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Abstract— This paper presents several V-band (50–75 GHz)
WR-15 and W-band (75–110 GHz) WR-10 waveguide com-
ponents fabricated using both direct metal laser sintering in
aluminum, nickel-chromium, maraging steel (MS), and copper
alloys and stereolithography in copper-coated plastic. Printing
resolution is analyzed with respect to feature creation. The RF
performance and surface roughness are measured, and the loss
due to surface roughness quantified. The measured loss for
WR-10 at 92.5-GHz ranges from 5.5 dB/m for the copper-plated
plastic waveguides to 36.9 dB/m for the nickel alloy and for
WR-15 at 62.5-GHz ranges from 11.0 dB/m for the aluminum
alloy to 14.4 dB/m for the MS alloy. From a loss budget study,
it is found that standard models do not accurately predict loss
due to surface roughness for rough surfaces where the height
variation is much larger than skin depth δ. It is also found that
for internally complex printing, the MS alloy versions maintain
the closest structure to designed components and expected RF
performance. This paper presents the current state-of-the-art
in available additive-manufactured waveguide components at
V- and W-bands.

Index Terms— Additive manufacturing (AM), direct metal
laser sintering (DMLS), surface roughness, 3-D printing, V-band,
waveguides, W-band.

I. INTRODUCTION

MOTIVATION for the recent interest in additive man-
ufacturing (AM) for microwave and millimeter-wave

components is the potential for reduced cost and weight,
shorter fabrication times and the ability to fabricate assembly
geometries not possible with traditional split-block machining
techniques [1]. AM is especially attractive for higher frequency
metallic waveguide components, and there are a limited num-
ber of technologies that can provide conductor printing, most
of them with roughness that is considered to be too high
for low loss at frequencies above V-band. Published results
include a variety of passive components over a wide range of
frequencies with different fabrication techniques.
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A majority of work to date demonstrates plated plastic
waveguide components using stereolithography (SLA) and
fused deposition modeling (FDM). For example, additive
manufactured copper-coated SLA waveguides at 10.7–12 GHz
replace an antenna feed chain with no signal degradation
observed [2]. A lightweight 2 × 2 horn antenna array with
a complex feeding network is designed and fabricated for
Ka-band using electroless copper-plated SLA [3]. Split block
W-band through lines and 6th-order iris bandpass filters
printed using plated FDM and SLA are demonstrated in [4].
The through lines demonstrate attenuation of 11 dB/m at the
band edges, while an unloaded quality factor of 152 is mea-
sured [4]. This paper also gives a good comparison with exist-
ing waveguide components. Groove gap waveguide at Ka-band
is printed in metalized SLA with average measured losses of
1.4 dB/m [5]. Termination structures at X-band are character-
ized in [6], where the printed part is inserted into through
lines. Single-block W-band bandpass filters are designed
and fabricated using laser micromachining and copper-plated
SLA with good agreement between simulated and mea-
sured results [7]. While metal-coated plastic waveguides can
be rapidly prototyped and are smooth, they tend to be
fragile and the fabrication processes are not commercially
available.

Alternatively, direct printing with metal powders can be
used: selective laser melting (SLM), selective laser sintering
(SLS), and direct metal laser sintering (DMLS). For example,
bandpass filters for E-band are fabricated using SLM with
Cu–15Sn alloy powder, and a shifted passband and increased
insertion loss are observed [8]. Using SLM with CU–15Sn
alloy powder, rectangular through lines are fabricated at E-,
D-, and H-bands, with average E-band attenuation of 7.51
and 7.76 dB/m for 50- and 100-mm waveguide lengths,
respectively [9].

In [10], performance of W-band dominant-mode metal
waveguide sections fabricated with several AM techniques
is presented. The focus of this paper presented here is to
evaluate various commercially-available metal AM fabrication
techniques for both V-band (WR-15) and W-band (WR-10)
waveguide components in terms of loss due to material prop-
erties and surface roughness, as well as effects of feature
size printing limitations. Using DMLS in various aluminum
and nickel alloys, as well as copper and maraging steel
(MS), we present results of two simple components, a 10-cm
straight waveguide section and a 20-dB directional coupler,
as shown in Figs. 1 and 2, respectively. Comparison for
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Fig. 1. Photograph of straight 10-cm WR-10 waveguides implemented in
a variety of materials. From left to right: MCP, GRCop-84 (Cu), Inconnel
625 (Ni), 3 AlSi10Mg with different laser settings, and MS.

Fig. 2. Photograph of WR-10 20-dB waveguide couplers implemented in a
variety of materials. From left to right: MCP, 3 AlSi10Mg with different laser
settings, and MS.

a more functionally complex component is also discussed
for the case of a filter made with a row of symmetrical
small corrugations, testing the feature resolution effect on
performance. Measured S-parameters are used to study the loss
due to material conductivity, dimension-introduced mismatch,
and surface roughness. The surface finish of the waveguide
components is measured and quantified using focus-variation
microscopy (FVM) using a digital microscope (Keyence VHX
1000E) and the results are analyzed and compared to existing
models for loss due to surface roughness.

This paper is outlined as follows. Section II describes
component design and overviews the various manufacturing
methods, related material properties, and spatial resolution
limitations. Section III presents measured small-signal broad-
band S-parameters and compares the performance. Section IV
discusses surface roughness measurements and quantifies
increase in loss due to surface roughness. In Section V, an
analysis of the measured data reveals issues with common
roughness modeling techniques. In the last section, recom-
mendations for DMLS are made in relation to material choice
and feature printing.

II. WAVEGUIDE COMPONENT DESIGN, MANUFACTURING,
AND FEATURE RESOLUTION

The waveguide components are designed using finite-
element modeling (HFSS) with measured conductivity data
assuming smooth walls and fabricated with a variety of
materials and printing methods, described below. A limitation

Fig. 3. 3-D view of WR-10 filter waveguide section with a transparent
midsection. The filter is comprised of 11 blocks of the same width, height,
and depth in a WR-10 straight waveguide section. A similar filter was designed
for V-band in WR-15 waveguide.

of standard split-block machining that becomes an issue at
millimeter wavelengths is the radius of curvature due to bit
size. In the case of AM, the limitation will be due to machine
tolerance and alloy properties, described in Section II-B.

A. Component Design and Construction

The 10-cm straight 20-dB coupler and filter W-band
waveguide components, shown in Figs. 1–3, are designed
as single pieces in Ansoft HFSS and use standard UG-387
for WR-10 (MIL-DTL-3922/67E) flanges. In addition,
11-cm straight, 20-dB coupler, and filter V-band waveguide
components are designed in Ansoft HFSS and use UG-385
for WR-15 (MIL-DTL-3922/67E) flanges; these V-band parts
are only printed in two DMLS alloys, AlSi10Mg (aluminum)
and MS1 (MS). Some of the components include an "anti-
cocking" ring around the edge of the flanges. This outer flange
ring helps prevent misalignment due to part angle and varied
screw tightness during testing.

Various metallic alloys in powder form are available for
DMLS; in this paper we use AlSi10Mg, an aluminum alloy;
GRCop-84, a copper alloy referred to as Cu; MS1, maraging
steel referred to as MS; and Inconel 625, nickel-chromium
superalloy referred to as Ni. These parts were printed on
Electro Optical Systems (EOS) DMLS machines EOSINT
M270/M280 and EOS M290 through manufacturing suppliers
Midwest Composite and Visser Precision, respectively. The
SLA components were plated in copper using a proprietary
electroless process via supplier Swissto12; these parts are
referred to as metal (Cu) coated plastic (MCP).

Conventional 4-point probe resistivity testing was performed
on both MS1 and AlSi10Mg parts. The measured conductivity
for MS1 is found to be 1.60 × 106 S/m; the measured
conductivity for AlSi10Mg is found to be 2.66 × 107 S/m.
A summary of the material properties and referred names are
shown in Table I.

The DMLS process uses 20–40-μm metal particles that
are sintered together with a Yb–fiber laser with a focused
finite spot diameter that varies in both size and intensity
with output power. Table II lists the machine standard set-
tings (laser power, focus diameter, and scan speed) employed
by different manufacturers. Since waveguide features at
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TABLE I

METAL POWDER ALLOY PROPERTIES

TABLE II

DMLS PROCESSING PARAMETERS

millimeter-wave frequencies are usually smaller than 100 μm,
different laser scanning strategies are employed. Typically,
laser output power, spot speed, and distance between multiple
sintered lines, hatches, are varied.

During the sintering process, the direction of the component
build fundamentally changes the spatial resolution of internal
features and measured surface roughness. For clarity in the
build direction, as denotated in Fig. 3, the xy-plane is defined
as the machine bed and powder is layered upward in the
z-direction. In the straight sections, the build direction is
straight upward (z-direction) from the build plate with the
flanges parallel to the build plate (xy-plane) of the DMLS
machine. For the internally complex components, the 20-dB
couplers and the filters, there are always a few walls with no
structural support during build. This lack of support causes the
melt pool to bend downward into untouched powder space. In
order to minimize this bend, the component is tilted in the
xz-plane by 45°. The part is still built along the z-direction.

In this paper, three WR-10 AlSi10Mg straight components
(A1, A2, and A3) are printed as can be seen in Fig. 1. A1
(Midwest Composite) and A2 (Visser Precision) are printed
using the standard manufacturer settings seen in Table II. A3
(Visser Precision) is printed with higher energy density in the
perimeter scan. In using a higher energy density, less surface
roughness occurs, however, the component has reduced feature
resolution. This is discussed in more detail in Section II-B.

The simulated WR-10 20-dB coupler design uses 12 iden-
tical round coupling holes in a periodic array. The resolution
of the DMLS process allows for a minimum wall thickness
of 0.3 mm and a minimum feature size of 120 μm. The
WR-10 20-dB coupler DMLS design utilized a 0.508-mm
hole diameter and a horizontal (defined here as “along-guide,”
vertical being “across-guide”) center-to-center hole spacing of
1.375 mm. Fig. 4(a) shows the fabricated dimensions of the
WR-10 component. Because of the SLA process limitations,
a second WR-10 coupler was designed with a larger hole
spacing at the expense of bandwidth.

The WR-15 20-dB coupler design uses 14 identical round
coupling holes in a periodic array. The DMLS fabricated

Fig. 4. Photographs of the interior coupling holes of 20-dB directional
couplers after destructive testing. (a) WR-10 A1 component with measured
dimensions. (b) WR-15 AlSi10Mg component. (c) WR-15 MS component.
Measured dimensions for (b) and (c) are discussed in Section II-B, Fig. 5,
and Table II. The images are created using FVM at ×50 magnification.

WR-15 20-dB coupler design utilizes a 0.62-mm hole diameter
and a horizontal center-to-center hole spacing of 1.99 mm
and a vertical center-to-center hole spacing of 2.33 mm.
Fig. 4(b) and (c) illustrate the dramatic printing improvement
with WR-15’s larger dimensions.

The symmetrical filter design uses 11 blocks with consistent
height, width, and depth for both WR-10 and WR-15. Toler-
ance issues with the DMLS process were taken into account
during the design process. Fig. 3 shows this design for WR-10
clearly. Both WR-15 and WR-10 waveguide filter designs were
created in AlSi10Mg and MS1.

B. Feature Resolution Analysis

Precise feature printing becomes a critical issue in the con-
struction of functionally more complex components. Here we
characterize the complex internals of the WR-15 waveguide
components and the apertures of the WR-10 waveguide com-
ponents in relation to designed specifications.

In DMLS, the internal coupling holes are created using
a varied hatch pattern per deposition layer due to the lack
of support at the hole edges and suspension between guides.
During the cooling of the melt pool at each layer, the edges
of the coupling holes harden with a roughness difficult to
predict. The edge roughness is quantified by the root mean
square deviation (RMSD) from the designed hole to the printed
one. In addition to finding the hole RMSD, the horizontal
and vertical center-to-center hole spacing is determined and
compared to specification.

Using FVM images at magnitudes of 100 and 50 and a
generalized Hough Transform on a Canny-filtered image with
techniques developed in [13] and [14], the center point of a
single hole can be found and then used to overlay a circle with
the dimensions of the WR-15 coupler design. The original
image is then segmented by using a fast marching method
based on pixel weights derived from the image gradient; using
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Fig. 5. WR-15 20-dB coupler holes images. (a) AlSi10Mg and (b) MS1 with
superimposed lines for the designed hole specification and an algorithmically-
found printed edge (jagged line). The images are created with FVM at ×100
magnification. The scale shown is 500 μm.

TABLE III

WR-15 COUPLER HOLE MISALIGNMENT

the center point, the algorithm radially sweeps the segmented
image to find the coupling hole edge, overlayed on the original
image as shown in Fig. 5. This analysis is also performed
on the images shown in Fig. 4(b) and (c) for finding the
center points of each hole. Using these points, the vertical
and horizontal center-to-center hole spacing is determined.

A summary of WR-15 coupler hole misalignment with
comparison to designed specifications is shown in Table III.
The MS has better edge structure, as evidenced by RMSD,
and is generally closer to designed center-to-center spacing
than the AlSi10Mg component.

For the filter, the deviation between fabricated and simulated
geometric features is essential for frequency response mod-
eling. Fig. 6 shows fabricated dimensions; both components
deviate from the designed structure. The MS is smaller in total

Fig. 6. WR-15 filter images centered on the raised blocks, taken with FVM
at a magnitude of 50, with overlayed lines for measured distances. The scale
shown is 500 μm.

TABLE IV

WR-15 FILTER CORRUGATION SIZE AND MISALIGNMENT

area whereas the AlSi10Mg is slightly longer horizontally but
smaller vertically than designed. The MS corrugation is shifted
closer to one sidewall.

A summary of the WR-15 filter corrugation size and mis-
alignment is shown in Table IV.

A feature issue that becomes more visually obvious at
WR-10 proportions than WR-15 is misprinted aperture dimen-
sions. Fig. 7 shows four FVM images of the WR-10 waveguide
apertures in different materials. By standard designation,
WR-10 aperture dimensions are 2.54 mm × 1.27 mm. How-
ever, the printed dimensions are as much as 13% and 34%
larger in the x- and y-directions, respectively. For the GRCop-
84 waveguide, Fig. 7(a), this creates an impedance mismatch
to a standard flange which can be seen in return and insertion
loss measurements. AlSi10Mg A3, Fig. 7(d), which is created
using a higher energy density has a rounded shape. In RF
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Fig. 7. WR-10 aperture dimension deviation for (a) Cu, (b) MCP,
(c) AlSi10Mg A2, and (d) AlSi10Mg A3 waveguide section. WR-10 aperture
dimension for designed components is 2.54 mm × 1.27 mm.

performance, this shape causes loss due to higher-order mode
excitation at higher frequencies. The MCP and AlSi10Mg A2
components have the closest dimensions to the standard.

III. MEASURED RF PERFORMANCE

RF performance is shown in this section for the waveguide
components shown in Figs. 1–3 fabricated in different materi-
als as discussed in Section II-A. The RF performance was
measured with an HP8510C with W85104A W-band and
V85104A V-band frequency extenders. Calibration was per-
formed using calibration kits HP W11644A for WR-10 and
V11644A for WR-15, resulting in |S11| < −30 dB for the
termination standards.

The measured |S21| parameters of the straight 10-cm WR-10
waveguide sections are shown in Fig. 8. While |S11| <
−10 dB for nearly all WR-10 straight 10-cm components, |S21|
varies for each material and best performance across-band is
observed with MCP. In reference to the aperture mismatch, A2
can be seen having a fairly flat response as the component was
close to design. The Cu component has a consistently large
standing wave across-band. Ni and A1 have poor responses
across the entire band.

For the WR-15 straight 11-cm waveguide sections in MS
and aluminum, Fig. 9 shows |S21| data. Using the measured
conductance described in Section II-A, components in HFSS
were simulated and are shown in Fig. 9 for a comparison
between design and printed. While |S11| < −20 dB for
both components, |S21| varies for each material and a flat
performance across-band is observed with MS.

With this specific production run, another printing problem
was found in the AlSi10Mg. Thin stalactites, stalagmites, and
threads of metal connecting walls are easily visible within
the waveguide. This phenomenon is explained by liquid metal
expulsion [15]. During lasering and due to differing pressures,
a recoil force can exist on the melt pool causing liquid metal
to be expelled onto cooled surfaces. In the first measurement

Fig. 8. |S21| data for the various fabricated WR-10 10-cm waveguide
sections. It is assumed the standing wave patterns or poor across-band
response is due to aperture dimension deviation and/or imperfect flange
mating.

Fig. 9. |S21| data for the fabricated WR-15 11-cm waveguide sections. The
easily visible misprinted threads in the AlSi10Mg, as discussed in this section,
are assumed to be causing significant amounts of reflections. The response
improves after cleaning. The HFSS simulation data using the conductivity
results of the four point probe measurements are included.

of this aluminum part, these "misprints" caused significant
reflection loss at unexpected frequencies. After cleaning the
AlSi10Mg waveguide section with a nonabrasive material
(so that surface roughness was left intact) and subsequently
flushing with acetone, the large drops in |S21| are removed
and a flatter response is seen.

A summary of the S-parameter data for both WR-10 and
WR-15 straight components at center frequencies (92.5 GHz
for W-band and 62.5 GHz for V-band) is given in Table V.

The S-parameters of the various WR-10 20-dB couplers
are shown in Fig. 10. The AlSi10Mg couplers achieve close
to 20-dB coupling (|S31|) but the transmission coefficient
|S21| is far below desired and the response is not flat. The
MCP coupler has less loss than the other components and a
mostly flat response; however, the coupling factor is not as
designed. The MS coupler performs best; the 20-dB coupling
is extremely flat across-band and the observed |S21| is expected
due to the material conductivity. The A3 AlSi10Mg coupler
has physically blocked innards due to printing issues. As
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TABLE V

S-PARAMETER DATA FOR WR-10 AND WR-15 AT CENTER FREQUENCIES

Fig. 10. (a) |S21| and (b) |S31| data for the various WR-10 20-dB couplers.

such, the A3 AlSi10Mg sample has no through transmission
(|S21| � 0 dB) and is excluded in Fig. 10. |S11| is < −10 dB
on average for all components, with |S11| < −20 dB for the
MS coupler and isolation |S41| < −20 dB on average for all
components.

The S-parameters of both WR-15 20-dB couplers are shown
in Fig. 11. The MS coupler performs best; the response is
extremely flat across-band in both |S21| and |S31| and matches
closely the simulated MS data.

The printing issues in this production run also plagued the
AlSi10Mg coupler. Unlike the straight section, the complexity
of the coupler does not allow for a thorough cleaning. On
average, |S11| is < −20 dB for both WR-15 components and

Fig. 11. (a) |S21| and (b) |S31| data for the various WR-15 20-dB
couplers. S-parameter data from simulated couplers using the measured
4-point conductivity is also shown.

|S41| is < −30 dB on average for both components with the
WR-15 MS coupler |S41| consistently below −40 dB.

The WR-15 filter sections are designed to have a passband
from around 61-65 GHz. In Fig. 12, the simulated filter’s |S21|,
using a perfect electric conductor, is shown in black and the
|S21| and |S11| data of the MS and AlSi10Mg are shown in
red and blue, respectively. The null around 64 GHz in the
MS could be attributed to liquid expulsion or misprints in
corrugation edges.

In comparison to the simulation, the passbands of the
printed components are shifted. The shift on AlSi10Mg is
more significant than the MS filter. Notice here that the
through transmission, |S21|, of the AlSi10Mg passband is close
to, if not less than, the MS |S21|. Solely based on conductive
loss, the aluminum alloy’s |S21| should be about 1 dB less
than the MS. However, inconsistent printing issues in the
whole aluminum piece cause these shifts and degradation in
RF performance.

The loaded and unloaded quality factor, QL and QU , are
found using

QL( f0) = f0

� f
= QU ( f0) ∗ (1 − |S21( f0)|) (1)

where � f is the 3-dB bandwidth and f0 is the center fre-
quency [4]. A summary of the loaded and unloaded quality
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Fig. 12. |S21| (solid line) and |S11| (dashed line) data of the WR-15 filter
waveguide components. The simulated filter |S21| data using a perfect electric
conductor is shown in black.

TABLE VI

WR-15 FILTER Q , LOADED AND UNLOADED

factors from printed and simulated WR-15 filters is contained
in Table VI. The ideal Q is for a perfect electric conductor.

IV. SURFACE ROUGHNESS ANALYSIS AND RESULTS

Surface roughness and realizable fabrication resolution are
the primary limitations in AM millimeter-wave waveguide
assemblies [16], [17]. Fabrication feature resolution was dis-
cussed in Section II-B; this section focuses on surface rough-
ness characterization. In [18], the spatial bandwidth limitations
of FVM, an optical surface finish measurement technique, are
analyzed and a measurement protocol is introduced to greatly
reduce errors in the technique. The technique described in [18]
is used in this paper to characterize the surface finish of the
AM waveguide components.

Shown in Fig. 13 are the FVM composite photographs
of the waveguide interior surfaces taken during an FVM
measurement. Fig. 14 shows the measured deviation in height
of the interior of the WR-10 Cu (GRCop-84), WR-10 A3
AlSi10Mg, WR-15 AlSi10Mg, and WR-15 MS waveguides.
The RMS surface roughness Sq and autocorrelation length Sal
are typically used to characterize the roughness of machined
surfaces. The Sq value is a measure of the mean deviation of
the height and the Sal value gives an idea of how the deviation
is distributed laterally.

In this paper, common surface roughness measurement
assumptions are made. First, the surface’s autocovariance
function (ACV) is isotropic and exponential and is modeled
as

ACV (τx , τy) = (Sq)2e−τ/Sal (2)

where Sq is the RMS height variation and τ is the lag or
displacement. The lag τ is defined as τ = (τ 2

x + τ 2
y )1/2 where

τx and τy are the 1-D lag in the respective x- and y-directions.

Fig. 13. Composite images of straight waveguide section interior surfaces
at ×200 magnification. (a) WR-10 GRCop-84. (b) WR-10 AlSi10Mg A3.
(c) WR-15 AlSi10Mg. (d) WR-15 MS.

Fig. 14. Measured straight waveguide sections topographical map with
colormapped height deviation in μm. (a) WR-10 GRCop-84. (b) WR-10
AlSi10Mg A3. (c) WR-15 AlSi10Mg. (d) WR-15 MS.

The second assumption is that all height variations, Sq , fol-
low a Gaussian distribution. Fig. 15 shows the measured com-
parison to these assumptions for WR-10 GRCop-84. Fig. 15(a)
shows an isotropic surface as the lag is homogeneous in the
x- and y-directions. Fig. 15(b) shows that the normalized sur-
face height variation closely follows a Gaussian distribution.
Because the protocol used in the FVM measurements depends
on these assumptions to produce accurate results, it is useful
to plot the normalized autocorrelation of the measured surface
roughness profile, as in Fig. 16.

With the isotropic and exponential behavior of the surface
roughness of the fabricated waveguide confirmed, the auto-
correlation or autocovariance and RMS surface roughness can
accurately be measured. Table VII shows the RMS height,
autocorrelation length, and measured loss, αm , for the various
fabricated components. Surface roughness testing for the Ni



VERPLOEGH et al.: PROPERTIES OF 50–110-GHz WAVEGUIDE COMPONENTS 5151

Fig. 15. (a) 2-D array of calculated normalized autocorrelation as a function
of τ (lag) in x- and y-directions from 0 to field-of-view (FOV) divided
by 2π . (b) Histogram of normalized height variation with Gaussian (X-marker)
and exponential (O-marker) curves. Both images use topographical data of
the WR-10 GRCop-84 straight waveguide section interior surface at ×200
magnification for computation.

Fig. 16. 1-D computed normalized autocorrelation Sq (smooth line), for
GRCop-84 from the image in Fig. 13(a). Autocorrelation lengths in the
horizontal (X-marker) and vertical (O-marker) directions show that computed
Sq is a good fit to the ACV model before edge effects in the FOV limit affect
accuracy.

alloy, Inconel 625, was not performed because the material
is an extremely durable superalloy and successful destructive
testing was not possible.

TABLE VII

SUMMARY OF AM WAVEGUIDE SURFACE FINISH CHARACTERISTICS AT
CENTER FREQUENCIES (92.5 AND 62.5 GHZ)

Fig. 17. Different loss mechanisms for GRCop-84 AM waveguide. The
surface roughness loss is approximated by subtracting simulated losses
(mismatch from aperture dimension deviations and idealized Cu loss) from
the measured S-parameter data. Average surface roughness loss (O-markers)
is the moving average of the calculated approximate surface roughness loss.

V. ANALYSIS

From a loss budget study, it is found that standard models
do not accurately predict loss due to surface roughness for
surfaces where the RMS height Sq is much larger than
skin depth δ. In [19], a commonly used approximation for
determining loss due to surface roughness takes the form

CSR = 1 + 2

π
arctan

(
1.4

(σ

δ

)2
)

(3)

where CSR is a correction factor applied to the attenuation
constant as: αrough = αsmoothCSR. It is seen that the predicted
loss saturates at 2αsmooth for WR-10 and WR-15 frequency
ranges regardless of material. From the measured loss in
Table VII, the WR-10 waveguide components shows the loss
near 4αsmooth (using δCu = 0.215 μm at 92.5 GHz, σCu =
4.17×107 S/m,), much higher than the predicted 2αsmooth. The
WR-10 GRCop-84 waveguide aperture in Fig. 7(a) does not
meet the standard WR-10 dimensions resulting in a standing
wave in Fig. 17. The approximate surface roughness loss
for GRCop-84 waveguide is calculated by subtracting the



5152 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 65, NO. 12, DECEMBER 2017

mismatch loss and conductor loss due to copper, from the
measured |S21|.

In addition, the measured data from WR-15 components
does not agree with (3). In Fig. 9 and for MS, the αsmooth at
62.5 GHz using measured conductivity is 8.0 dB/m where αm

is 14.4 dB/m. With the still saturated correction factor (using
δMS = 1.406 μm at 62.5 GHz, σMS = 2.05 × 106 S/m),
the predicted surface roughness is larger than measured; here,
the αm is equal to 1.8αsmooth. Equation 3 is most common
in commercial electromagnetic simulators, but the conclusion
from the measurements in this paper is that it does not
accurately predict loss at V- and W-bands for very rough
surfaces (Sq � δ).

VI. CONCLUSION

This paper presents several V-band (50–75 GHz) WR-15
and W-band (75–110 GHz) WR-10 waveguide compo-
nents fabricated using mainly DMLS in aluminum, nickel-
chromium, MS, and copper alloys. Printing resolution is
analyzed with respect to feature creation, RF performance is
measured, and surface roughness and the respective loss are
quantified. The measured loss for WR-10 waveguide parts at
92.5 GHz ranges from 5.5 dB/m for the copper-plated plastic
waveguides to 36.9 dB/m for the nickel alloy. For WR-15
components at 62.5 GHz, the loss ranges from 11.0 dB/m for
the aluminum alloy to 14.4 dB/m for the MS alloy.

With current available technologies, the experimental data
indicates as follows.

1) Copper (GRCop-84) is too soft to work with reliably
and prints nonprecise dimensions.

2) Nickel (Inconel 625) is extremely durable, but loss is
high.

3) SLA (and other plated-plastics) is too fragile in demand-
ing environments, but has low loss.

4) Aluminum (AlSi10Mg) has issues of printing repeata-
bility and feature resolution.

5) MS performs best in printing features but has higher
loss.

We suggest that MS appears to be a good candidate for
metal waveguide printing given precision, structural integrity,
and reasonable conductivity. MS with possible additional
electroplating holds the promise for inexpensive DMLS
millimeter-wave waveguide components with high perfor-
mance.
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