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Abstract—This paper introduces shape deformation as a new
approach to the computer-aided design (CAD) of high-frequency
components. We show that geometry deformation opens up new
design possibilities and offers additional degrees of freedom in
the 3D modeling of microwave structures. Such design flexibility
is highly desirable if the full potential of Additive Manufacturing
(AM) is to be exploited in the fabrication of RF & microwave
devices. The use of deformation techniques in the design of
high-frequency components allows the attainment of improved
electrical parameters, such as high-quality factors for cavity
resonators and wide higher-order mode separation. In this
work, shape deformation with radial basis functions (RBFs) is
integrated with an electromagnetic field simulator based on the
3D finite-element method (FEM), allowing the semiautomated
optimization of microwave components, such as cavity resonators
and filters. The proposed strategy is used for the design of high
Q-factor cavity resonators, cavity bandpass filters with improved
spurious mode separation and of a compact twisted waveguide
filter. Three designs of waveguide cavity filters with complex
geometry are experimentally verified using 3D-printed prototypes
fabricated with the selective laser melting (SLM) technology.

Index Terms—cavity resonator, CAD, design optimization,
shape deformation, radial basis functions, additive manufactur-
ing, microwave filter.

I. INTRODUCTION

The use of additive manufacturing technology (also known
as 3D printing) to fabricate high-frequency components has
been increasing in popularity in recent years [1]-[4]. AM
allows for the production of complex 3D structures of almost
arbitrary shapes, with user-defined surface curvatures. This
flexibility in model complexity is a great advantage over
established technologies, as the limitations of conventional
techniques such as CNC milling no longer apply. In many
cases, AM permits the production of a model that would
not be achievable using other manufacturing methods. In this
context, AM is a key enabling technology that opens up new
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possibilities to RF & microwave engineers. However, in order
to take advantage of this design flexibility, the limitations
of the CAD tools currently used in the industry need to be
overcome. These limitations stem from the fact that virtually
all CAD software used for high-frequency electronic design
relies on the constructive solid geometry (CSG) approach.
CSG is the prevailing paradigm for the 3D modeling of
electromagnetic structures. It is based on using a set of simple,
predefined geometrical primitives—such as boxes, cylinders,
and cones—and applying to them Boolean operations, such
as union, subtraction, and intersection, or shape modifications
with edge filleting or chamfering. Alternatively, arbitrarily
shaped surfaces based on parametric, equation-based objects
can be used, but this is cumbersome and difficult to use.
The design of more complex geometrical models—such as
those with unconventional twisted or bent shapes—is very
challenging in this approach. For decades, the CSG approach
has been regarded as satisfactory, as design was limited by the
available manufacturing technologies, like CNC milling. This
has now changed with the widespread availability of repeatable
and accurate 3D printing.

To date, many novel microwave components have been
developed using AM. However, when these designs are exam-
ined, it becomes clear that designers are still restricted by the
limited capabilities of 3D EM tools based on CSG. A literature
review shows that all designs using 3D printing technology
for RF & microwave components have followed the CSG
approach [5]-[9]. The development of new CAD tools is thus
essential if the full potential of AM in microwave technologies
is to be unleashed. The present work can be considered a step
towards achieving this goal; to enable the design of microwave
components with truly arbitrary shapes, our proposed solution
is to empower CSG-based 3D solid modeling tools with a
free-form shape deformation technique.

Geometry deformation can be treated as an additional step
in the design process. It can be performed on objects created
in CAD tools with CSG. The roots of shape deformation tech-
niques lie in computer graphics applications, where they are
often used for object manipulation. One of the first deforma-
tion techniques was free-form deformation (FFD), proposed by
Sederberg and Parry in 1986 [10]]. Several other methods were
developed later, including FFD based on nonuniform rational
B-splines (NURBS) [11]], [12]. Recently, shape deformation
has been introduced into computational simulations of fluid
dynamics [13]-[15]] and low-frequency electromagnetics [16].
Some attempts to shape optimization using, e.g., level-set and
topology gradient methods and Bézier curve parametrization
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Fig. 1. Two examples of different shape deformations performed on the same
spherical object. Left: the initial sphere; right: the result of the deforming
operation. Control points and their displacements are represented by green
points and arrows.

have been reported for the design of microwave components,
[17]-[20] but as far as we know, no attempts have yet been
made to use shape deformation techniques to model complex
3D microwave structures.

The basic principle of FFD is to define a set of points around
the object that will control the deforming operation. The defor-
mation is then begun by shifting some of these control points
to certain new coordinates, and a vector displacement field is
constructed using these displacements. The original structure is
then mapped according to this smooth displacement function.
The deforming operation can be performed on 3D objects
represented by a surface or volume mesh. In this work, we
consider a tetrahedral mesh used in 3D FEM. Two examples
of different geometry deformation operations, shown in Fig.[Th
and Fig. [Ip, illustrate how the shape deformation method can
be applied to 3D objects. In these two examples, the starting
structure is a sphere on which we perform deformation. In
both cases, a set of 26 control points is defined around the
object. Then, the points are either kept fixed or moved to
new coordinates, which results in the creation of complex
geometries shown on the right. It can be seen that, by starting
from a basic shape and simply moving the control points
in different directions, various complex geometries can be
obtained. The continuity of the object’s surface (topology) and
its smoothness are also preserved.

In this paper, shape deformation is integrated into the design
process of high-frequency electronics. Mesh deformations are
coupled with the 3D FEM electromagnetic field simulator
InventSim [21]], allowing for the semiautomated design of
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various microwave components. The deformation operation is
executed as an additional step in the EM simulation process,
directly after the mesh of the analyzed structure is generated.
The aim of this work is to show that this approach can remove
current design limitations, and thus improve control over the
electrical parameters of structures, such as unloaded quality
factor and higher-order mode separation of cavity resonators
and filters. The improvement of these parameters is highly
desirable, e.g., in microwave filters for space applications []].

In this paper, the idea presented in has been further
developed and extended. Shape deformation with radial basis
functions is described in detail in Section II, along with
several illustrative examples. A general framework for design
optimization using these deformation techniques is presented
in Section III. An investigation of cavity resonators exploiting
geometry deformations for the the Q-factor and spurious-free
performance is given in Section IV. An extension of this
concept is provided in Section V, featuring the design of
deformed waveguide cavity filters. The prototypes of the third-
order, sixth-order and 90°—twisted bandpass filters are fabri-
cated using AM, and the measurement results are compared
with simulations. Finally, the concluding remarks are given in
Section VI.

II. SHAPE DEFORMATION WITH RBFS

Shape deformation is implemented here using interpolation
with radial basis functions (RBF), as reported in [13]], [23]-
[25]. In general, a RBF is a real-valued function ¢ whose
value is only determined by the distance from the origin, so
that o(x) = @(||x||). The principle of the reshaping operation
is represented in general by a mapping function D:

D(z) : R®* —» R?
z— Dx)=x+d(x) (1)

In this notation, d(x) can be interpreted as the deformation
field applied to the 3D model. In the case of RBF-based
deformation, this takes the following form:

N
d(z) =Z%<p(\|$—wi\\)+p(w) 2)

where N is the number of control points defining the defor-
mation, ~y; are the weights corresponding to the radial basis
functions ¢ defined at the positions of the control points x;
(in 3D x; € R3 x; = [7;,9i,2)), and p(x) is a low-order
polynomial (optional).

To perform the deformation, the mapping operation D needs
to be specified. The first step is to define a set of N control
points and their displacements, which indicate the direction
and value of the offset. Next, a certain type of RBF with its
parameters (e.g., radius, exponent) is selected: the choice of
basis function affects the manner in which the mesh points are
interpolated to match the new positions of the control points.
There is a variety of RBFs commonly used for multivariate
function interpolation, such as:

« Gaussian spline: o(]|z||) = exp(—( ”f“ )?), (3)
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o multi-quadratic biharmonic spline:

pllzll) = Vl]* + 2, C)

o polyharmonic spline:
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ellll) = 9§/ jz @
(EhF ()

r

%f k=1,3,5,.. 65
if k=2,4,6,...
where r and k are the radius and power of the RBF, respec-
tively. A linear equation system is then solved to find the
unknown weights =; given the coordinates of the original and
displaced control points [24]]. The matrix representation of this
equation system is as follows:

&y—B ©)

where ~ is the weight matrix of dimension N X 3, correspond-
ing to IV control points defined in a 3D coordinate system. ®
is an N x N matrix containing RBF values computed for the
Euclidean distances between the corresponding control points,
®; ;i = o(||lzi — zj||), and B is an N x 3 right-hand side
matrix with the new (displaced) coordinates of the control
points. The system is dense, symmetric, positive definite, and
its conditioning depends on selected RBF and control points
distribution. Once the weights are computed, the deformation
field d(x) is constructed and can be applied to smoothly
move all the mesh points of a 3D object. It can be seen that
the mapping function can be easily defined with a limited
number of control points, and then applied to create complex
3D objects. The computational cost of the deformation is
also not significant, as the size of the linear problem to be
solved is usually small. To illustrate this framework, we will
take the simple example of the sphere presented in Fig. [I]
In order to alter the geometry of this structure, a number
of control points are selected around it. In this example, the
control points are defined on a box enclosing the sphere. There
are 26 control points in total: eight points at the vertices,
six points at the center of each face, and twelve points at
the midpoints of each edge. The displacement vectors are
then defined for some of these points. Depending on the
direction and number of control point offsets, the original
shape is deformed to produce a different final geometry. It
should be noted that the shape deformation scheme does not
limit the number of control points. More complex deformation
schemes can easily be employed by adding more control
points with movement in arbitrary directions. Additionally, the
definition of object deformation through displacement vectors
of predefined control points is intuitive, and its result is easy
to predict, as the deformation follows the displacements.

The technique can also be applied to bend or twist complex
objects, as shown for the example of a waveguide cavity filter
in Fig. [2l We can also define a series of deforming operations
which can be executed one after another, such as squeezing,
twisting, and bending, as shown in Fig. [Zk.

III. GENERAL FRAMEWORK FOR DESIGN OPTIMIZATION
WITH SHAPE DEFORMATION

Shape deformation can be easily integrated with design
optimization, enriching the standard design parametrization
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e)

Fig. 2. Example of more complex shape deformations: a) original struc-
ture, b) bending, c) twisting 90°, d) squeezing resonant cavities vertically,
e) squeezing + twisting + bending.

with a new set of design variables that define the deformation
operation—namely the positions and movements of selected
control points. The proposed design procedure is shown in
the block diagram in Fig. 3] The optimization loop involves
managing two sets of design variables: geometrical parameters
altering the basic shape of the primal structure that is con-
structed using CSG, and deformation parameters controlling
the deforming operation (position and displacements of the
control points). Shape deformation is performed on the vol-
ume mesh generated for the primal structure. The deformed
structure is then evaluated by an EM simulator to calculate
its response in the frequency domain (S-parameters) or the
frequencies and Q-factors of the resonating modes with an
eigenmode solver. Optimization of the structure continues until
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Fig. 3. A flowchart representing the general design optimization workflow.

termination conditions are met (e.g., error value below a preset
threshold or maximum number of iterations reached). The final
mesh of the deformed structure can be converted to a 3D
model in STL file format and further processed in 3D geometry
modeling software—for example, to prepare production files
for additive manufacturing.

IV. OPTIMIZATION OF CAVITY RESONATORS USING SHAPE
DEFORMATIONS

The deformation scheme was used to optimize cavity res-
onators with enhanced electromagnetic performance. The goal
was to investigate whether shape deformation can improve
the selected electrical parameters. In particular, we focused
on maximizing the quality factor and higher-order mode
separation. Let us consider the simple example of a rectangular
cavity resonator with rounded edges presented in Fig. fp. In
order to alter the geometry of the structure, a set of control
points is selected. In this example, a 3D grid of points is again
defined, consisting of a total of 26 control points, as shown in
Fig.[b. The non-zero displacement vectors are then defined for
some of these points. Here, two offset vectors are specified at
the center of the cavity’s top and bottom planes, pointing into
the cavity. Given the list of control points and displacement
vectors, the deformation field can be evaluated and applied to
the volume mesh, resulting in a smoothly deformed geometry,
also shown in Fig. @p. The deformed mesh is then used
by a 3D FEM electromagnetic field solver [21] to perform
eigenmode analysis in order to calculate the frequencies and
quality factors of the modes excited in the structure.

A. Investigation of Q vs. Spurious-Free Performance

In this experiment, the goal was to obtain the highest possi-
ble separation (A f) of the first higher-order mode resonating
at f; from the fundamental one at f,, while also achieving a
given quality factor ) and preserving the resonant frequency
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b)

Fig. 4. Example of shape deformation: a) basic rectangular cavity with
rounded edges and its mesh, b) definition of a squeezing operation and
resulting mesh. Green arrows show the direction of the deformation, and green
dots stand for fixed points.

at fo. In the simulations, we assumed finite conductivity of
the cavity corresponding to that of aluminum (o = 3.8 - 107
S/m) and a resonant frequency equal to fy, = 10 GHz.
The optimization loop involves managing two sets of design
variables: geometrical parameters altering the basic shape of
the primal structure (cavity height, length, and width), and
deformation parameters controlling the deforming operation;
in this study, only deformation along the Z-axis (squeezing
in the vertical direction) was considered. A quasi-Newton
gradient optimization was used in this resonant cavity design
workflow.

The optimization was run several times for different values
of @ and Af, which resulted in several resonator geometries,
all having the same resonant frequency fy = 10 GHz and
various Q-factors and spurious mode separations. The results
are summarized in Fig. [f] in the form of a trade-off chart,
showing an achievable ) vs. mode separation Af = f; — fo.
The result for a rectangular resonator used as reference in
[26] with dimensions of 22.86 x 10.16 x 19.9 mm is also

10000
® optimized shape W ref: rectangular
9000
8000
a
7000
6000
5000
2 4 6 8 10
A f(GHz)

Fig. 5. Trade-off chart: resonator Q-factor vs. higher-order mode separation
for o = 3.8-107 S/m.
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TABLE I
EM-SIMULATED SPECIFICATIONS OF THE CAVITY RESONATORS

[ Project [ fJo(GHz) | f1 (GHz) [ fi/fo | Qu |
Hemispherical [26] (CSG) 10 19.8 1.98 7100
This work (shape deform.) 10 20.2 2.02 7100

reported. It can be observed that a greater higher-order mode
separation can be achieved at the cost of lowering the Q-
factor. Depending on the particular application, a resonator
shape realizing the desired ) and A f can be selected.

B. Cavity Resonators with Extended Spurious-Free Region

A second test was carried out to further demonstrate the
possibilities of resonant cavity design based on user-defined
shape deformation. For this reason, a recently reported high-
Q cavity resonator with an extended spurious-free region
was examined [26]. This design was a geometrically shaped
hemispherical cavity prepared using the CSG approach by
performing a number of Boolean operations and edge filleting.
For comparison, a new deformed cavity resonator was de-
signed using the shape deformation approach to outperform the
simulation results achieved in [26]. An optimization procedure
was run using the framework described in Section [l1I| to obtain
the greatest possible mode separation while maintaining the Q-
factor. The basic rectangular cavity with optimized dimensions
of 18.77 x 18.77 x 12.72 mm and filleted edges was squeezed
vertically from top and bottom. The two central control points
were moved towards the center of the cavity by 5 mm each.
The final shape is the result of a RBF interpolation with a
Gaussian spline of radius 7 = 4 mm, as in (E]) A 3D model of
the resulting structure is provided in Fig. [6] The comparison of
Q and f1/ fo for both simulated models is summarized in Table
The unloaded quality factor Q,, achieved by both designs
was 7100 for metal conductivity ¢ = 5.97 - 107 S/m (copper).
The resonant frequency of the hemispherical cavity was 10
GHz, and the spurious-free region went up to 19.8 GHz. In this
study, geometric deformation gave a greater spurious mode
separation (up to 20.2 GHz), while preserving the Q-factor.
The electrical performance achieved is slightly better than in
the compared work, but a very basic model deformation was
performed, rather than several geometrical operations.

V. DESIGN OF WAVEGUIDE CAVITY FILTERS USING SHAPE
DEFORMATIONS

These two cavity-resonator examples have shown that shape
deformation can be successfully applied to the CAD of simple
microwave resonators, yielding enhanced electromagnetic per-
formance. This approach should thus be used to design more
complex components, such as waveguide cavity filters, in order
to demonstrate its full potential in practical applications. We
will consider three filter designs of Ku-band filters for satellite
communication systems. All three designs are interfaced with
a WR-75 rectangular waveguide standard. In the first two
designs, we want to achieve an improvement in terms of out-
of-band rejection and spurious-free performance by applying
RBF-based shape deformation to the basic filter geometry. The
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Fig. 6. Shape of the cavity resonator with fo = 10 GHz, Af = 10.2 GHz
and Q = 7100 (copper, o = 5.97 - 107 S/m).

goal of the third design is to combine a 90° waveguide twist
and a filter in one compact device. The prototypes are to be
additively manufactured as single pieces, and this fabrication
technology imposes certain constraints on the allowable shape.
This has to be taken into account very early on, even before
the shape is deformed. It has to be noted that the Q-factor
of the fabricated filter cavities will be limited due to the
surface roughness and the conductivity that can be achieved
in AM technology. In our designs, the () and the actual metal
conductivity obtained in the AM process will be estimated by
investigation of the insertion loss of the fabricated structures.
Note that, although microwave filters with better spurious-free
performance have already been reported for other technologies
(such as combline, ceramic, and coplanar waveguide filters [1]],
[27]-[31]), this work focuses on presenting the improvements
achieved with a simple geometry deformation, allowing the
final structure to be 3D-printed in one piece without internal
supports.

A. Third-Order Bandpass Filter with a Complex Shape

The first structure shown is a third-order cavity bandpass
filter (BPF) with inline topology. The reference structure and
the starting point for our design is the conventional third-
order BPF shown in Fig. [Tp. This design is prepared to meet
the requirements of Ku-band broadband input filters [32].
The main specifications to be met are a center frequency of
fo = 14.25 GHz, bandwidth equal to 500 MHz (fractional
bandwidth FBW = 3.5%), and return loss (RL) in the passband
better than 20 dB. Even though shape deformation techniques
allow shapes that are optimal in terms of performance to
be obtained, several practical constraints have to be taken
into account during the design process. As the goal is to
enable 3D printing as a single manifold, the filter model must
accommodate the constraints of the SLM process. Should the
structure be tilted at an angle greater than 45° along the
printing axis, extra supporting posts need to be placed inside
the model. These supports then need to be removed later in a
post-printing step, which could be a troublesome operation. A
standard waveguide filter, shown in Fig. [7h, is not compliant
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with the SLM process. For this reason, the primal filter model
designed in this way is modified to meet the requirements of
AM and to avoid the need to insert supporting posts inside
the structure during printing; this is why the resonators have
a quasi-triangular shape (see Fig. [Tp).

Shape deformation was then used to squeeze the top and
bottom of the resonator surfaces. In this case, the deformation
depth of the cavities is 2.5 mm. As with the previous resonant
cavities, shape deformation involves Gaussian spline RBFs
(3). At this stage, the design procedure involved geometric
optimization, which included the design parameters of the
basic structure (length of the resonators, widths of the irises)
and simultaneous shape deformation. The zero-pole method
was used as the optimization technique [33]], [34]. The entire
process was performed in the InventSim EM simulator within
the newly developed module allowing efficient design opti-
mization with simultaneous shape deformation, including the
optimization of control point positions and their movements.
The final shape of the designed filter is shown in Fig. [7c.

The simulation results for the final third-order filter are
presented in Fig. [8] The responses of the standard H-plane
filter design from Fig. [7a and of the structure adjusted for
3D-printing from Fig. [7b are also plotted for comparison.
The simulated insertion loss for both the deformed and the
conventional H-plane filter equals 0.08 dB at f, therefore the
estimated Q for both models is around 4500 (for aluminum,
o = 3.8-107 S/m). It can be observed that the cavity deforma-
tion resulted in an approximately 1.5 GHz wider spurious-free
region than the reference design. Our experiments show that
the deeper the squeeze of the cavity, the greater the spurious

3D printing direction

Fig. 7. Geometry of a third-order bandpass filter: a) standard structure,
b) structure prepared for AM manufacturing, c) final structure with cavity
deformation. The direction of 3D printing is also indicated.
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Fig. 8. Simulation comparison of the third-order BPF: standard reference
design: dashed blue-red lines; filter prepared for 3D-printing: black dash-
dotted lines; optimized design with deformed cavities: solid blue-red lines.

mode separation.

A prototype of the new filter design was manufactured as
a single mechanical part using the SLM process [2],
with a TruPrint 1000 printer from Trumpf with an aluminum-
silicon-based alloy AlSilOMg, and then measured. In order
to observe the wideband performance of the filter, waveguide
adapters WR-51-to-WR-75 were used to reduce the influence
of higher order modes excited in the WR-75 waveguide-to-
coax adapters. The measurement setup using a vector network
analyzer (VNA) and adapters is shown in Fig. [9] The simula-
tions and measurements of the printed prototype are compared
in Fig. The measurements are in good agreement with
the simulations. The insertion loss (IL) at center frequency fj
is 0.2 dB, the RL is greater than 20 dB and the spurious-
free region reaches up to 24.5 GHz. The response of the
filter with no tuning screws is also provided. It should be
noted that the initial measured response (without tuning) is
very satisfactory: the IL at f, and spurious-free region match

Fig. 9. Measurement setup using WR-51-to-WR-75 waveguide adapters.
The sixth-order filter is measured here.
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Fig. 10. Wideband comparison of simulations and measurement of the third-
order deformed cavity BPF: simulation results: black dash-dotted lines; mea-
surements with no tuning screws: dashed blue-red lines; final measurements
(tuned): solid blue-red lines.

the simulations, and the RL in the passband is over 15 dB.
Tuning screws were used to improve the in-band RL to the
desired level of 20 dB. Based on the IL of the printed filter,
we have estimated the effective conductivity of the 3D-printed
aluminum powder, which according to these measurements
is about o.yy = 4.2 - 105 S/m. This value is comparable to
other reported aluminum structures fabricated with SLM—for
example. it is slightly better than the effective conductivity
achieved in [36]. This estimated conductivity o.ss was later
used in EM simulations of subsequent designs. The measure-
ments were also used to determine the approximate Q-factor
of the fabricated filter, which is equal to @ = 1800.

B. Sixth-Order Bandpass Filter with a Complex Shape

Upon completion of the third-order filter prototype, a sixth-
order cavity BPF design was chosen for preparation. The
specifications for the new design match those of the third-order
filter: a center frequency of fy = 14.25 GHz, FBW = 3.5% and
RL > 20 dB in the passband. Again, the basic filter geometry,
shown in Fig. [ITh, is modified to comply with the 3D printing
process, resulting in the triangle-shaped model presented in
Fig. [[Ip. To achieve greater spurious mode separation in the
stopband, the deformation of the cavities is deeper and equals
3.75 mm. EM simulations of the sixth-order BPF are computed
for the estimated metal conductivity oerp = 4.2 - 106 S/m,
equivalent to what was previously obtained with the third-order
prototype. A comparison of the simulated wideband responses
of the reference design and the new model is provided in
Fig. [12] Here, the spurious-free region is up to ca. 27.8 GHz,
and so equal to 1.95 fj and approximately 4.5 GHz wider than
in the traditional cavity BPF design. Note that the new filter
model gives very high insertion loss in the stopband, which
is another advantage of the deformation-based design. A
prototype of the filter from Fig. [ITp was fabricated using SLM
technology the same way as the previous model and measured
using the same setup shown in Fig.[9] The measurement results
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Fig. 11. Geometry of a sixth-order bandpass filter: a) standard structure,
b) deformed structure.

are plotted in Fig. [I3a (passband response) and Fig. [13b]
(wideband response). The passband comparison allows us to
observe that the filter response is satisfactory and consistent
with the simulations. The measurement taken in a wider band
becomes unclear above about 26 GHz, due to the limited
operating band of the waveguide adapters used. Nevertheless,
from this measurement it can be discerned that the out-of-band
characteristics match the response provided by EM simulation.
The measured IL in the passband is 1.15 dB, which is slightly
higher than the expected 0.9 dB received from the simulation
with effective metal conductivity oy ¢. This is mostly caused
by the addition of tuning screws which were not accounted for
in the simulations. The estimated Q-factor of the filter equals
@ = 930. One way of reducing the losses and receiving a
higher Q-factor could be the metalization of all surfaces of
the filter in a post-printing step. This could be either silver,
copper, or gold plating, depending on the fabrication process.
3D-printed, copper, and gold plated waveguide components
with an effective conductivity of copper o, = 2.04-107 S/m
and gold o4, = 1.24- 10" S/m are reported in . For such
conductor losses, the estimated Q-factor of the presented sixth-
order BPF would be equal to Q¢ = 2550 or @ 4,, = 1970,

S (dB)

S, new design
321 new design 1

14 16 18 20 22 24 26 28
Frequency (GHz)

Fig. 12. Simulation comparison of the sixth-order BPF: standard design vs.
deformed design.
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Fig. 13. Comparison of simulations and measurement for the sixth-order
deformed cavity BPF. (a) passband response. (b) wideband response.

respectively. Silver plating is presumed to bring similar, if
not better, improvements, and should be considered in further
research.

C. 90° Twisted Sixth-Order Waveguide Filter

To further demonstrate the possibilities introduced by shape
deformation to EM CAD, we consider another design example.
This design is a twisted Ku-band waveguide bandpass filter.
The goal here is to realize a 90° waveguide twist with a
filtering function combined in the same component. The efforts
to reduce mass and size by merging waveguide filters, twists or
bends have been recently reported in the literature [38]-[41]).
Now, with the use of shape deformation, the design of such
complex devices is significantly easier and can be realized
by applying one or more deforming operations in the design
process.

The specifications of the filter are a wide passband of
13 — 14.8 GHz (center frequency fo = 13.9 GHz, FBW =
13%) and an in-band RL over 20 dB. The design procedure
was performed in several steps. The first step was to design
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Fig. 14. Geometry of a 90-degree twisted bandpass filter: a) starting structure,
b) straight filter structure, c) twisted filter structure.

an inline sixth-order bandpass filter by squeezing the sides of
a straight WR-75 waveguide section to form inductive irises.
The second step was to introduce another shape deformation, a
90-degree twist, as a second operation performed after squeez-
ing. The twisting operation was performed by defining 24
control points: 12 points at the input section of the waveguide
that were fixed, and the other 12 at the output section for
which the non-zero displacements were defined. The new
displaced coordinates were rotated by a given angle «. Then,
the design was optimized again in several steps by gradually
increasing « from O to 90 degrees. The starting structure and
the consecutive design stages are shown in Fig.

The component was fabricated using SLM with the same
alloy AlSi10Mg and measured as is without tuning. The effec-
tive conductivity of the metal was estimated as ocsf = 5-10°
S/m. The comparison of measurements and simulations along
with the photograph of the component are provided in Fig.
Good agreement with the simulated model is achieved: the

==, |S|(dB)

<

-15F

=25

IS| (dB

-30F

2350

511 measurement

S,, measurement

50 . . . . .
12,5 13 135 14 14.5 15 155

Frequency (GHz)

Fig. 15. Comparison of simulation and measurement results for the twisted
waveguide filter. The inset shows a photograph of the fabricated component.
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in-band RL is over 19 dB except for the mismatch at 13.1
GHz, where it equals 15 dB. The passband is shifted ca.
20 MHz above the specified band, which is only 1% of the
bandwidth. These discrepancies could be corrected by tuning
screws. The insertion loss is 0.19 dB at f; and varies from
0.1 to 0.4 dB over the passband, except for the mismatched
region, where it is equal to 0.55 dB. The Q-factor estimated
from the measured insertion loss value is equal to 1700. The
manufactured twisted filter prototype validates the proposed
application of the shape deformation technique in the design
of these category of waveguide structures. The proposed
optimization framework allows for a fast and effective design
of microwave components with various complex geometries.

VI. CONCLUSION

This paper introduced and experimentally verified a shape
deformation technique for the CAD of microwave components.
This approach opens up new modeling possibilities to RF
& microwave engineers by offering more degrees of freedom
than the common CSG approach. The proposed deformation
of 3D solids is easy to couple with known EM CAD tools
and is intuitive thanks to the idea of altering the shape
by moving arbitrarily chosen control points. First, the novel
cavity resonators and filters with enhanced electromagnetic
performance were designed using this deformation strategy
and manufactured in a single mechanical part with 3D printing.
These prototypes were used to verify the designs and to
test the quality of AM with SLM technology for this cate-
gory of high-frequency components. The measurement results
confirmed the effectiveness of the new deformation-based
design approach and demonstrated the possibilities offered
by 3D printing. The deficiencies of this fabrication process,
such as deteriorated metal conductivity, were also recognized.
Future research directions can include the further investigation
of complex microwave structures (filters, couplers, antennas)
employing shape deformation, as well as enhancing the AM
process by silver-plating the printed components.
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