguide split junction, and
colinear ports, all of which would be difficult to fabricate using
standard split-block machining.

II. WAVEGUIDE SPLITTER DESIGN, MANUFACTURING,
AND FEATURE RESOLUTION

The waveguide components are designed using finite-
element modeling (HFSS) with measured conductivity data
assuming smooth waveguide wall surfaces, as in [7]. Fig. 1
shows a photograph of maraging steel (left) and aluminum
alloy (right) fabricated splitters with WR-10 and WR-15
waveguide input and output ports. The flanges are 3-D printed
using standards UG-387 for WR-10 and UG-385 for WR-15
(MIL-DTL-392/67E).

The splitter design is not a standard E-plane geometry as in
[8], but instead attempts to improve return loss and coupled-
port isolation using a septum similar to what is presented
in [9] and [10]. Fig.2a shows the overall geometry. The
inherent loss due to surface roughness of AM manufacturing
is estimated based on [7] and used in the design to provide

Fig. 1. Photograph of WR-10 and WR-15 waveguide 3-dB splitters im-
plemented in maraging steel (MS) and aluminum alloy (AlSi;oMg). The
AlSi;oMg components were not functional due to poor printing tolerances
that could not meet the dimensions of the internal splitter design geometry.



Fig. 2. (a) Transparent 3D-view of the WR-15 waveguide splitter showing
continuous tapered impedance waveguide ports 2 and 3. (b) Zoomed-in
junction showing septum (width of 0.05 mm) for V band. WR-15 and WR-10
aperture dimensions for designed components are 3.7592mm X 1.8796 mm
and 2.54mm X 1.27 mm, respectively.

a resistive septum analogous to a Wilkinson divider, shown
in detail in Fig. 2b. Instead of a stepped impedance, the work
presented here uses a continuous taper enabled by additive
manufacturing, indicated in Fig.2a at waveguide ports 2 and
3. Further, the 3D printing allows output ports (2 and 3) to be
colinear with port 1.

The simulated S-parameters of the splitters assuming
smooth waveguide walls with loss associated skin depth in
maraging steel is shown in Fig. 3, and compared to the perfor-
mance of a standard E-plane splitter. Notice that the septum
and tapered impedance ports contribute to improved input
match (|s11]) and isolation (|s32]). We expect that the measured
insertion loss will be increased due to surface roughness.

The components shown in Fig. 1 are fabricated by MidWest
Composite Technologies [11], using M270/280 EOS machines
with a laser power of 200/400 W, focus of 100 um and a scan
speed of 750 mm/s. The direction of growth is in the —z
direction as denoted in Fig.2. The only post-processing of
the components are the center-tapped holes in the flanges.

III. MEASUREMENT RESULTS

The components from Fig. 1 are measured with a HP8510C
network analyzer with V and W-band extenders (V85104A and
W85104A) and waveguide calibration to the flange reference
planes. The AlSi;oMg components were not functional due to
poor printing tolerances that could not meet the dimensions of
the septum and decreased internal height. Figures 4,5, 6 and
7 show the measured input match, coupling, insertion loss
and isolation of the maraging steel components compared to
simulations.

Fig.4 shows the measured input match agrees with the
simulations across both bands. In Fig.5 there is a 2-dB

0 : :
WR-15 | WR-10
" B S g
5t .
KO F- e
MM
S EaEEEREEEE Kemm L oo e - - R
% ==S11
= 15} —+S21
Z
s --831
728 -6-§32
201
-25
-30 : : ’
50 60 70 80 90 100 110
Frequency (GHz)
Fig. 3. Simulated S-parameters for the V- and W-band splitters using

conductivity of maraging steel [7], o = 2.05 x 10% S/m, and assuming smooth
walls. The performance of the splitter geometry from Fig.2 (as solid lines) is
compared to a standard E-plane splitter shown in the inset (as dashed lines).
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Fig. 4. Simulated (using MS conductivity measured in [7]) and measured
reflected power of the WR-10 and WR-15 splitters.

asymmetry between the two ports over the band, which is
discussed in the next section. The insertion loss in Fig.6 is
calculated as

|so1| + |s31]

V2

IL = 20log

The insertion loss is 1.5 dB higher than the predicted value
over V-band and 2dB over W-band. The simulations do not
include surface roughness, and the increase in loss is consistent
with the results quantified for maraging steel in [7] for the
component lengths in Fig.1. The additional loss due to surface
roughness, compared to that in Fig.3 which only takes into
account the skin-effect loss, is estimated to be 10.8 dB/m
at 62.5GHz and 33.9dB/m at 92.5 GHz, consistent with the
results in [7]. The isolation between ports 2 and 3 (Fig.7)
shows improved isolation due to increased loss, as expected.
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Fig. 5. Simulated (using MS conductivity measured in [7]) and measured
power split of the WR-10 and WR-15 splitters.

IV. FABRICATION ASYMMETRY ANALYSIS

The asymmetry in the measured coupling |s21| and |s31]
in Fig.5 is analyzed by first comparing the actual fabricated
geometry to the design of the junction shown in Fig.2b. An
optical beam-splitter is used to couple green light into the
waveguide port 1, and a camera is focused on the septum
portion, resulting in the photo shown in Fig.8. Although
it is difficult to focus on all parts of the inner waveguide
junction simultaneously, and some parts are not illuminated, it
is evident from the photo that the waveguide junction shows a
tilt asymmetry in the zy-plane. We believe that the tilt is due
to the small dimension of the septum design (50 ym) which is
close to twice the particle size of the fabrication process and
exhibits a “balling” phenomenon [12]. A similar imperfection
was seen in the W-band splitter, with an even larger effect due
to more stringent dimensional needs.

From the photograph, the tilt is estimated to be 0.15 mm at
the waveguide edge, which corresponds to a 3.9% slope. The
geometry shown in the second inset of Fig. 8 is simulated in
HFSS and the results are shown in Fig.9 for the 50-75 GHz
band and compared to a perfectly symmetrical junction. Both
1% and 3% slopes result in asymmetry in the coupling, to a
varying degree. Although the walls are again assumed to be
smooth in the simulation, and the tilt is assumed to be linear,
these results explain the measured asymmetry in the coupling
coefficients seen in Fig. 5.

V. CONCLUSION

V-band and W-band two-way rectangular waveguide split-
ters fabricated using direct laser metal sintering of maraging
steel and an aluminum alloy (AlSi;gMg) are characterized.
The AlSi;oMg components were not functional due to poor
printing tolerances that could not meet the dimensions of
the septum and decreased internal height. The maraging steel
components are characterized and show expected loss since
no post-processing is applied after 3D printing. The measured
return loss is below 20 dB over both bands. The insertion loss
is by 1.5 to 2dB larger than simulated loss using perfectly
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Fig. 6. Simulated (using MS conductivity measured in [7]) and measured
insertion loss of the WR-10 and WR-15 splitters.
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Fig. 7. Simulated (using MS conductivity measured in [7]) and measured
isolation between wave-ports 2 and 3 of the WR-10 and WR-15 splitters.

smooth waveguide walls, consistent with the roughness char-
acterization in previous work [7].

The electromagnetic design pushes the tolerances of the
fabrication process to determine its limitations. It is found
that the small feature size in the divider junction results
in a twisted waveguide wall and full-wave simulations can
predict the effect on electrical performance. The junction
design includes a 50-um septum which uses the inherent
loss at millimeter-wave frequencies and enables high isolation,
but would be difficult to fabricate using standard machining
without significant changes in the geometry. The tapers in the
coupled-port waveguide sections improve return loss and are
included to demonstrate the straightforward capability of 3D
printing. All three ports of the divider are colinear; without
changing the divider geometry, it is not possible to fabricate
this structure with standard machining. Finally, this work
shows functional relatively complex waveguide components
at millimeter-wave frequencies up to 110 GHz using maraging
steel, proving that metal 3D printing is scalable from lower
microwave frequencies.



Fig. 8. Photograph of the WR-15 waveguide junction. The dimensions shown
in inset 1 are (a) 3.76 mm, (b) 1.88 mm, and (c) 0.05 mm (designed bifurcation
width). Inset 2 shows the simulated asymmetry with a linear slope of 3%.
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Fig. 9. Simulation of linearly sloped asymmetries in the bifurcation for the
WR-15 waveguide splitter compared to the ideal junction geometry (circular
symbol. Both 1% (slash symbol) and 3% (cross symbol) show asymmetries
similar to the measured coupling coefficients in Fig.5. The walls of the
waveguide are assumed to be perfectly smooth with a conductivity for
maraging steel.
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