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ABSTRACT This paper characterizes the effective conductivity of lossy metal materials fabricated with
additive manufacturing processes at microwave frequencies using a resonant cavity approach. Specifically
addressed is the powder bed fusion additive manufacturing process utilizing AlSi10Mg material at Ku-band.
The details of the procedure for converting device parameters that characterize the resonant cavity to material
properties are given. Trade-offs between the precision of the conductivity and the quality factor of the
cavity are discussed relevant to the design of the cavity. A best-fit matching procedure is made between the
measured response of the manufactured cavities and the simulated results. The conductivity with statistical
deviation for various fabricated cavities from different vendors is reported. Examples of various designs of
fabricated prototype waveguide feed components are presented. The predicted and measured performance
of each component is compared, validating the process.

INDEX TERMS 3D printing, additive manufacturing, attenuation, direct metal laser sintering, diplexer,
filter, insertion loss, microwave, ortho-mode junction, powder bed fusion, selective laser melting, surface
roughness, waveguide.

I. INTRODUCTION
The term additive manufacturing (AM) includes many pro-
cesses that use many different types of base materials. The
relatively recent development of additivemanufacturing tech-
niques in metal has enabled the design and manufacture
of high performance antenna waveguide feed components
at microwave frequencies [1], [2]. Additive manufacturing
processes allow for the fabrication of structures that are
very difficult if not impossible to build by other means.
Examples of such components include: shaped sub-reflectors,
waveguide feeds, ortho-mode junctions, polarizers, filters,
diplexers, couplers, etc [3]–[8].

One major advantage of the additive manufacturing
processes is the ability to create monolithic structures in
contrast to assembling multiple parts. Such structures advan-
tageously lack seams and joints, since even the smallest gap,
at microwave frequencies, can disrupt or alter the flow of
current. Current disruption can result in reflections, or the
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creation of localized, high-field intensities. High fields can
lead to the increased likelihood of arcing at high power
levels and conducive environmental conditions. Additionally,
monolithic structures can be fabricated at a reduced cost,
since the part count and assembly time are minimized.

Common techniques for the build of metal parts include
casting and selective laser melting (SLM). Casting is a
well-known process, although printing the mandrel with
additive manufacturing techniques is relatively new. In this
paper we focus on selective laser melting. In the literature
selective laser melting is also known as direct metal laser
sintering (DMLS) or powder bed fusion (PBF).

A non-comprehensive list of base metal materials utilized
in the selective laser melting process includes copper, alu-
minum, gold, stainless steel, tool steel, cobalt chrome, tita-
nium and tungsten, with many more being developed. Of
interest formicrowave applications are aluminum, copper and
gold because of the high electrical conductivity at microwave
frequencies. Aluminum is of special interest for antenna feed
components because of its low density, and good thermal
and electrical conductivity. It should be noted that many base
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materials are alloys designed to yield desired properties of
the finished part, such as surface finish and density. One
common alloy is aluminum-silicon-magnesium (AlSi10Mg),
which will be the primary material investigated in this paper.

Of major interest in the design of waveguide components
is the amount of power loss through the device [9], [10].
For air-filled (no-dielectric) metal parts the loss is inversely
related to the electrical conductivity. The conductivity is of
special interest to the device designer, since this single param-
eter is used to characterize lossy metal conductors in the
analysis tools used to predict the performance of microwave
components.

There are various techniques for characterizing the loss
through microwave devices. Generally the techniques fall
into two main categories: those that utilize non-resonant
structures such as transmission lines and waveguides [11],
and those that utilize resonant structures. The latter often
quantify loss through the quality factor (Q), (though fitting
the actual resonant response can offer advantages as dis-
cussed below) [12]. Cavity techniques are of particular inter-
est since they provide a small form factor and high sensitivity
to conductivity [13].

Our approach is similar to that of reference [14], though we
take an intermediate approach, using a more strongly coupled
cavity (with low quality factor), which gives a significant
response over a wider range of frequencies. Reference [15]
uses a strongly coupled cavity, however only provides an
approximate estimation of the effective conductivity and
lacks the statistical analysis quantifying variation. We apply
this approach specifically to parts produced via SLM pro-
cessing of AlSi10Mg, and provide theory and results for the
extraction of conductivity from measurements at frequencies
near 15 GHz. A rigorous determination of the conductiv-
ity uncertainty is also included. Our analysis separates the
large-scale geometric variations (i.e. not the surface rough-
ness) from the material properties, and demonstrates that if
this is not done then erroneous results will be obtained.

Section II gives the details of the design of the resonant
cavity, along with the methods used to predict the con-
ductivity from the response of the cavity as characterized
by generalized network scattering parameters. Results are
given in Section III, including predicted conductivity and
variances of various sample cavities, manufactured by mul-
tiple vendors. Also included, is a validation of our methods
using the derived conductivity in the simulation of various
microwave components. The measured response of these
fabricated parts are compared to simulation results, with
good agreement, specifically highlighting the loss through
the parts. Finally, conclusions and future work are provided
in Section IV.

II. METHOD FOR DETERMINING CONDUCTIVITY
Our approach is based on the well-known surface impedance
model with the following assumptions [16]:

• The curvature of the wall is much larger than the skin
depth δ.

FIGURE 1. Illustration of the (a) electrical model with port designations,
(b) mechanical model, and (c) manufactured prototype of the rectangular
resonant cavity.

• The conduction current in the wall is much larger than
the displacement current.

• The field relationships at the waveguide walls are given
by a plane-wave analysis.

The surface impedance at the wall may be expressed as

Zs =

√
jωµ

σ + jωε
≈

1+ j
σδ

(1)

with

δ =

√
2

ωµσ
(2)

where ω is the radian frequency, µ is the permeability, ε is
the permittivity of the material and δ is the skin depth.

Because of the use of the surface impedancemodel, the loss
is a function of many variables, both intrinsic and extrinsic.
A non-comprehensive list includes frequency, surface finish,
layer print resolution, build orientation, laser spot size, laser
intensity, base material chemical composition, impurities in
the base material, post processing, cleaning, etc. There is
no attempt to separate the effect of each of these, rather we
quantify the conductivity from one specific build process
readily available from multiple manufacturers.

It should be noted that the theory is general and can be
applied to any AM process capable of building the resonant
cavity geometry with a base material that is electrically con-
ductive. This is accomplished by designing and manufac-
turing resonant cavities (see Fig. 1) with resonance at the
frequency of interest.

The advantage of this technique is that the loss near res-
onance is sensitive to changes in the conductivity, allow-
ing for better resolution of the value. This is demonstrated
in Fig. 2, which shows a typical example of loss through a
microwave cavity with varying values of conductivity. The
results were obtained by using a lossy mode-matching tech-
nique described in more detail in Section II-B and verified
with the finite element method. The loss (L) is defined for an
n-port network characterized by scattering parameters to be

Lj = −10 log

(
n∑
i=1

|Si,j|2
)

(3)

given power input into the j-th port. This is an expression of
the conservation of energy of a closed system.

In contrast, the loss through a non-resonant structure such
as a transmission line or waveguide is small, making it more
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FIGURE 2. Loss through a resonant cavity as a function of electrical
conductivity where the loss is defined from the 2-port network scattering
parameters to be L = −10 log(|S1,1|

2 + |S2,1|
2).

difficult to resolve the conductivity, although it is valid over
a broad range of frequencies. The disadvantage with the
resonance technique is that the conductivity is only valid
over a relatively small range of frequencies. Our approach
compromises between the two extremes, where we use a
lower quality factor (high coupling) that allows for enough
sensitivity to resolve the parameter of interest (in our case
conductivity).

A resonant microwave cavity can be characterized by a
resonant frequency (fc) and a quality factor (Q). The quality
factor is a measure of the lifetime of free oscillations. An
energy based definition of the quality factor is given as 2π
times the ratio of the mean stored energy over the dissipated
power [17]. Another definition of the quality factor is derived
from the frequency derivative of the input impedance and
can be expressed as Q = fc/1f where fc is the center
frequency and 1f is the 3-dB bandwidth [16], [17]. From
Foster’s reactance theorem, these two definitions generally
yield distinct results, however they asymptotically approach
each other as loss becomes increasingly small [18], [19]. The
energy based definition is well defined, where the definition
based on bandwidth is only a good approximation given low
loss and small coupling, which uses only three frequency
points to estimate the quality factor. Therefore, given the
relatively high coupling values of the cavity and potentially
high loss of the materials of interest, we are required to
analyze the response over a broad frequency band sampled
at many points, with an analysis technique that accurately
accounts for the dissipated energy.

In order to determine the conductivity, we compare the
results from a simulation based on a simple parameterized
model with the measured results of a manufactured cavity.
This comparison is reduced to a value whose magnitude is
related to the quality of the match between the measured
and simulated results. We then use optimization algorithms to
adjust themodel parameters until a best match is obtained that
minimizes the squared error residuals between the simulated
and measured results.

A. MODEL
The model used (see Fig. 3) was chosen to provide the
desired response while minimizing the number of parameters

FIGURE 3. Parametric model of a simplified rectangular cavity.

necessary to describe the geometry. This was accomplished
by reusing parameters from symmetric features and utilizing
planar symmetries in the rectangular coordinate system.

The geometric parameters of the cavity were designed
so that resulting external quality factor (ignoring wall
loss) is approximately 1500 at a center resonant frequency
of 15 GHz. The relatively large coupling, resulting in a
smaller quality factor, is mainly controlled by increasing the
iris width (w) of the cavity. A larger iris width, generally
makes the manufacturing of the cavity with additive manu-
facturing methods more practical, providing greater access to
the inside of the cavity. For example, the SLM process leaves
powder in the voids of the cavity which needs to be removed.
Other manufacturing methods may also require the removal
of temporary supports.

Large quality factors result in small relative bandwidths
leading to increased sensitivity with respect to the model
parameters. Therefore, there is a design compromise between
the resolution of the parameter value of interest (in our case
conductivity) and the ability to practically manufacture, ana-
lyze and measure the response of the such structures.

B. ANALYSIS
The analysis of the parametric model can be performed with
a number of numerical techniques [20] given that they yield a
generalized scattering matrix that includes loss. The method
used in our analysis is based on the mode-matching tech-
nique [21], [22] with the inclusion of conductor loss on the
waveguide walls [23]. The advantage of such a method over
more conventional, general-purpose electromagnetic solvers
is the speed at which the calculations can be executed. A
fast computational algorithm is attractive due to the large
number of iterations required by the least-squares fit pro-
cedure, although it is not necessary. Most general purpose
solvers are mesh based, and for resonant structures the mesh
needs to be fine for accurate results, leading to relatively
long run times. In contrast, the mode-matching models are
semi-analytic, resulting in accurate and fast simulations, thus
making the fit procedure more time efficient. A comparison
of the results between the lossy mode-matching technique
and a commercially available mesh-based simulation tool is
shown in Fig. 4, demonstrating excellent agreement between
the two methods.

The results compare well with only a slight frequency shift
between the methods. This can be influenced by the mesh
size in the general full-wave solver and also by the number of
expansion-modes used in the mode-matching technique. It is
noted that the results compare particularly well for the case
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FIGURE 4. Comparison of the predicted magnitude of |S2,1| of a two-port
resonant cavity simulated with a lossy mode-matching technique (MM)
and a mesh-based finite-element electromagnetic solver (FE) at various
values of conductivity.

with no loss, showing identical magnitude and only a slight
frequency shift. Discrepancies observed in the magnitude
of S2,1 may be a result of the approximations used in the
numerical calculation of the complex propagation constants
in the mode-matching code [23]. In any case, convergence
analysis of the scattering parameters should be carried out
with the analysis tool of choice in order to guarantee accurate
results.

C. MEASUREMENT
The experimental characterization of the prototype cavities
was performed with a vector network analyzer and using a
waveguide calibration kit. The latter ensured the measured
magnitude and phase of the transmission and reflection coef-
ficients had a known reference plane at the flanges of the cav-
ity. This allows for a direct comparison with the generalized
scattering matrix of the simulated results.

Errors that can degrade the accuracy of the results include
systematic and non-systematic errors. Examples of system-
atic errors, include calibration errors whereas non-systematic
errors are quantified as noise. An example of the measured
response of a cavity is shown in Fig. 5.

D. OPTIMIZATION
There are many ways to calculate the error that quantifies
the quality of the match between the measured and simulated
results. The technique that was used in this study is based
on the root-mean-squared difference between the magnitude
of the measured and simulated transmission coefficients such
that

ε =
1
bw

√∫ fmax

fmin

(
|Tmeas(f )| − |Tsim(f )|

)2 df (4)

where ε is the error or residual, bw = fmax − fmin, and
fmin and fmax are the limits of the frequency band of interest.
The parameters Tmeas and Tsim are the complex transmission
coefficients of the measured and simulated results, respec-
tively. The difference in the magnitude of the transmission
coefficients (neglecting phase) was found to be sufficient in
order to obtain a quality fit.

FIGURE 5. Typical measured and simulated results after optimization of a
resonant cavity utilizing a cost function that minimized the difference in
the square of the magnitude of the transmission coefficients over
frequency. Also shown is a detail plot at the peak of resonance and a
range that illustrates the fit of the simulated and noisy measured data.

There are various optimization techniques to minimize the
error. Ideally, the optimizer would be one that does not rely on
the gradient of the error function but only on the error function
itself. We found it advantageous to provide manually chosen
initial guesses before starting the optimization, especially
since a local optimizer is utilized.

Illustrated in Fig. 5 is a typical comparison between mea-
sured and simulated results after optimization. The measured
and simulated results agree very well, indicating that our
model sufficiently describes the physical response of the
resonant cavity. The magnitude of the errors appear to be
within the noise of the measured response.

III. RESULTS
The test parts were produced by two different 3D print-
ing vendors with a build quantity of three cavities from
each. Referring to Fig. 3, we observed a strong correlation
between the resonant frequency of the cavity, the width of
the waveguide, a, and the length of the cavity, l. We also
found a strong correlation between the magnitude of the
transmission at resonance and the conductivity, σ , and the
waveguide height, b. Because of the correlation between
parameters, in order to calculate the conductivity based on
the measured results, we measured the physical dimensions a
and b and fixed them to constants in the optimization. We
then minimized the error as a function of the variables σ ,
w, t and l until a best match was found. The parameters a
and b were then varied within a specified tolerance, and the
minimization process was repeated. The uncertainty for a and
b was chosen to be ±0.127 mm, which was based on the
manufacturer’s claimed accuracy and our own independent
measurements.We independently varied the parameters a and
b in the analysis, choosing 5 different points for each, for a
total of n = 25 different samples evenly spaced on a 5×5 grid
(see Fig. 6). This process was then repeated for each of the six
cavities. The conductivity for each of the 25 configurations
was statistically analyzed.

The mean conductivity and the uncertainty of the mean for
each cavity is summarized in Table 1. The uncertainty of the
mean is given as s/

√
n where s is the standard deviation and
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FIGURE 6. The nominal waveguide width a and the waveguide height b
were measured for each cavity and then sampled on a 5× 5 grid over the
total prescribed tolerance with δ = 0.0635 mm.

TABLE 1. Effective conductivity (MS/m).

n is the number of samples [24]. We note that this uncertainty
is substantially smaller than differences in the conductivity
observed between different cavities. Thus, our process is able
to observe variations between identically specified cavities
from different vendors or even the same vendor’s process
variation.

We also report in Table 1 the mean conductivity and the
standard deviation for each vendor individually and for both
vendors together. This demonstrates the differences in the
results from the individual vendors. If one wishes to work
with a single vendor, then it is likely the uncertainty of the
results can be minimized, given that the process parameters
are controlled more tightly.

In order to verify the presented results, we use the resultant
conductivity values in Table 1 to design and predict the
loss through various microwave components. Each of these
components was manufactured and thenmeasured and finally
compared against predicted values.

A. KU-BAND DIPLEXER
Our first example demonstrates the design of a Ku-band
diplexer whose structure is shown in Fig. 7. A diplexer
is a 3-port device that separates two different frequency
bands in a communications system. It is composed of a
combiner/splitter and two filters. The filters in this design
are band-pass coupled resonant cavity filters. The filters are
folded in order to minimize the overall structure length. The
high Q-value of this structure makes it sensitive to dimen-
sional variations. The prototype diplexer in Fig. 7 (c) was
manufactured usingVendor 2 in Table 1. Therefore, a conduc-
tivity of σ = 8.41 MS/m was used to simulate the electrical
model in Fig. 7 (a).

FIGURE 7. Illustration of the (a) electrical model with port designations,
(b) mechanical model, and (c) manufactured prototype of a Ku-band
diplexer. Even though provisions for tuning screws are illustrated in
(b) and (c), they were not utilized in this work.

FIGURE 8. A comparison of the simulated (Si,j ) and measured (Mi,j )
modal scattering coefficients of the Ku-band diplexer structure.
A conductivity of σ = 8.41 MS/m was used in the simulation.

A comparison of the simulated and measured results are
shown in Fig. 8. As can be observed, the pass-band band-
widths for the measured results are slightly wider than the
predicted results. The most likely cause of this is the geomet-
ric uncertainty of the iris widths w. This can be remedied by
making small adjustments to the model and iterating in the
build process until the desired results are achieved [9].

Also observed is a slight difference in the magnitude of the
reflection coefficient |S1,1| between the measured and pre-
dicted results. The sensitivity of the resonance is influenced
by the lengths l of the cavities, and length variations are most
likely the cause of the difference. Given a sufficiently small
initial return loss (>10 dB), then the reflection coefficient
can be minimized with the aid of tuning screws. Illustrated
in Fig. 7 (b) and (c) are the provisions for the installation of
tuning screws, however they were not utilized in this work.
The focus of this work is to predict the loss and characteristics
of the device based on themanufacturing process by itself and
not with the aid of adjustments made by tuning. The tuning
is considered a secondary process to be avoided if possible.

The loss analysis is shown in Fig. 9 where loss is defined
with respect to the generalized scattering matrix elements
as Loss(dB) = −10 log(|S1,3|2 + |S2,3|2 + |S3,3|2). As can
be observed, there is good agreement between predicted and
measured results. Also shown is the erroneous result one
would achieve if applying the conductivity of pure aluminum
(σ ≈ 35 MS/m) to the simulation.

B. LOW-PASS FILTER
Our second example includes the design and prototyping of
a 2-port low-pass filter at Ka-band whose geometry is shown
in Fig. 10. The prototype filter in Fig. 10(c) wasmanufactured
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FIGURE 9. Illustration of the Ku-band diplexer loss analysis with the loss
being defined as Loss = −10 log(|S1,3|

2 + |S2,3|
2 + |S3,3|

2). Shown is a
comparison between the measured and simulated results with the
conductivity calculated from the resonant cavity technique with σ = 8.41
MS/m. The widening of the line around the nominal indicates the
predicted loss values for a conductivity spanning a range of plus or minus
one standard deviation (δ). Also shown is the simulated result using a
reference conductivity of σ = 35 MS/m, which is approximately the
conductivity of pure aluminum.

FIGURE 10. Illustration of the (a) electrical model, (b) mechanical model,
and (c) manufactured prototype of a Ka-band low-pass filter.

FIGURE 11. A comparison of the simulated (Si,j ) and measured (Mi,j )
modal scattering coefficients of the Ka-band low-pass filter structure.
A conductivity of σ = 8.65 MS/m was used in the simulation.

using a different vendor from either vendor used to manufac-
ture the resonant cavities in Table 1. The frequency of opera-
tion is also higher than the resonant frequency of the cavities
used to determine the conductivity. Therefore, we chose an
average conductivity of σ = 8.65 MS/m (see Table 1) in
order to simulate the electrical model in Fig. 10(a), which is
a reasonable choice since it is unknown for this vendor.

The measured and predicted results are shown in Fig. 11,
which are seen to have good agreement for the transmission
and reflection coefficients. In this case, even though the fre-
quencies of interest are higher than in the previous example,
the filter has a lower Q-value, making it less sensitive to
dimensional variations and thus yielding good agreement
between predicted and measured results.

FIGURE 12. Illustration of the Ka-band low-pass filter loss analysis with
the loss being defined as Loss = −10 log(|S1,1|

2 + |S2,1|
2). Shown is a

comparison between the measured and simulated results with the
conductivity calculated from the resonant cavity technique with σ = 8.65
MS/m. The widening of the line around the nominal indicates the
predicted loss values for a conductivity spanning a range of plus or minus
one standard deviation (δ). Also shown is the simulated result using a
reference conductivity of σ = 35 MS/m, which is approximately the
conductivity of pure aluminum.

FIGURE 13. Illustration of the (a) electrical model with port and mode (in
parentheses) designations, (b) mechanical model, and (c) manufactured
prototype of an ortho-mode diplexer structure.

FIGURE 14. A comparison of the simulated (Si,j ) and measured (Mi,j )
modal scattering coefficients of the ortho-mode diplexer structure.
A conductivity of σ = 8.65 MS/m was used in the simulation.

The pass-band loss analysis is shown in Fig. 12, where the
loss is defined as Loss = −10 log(|S1,1|2 + |S2,1|2). Given
the limited knowledge of the effect of the process parameters
on the conductivity at the frequencies of interest, there is
still good agreement betweenmeasured and simulated results.
As observed, the simulated results are slightly optimistic. As
previously discussed, this can be due tomany different factors
which are dependent on the process parameters of a given
vendor. One of these is surface roughness, which creates
frequency-dependent loss [25].

C. ORTHO-MODE DIPLEXER
Our final example incorporates the design of the low-pass
filter from the previous example and a high pass-filter (cutoff
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FIGURE 15. Comparison of simulated and measured results of the
co-polarized pass-band transmission coefficients through the
ortho-mode diplexer. Shown is a comparison between the measured and
simulated results with the conductivity calculated from the resonant
cavity technique with σ = 8.65 MS/m. The widening of the line around
the nominal indicates the predicted loss values for a conductivity
spanning a range of plus or minus one standard deviation (δ). Also shown
is the simulated result using a reference conductivity of σ = 35 MS/m,
which is approximately the conductivity of pure aluminum.

waveguide) with an ortho-mode turnstile junction resulting
in a geometrically complex structure shown in Fig. 13. Sim-
ilar structures were investigated in [26]–[28]. The manu-
facture of such a structure without seams would be very
difficult using conventional manufacturing techniques. The
device is a multiple-port device where the common port is
a circular waveguide supporting two fundamental degener-
ate orthogonal waveguide modes. These modes are desig-
nated in Fig. 13(a) as 1(1) and 1(2) and constitute inde-
pendent solutions in the generalized scattering matrix. For
the co-polarized modes, the behavior is similar to that of
a diplexer, and for this reason this device has been given
the name of an ortho-mode diplexer (OMD), as it combines
the function of a diplexer and an ortho-mode junction in a
compact form factor. In the literature, the structure is also
known as a dual-polarization diplexer.

The same process parameters from the same vendor used to
manufacture the low-pass filter in the previous example were
utilized for this case. Since our interest is in the pass-band
insertion loss, we show results for only the co-polarized
transmission coefficients and do not show the cross-polarized
components. The ports not labeled in Fig. 13 (a) should be
considered loaded with an absorber.

The predicted and measured results are shown in Fig. 14
with good agreement. The transmission coefficients in the
lower and upper pass-bands are shown in Fig. 15 (a) and (b),
respectively. Similarly to the previous low-pass filter

example, the simulated loss is slightly optimistic for the
same reasons given previously. It should be noted that in this
example the conductivity model was extended to higher fre-
quencies (≈ 30 GHz) and still demonstrates good agreement.

IV. CONCLUSION
In this work we have developed the tools and demonstrated
a procedure to calculate the conductivity of a lossy metal
using a resonant cavity approach.We have provided statistical
results (mean and deviation) of the accuracy of the technique.
We have specifically applied this approach to the prediction
of the conductivity at Ku-band frequencies of components
fabricated with the selective laser melting additive manufac-
turing process with the AlSi10Mg material.

It has been shown that the conductivity of AlSi10Mg is
significantly lower than that of pure aluminum at microwave
frequencies. Acceptable results for a given application must
be evaluated on a case-by-case basis.

These results were then applied to the design and fab-
rication of example antenna feed components including a
Ku-band diplexer, a Ka-band low-pass filter, and a more com-
plex Ka-band ortho-mode diplexer. For each example, mea-
sured and predicted results were compared, and the results
showed good agreement.

Future work includes extending the analysis to include
other materials and processes and extended frequency bands.
The frequency-dependent effect of surface roughness for a
given process is also currently being investigated. Future
work also includes the development of new materials and
processes specifically designed for microwave feed compo-
nents. Increased conductivity and reduced surface roughness
will enable higher performance while maintaining the advan-
tages of monolithic structures. It is envisioned that as this
process matures and similar new processes are developed,
novel high-performance and functional microwave compo-
nents will be realized.
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