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Introduction

New Material Innovations Guide for 3D Printing High Performance  
RF Components

This is our second eBook on 3D printing/additive manufacturing in the last couple of months. This 
topic has gained popularity as many companies are finding interesting ways to design and manufacture 
RF devices and components using these techniques. While one of our November 2021 eBooks covered 
interesting components made with 3D printing/additive manufacturing, this one takes a look at the 
materials development that are enabling devices that could never be made before with traditional 
manufacturing. Additive manufacturing has the advantages of being able to produce shapes that are 
not possible with traditional manufacturing techniques, and this eBook shows how gradient index 
(GRIN) dielectric materials and conductive inks enable a new set of capabilities for RF components from 
antennas to filters.

The eBook covers various innovations being enabled by a new GRIN dielectric material that can 
be 3D printed for the first time and conductive inks for producing PCBs. The first article covers the 
3D printing process and material considerations for RF applications giving an overall look at various 
materials that can be 3D printed and freedom in design parameters that they enable. The next article 
looks at some of the advantages achieved by leveraging these new materials and manufacturing 
technologies to create GRIN dielectric structures. The next article discusses the addition of a simulated 
GRIN lens to a simplified phased array system to increase steering performance and overcome the 
wide-angle limitations of flat panel phased array antennas. This is a very active area where new antenna 
designs are improving gain and beam steering performance for mmWave 5G and satellite systems.

The next article looks at additive manufacturing using conductive inks and the performance of 
devices made with these materials including a filter with significant improvement in bandwidth using this 
process. The last article reviews how Rogers and Fortify have developed a method and software to create 
customized GRIN devices where RF engineers need to spend little time in consideration of the GRIN 
lattice structure or manufacturability and can focus on leveraging the new technology to achieve new 
levels of performance in their systems.

We hope this eBook will open the door in new ways to design and manufacture new RF products 
using these new materials and simulation techniques outlined in these articles plus inspire some new 
RF component ideas. Thanks to Rogers Corporation for sponsoring and contributing these new articles in 
this eBook so that we could provide it to you at no cost.

Pat Hindle, Microwave Journal Editorial Director
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3D Printing Process and  
Material Considerations for  
RF Applications
Rogers Corp., Chandler, Ariz.

Additive manufacturing can enable rapid 
prototyping and new design freedom for 
RF system designers and manufacturers. 

Leveraging these technologies, designers can realize 
new component designs that traditional manufacturing 
options like molding and machining aren’t able to 
produce. However, for applications in microwave and 
particularly mmWave RF systems, the materials and 
manufacturing processes require the most stringent 
performance to produce suitable, high performance 
parts.

With recent advances in manufacturing technology 
and new materials from Rogers Corporation, RF 
system designers are able to take advantage of the 
benefits of 3D printing, making new components such 
as gradient index (GRIN) lenses and volumetric circuits 
for RF applications a reality at scale.

3D PRINTING PROCESSES
Polymer 3D printing encompasses a wide 

variety of methods that can free-form fabricate with 
thermoplastics, thermosets, and composite materials. 
Considering processes suitable for creating RF 
dielectrics components, key features to examine are the 
resolution, feature size limitations, surface roughness, 
and porosity of the final parts. 

The most prolific method is Material Extrusion, also 
known as Fused Deposition Modeling (FDM) or Fused 
Filament Fabrication (FFF). In this process, a material 
is generally heated and dispensed through a nozzle or 
orifice to selectively deposit the material. 

Another widely established method is Vat 
Polymerization, where a liquid photopolymer sits in a 
vat and is selectively cured by UV light. More specifically, 
Sterolithography (SLA) will use a laser as the selection 
source while DLP printing uses a Digital Light Processing 
(DLP) projection unit to selectively cure whole layers at 
a time with no added processing time for adding parts 
within a given build volume.1 

When comparing these methods, the key part 
differences stem from the selection source. Many 3D 

printing methods like FFF rely on a nozzle to do the 
selective deposition and fusing. Conversely, DLP uses 
light to do the selection, which has little inherent 
limitations other than the light engine chosen – for 
example, the pixel size on a DLP projector. While FFF 
can enable 3D printing of thermoplastics with great 
dielectric performance, the limitations of resolution, 

s Fig. 1  Illustrations of FFF and DLP printing processes.
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surface finish, and throughput has limited this process 
and the components it produces from end-use 
implementation in RF applications.

Figure 2 shows a magnified image of a cross-section 
of both a FFF and Vat photopolymerization printed 
part, each made with similarly priced equipment.

Because of the extrusion-based deposition, voids 
between layers and nozzle traces during the print are 
still evident in the FFF-printed part. In addition, the 
surface has roughness from artifacts of the printing 
extrusion path. This can be diminished somewhat by 
other post-processing steps like solvent vapor exposure 
and polishing, but it is not desired for complex parts 
with small features.2 The DLP-printed part shows fully 
dense material with smoother edges that are generally 
limited by the layer thickness and pixel size of the 
system.

Although a higher resolution FFF system would 
alleviate some of the additional issues, with any 
extrusion or nozzle-based process, there is an inherent 
sacrifice in printing speed with increasing resolution as 
the rate of material deposition decreases with increased 
resolution.

As with other circuit substrates for RF applications, 
when using the 3D-printed part as a substrate for 
metalized circuit traces, the surface roughness can 
substantially affect the conductor loss. It is typically 
desired to have smooth conductor-dielectric interfaces 
to reduce the insertion loss of a circuit. For DLP-printed 
parts, the roughest surfaces are generally parallel 
to the print direction that are cause by layer lines 
from subsequent layer exposures. RMS Roughness 
measurements collected on a part printed with Rogers 
2.8 Dk Printable Dielectric on a Fortify Flux Core 3D 
Printer showed an average of 1.2μm on a surface 
parallel to the print direction and 0.4µm on a surface 
perpendicular to the print direction. These roughness 
measurements are in the same range as smooth copper 
offerings on PCB laminates.3

Other technologies like Powder Bed Fusion (including 
Selective Laser Sintering), Material Jetting, and Binder 
Jetting provide similar tradeoffs on material properties, 
throughput, or part fidelity for RF applications. DLP 
printing has been proven in other industries to deliver 
parts in high volume for consumer footwear and dental 
applications. A comparison of part throughput for FFF 
and DLP 3D printing processes can be seen in Table 2.

MATERIALS FOR RF APPLICATIONS
Historically, RF design engineers have 

not been able to take advantage of the 
design and processing benefits of vat 
photopolymerization 3D printing due to a 
lack of availability of materials with properties 
acceptable for RF applications.

Table 3 shows the dielectric properties 
of a variety of popular SLA materials from 
top suppliers in the industry, cured and 
post-processed per their manufacturers’ 
recommendations. Common materials 
are designed to perform in mechanical 
applications, but properties intrinsic to most 

UV-curable materials are high dielectric loss and poor 
secondary properties such as water absorption, shown 
in Table 4, that would degrade RF performance in end-
use applications.

Rogers Corporation has developed the industry’s 
first 3D printable photopolymer for RF applications. 
Compared with standard 3D printing photopolymers, 
the Printable Dielectric materials achieve nearly an 
order of magnitude better dielectric loss performance 
while maintaining secondary properties suitable for 
end-use applications.

UNLOCKING DESIGN FREEDOM
Traditional manufacturing methods impose great 

limitations on what can be created. Those same 
restrictions are generally not relevant for 3D printing. 
Since 3D printing is a free-form fabrication method, 

s Fig. 2  Cross-section of FFF printed part (left) compared 
with SLA printed part (right).

s Fig. 3  Surface topography map of 1.5 x 1.0mm from a part 
made with Rogers 2.8Dk Printable Dielectric on a Fortify Flux 
Core 3D Printer. Surface perpendicular to print direction (left) 
shows smoother surface than the parallel print direction surface 
(right).*

TABLE 2
REPRESENTATIVE PART THROUGHPUT FOR DIFFERENT 3D 
PRINTING METHODS. EACH METHOD PRINTING A 30MM 

SURFACE-BASED LATTICED SPHERE AT 50 MICRON LAYER 
THICKNESS.

Process Build Time 
for Build

Parts per 
Build

Build 
Time per 

Part

Average Parts 
Manufactured Per Day on 

One Printer Over Time

DLP 5 hours 24 13 
minutes 110 parts

FFF 5 hours 1 5 hours 5 parts
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generally printed a layer at a time, components can be 
made with disregard for typical manufacturing design 
constraints such as draft and shut-off angles, undercuts, 
tool access, and material flow requirements. Now, RF 
engineers can unlock a new regime of design freedom 
that will enable the creation of very complex dielectric 
parts with little added manufacturing complexity.

One of those complex components that can be 
made with 3D printing techniques are GRIN dielectric 
components. GRIN components, such as lenses, utilize 
a gradient dielectric constant to refract and bend RF 
signals, rather than relying on the curves of a constant 
dielectric constant structure to create varying incident 
angles of signals. These structures are made by using one 
material and spatially varying the density of a fine lattice 
to behave as a continuous dielectric medium. Software 
tools to computationally generate the structure straight 
from a dielectric constant map in RF design software are 
available from nTopology and soon to be available from 
3DFortify.4

An example of a Luneburg-like GRIN lens made with 
this technique is shown in Figure 4 as a simulation and 
Figure 5 as a printed and tested part. The lens was 
designed to operate from 27-30GHz and increase the 
directivity of a WR-34 open waveguide feed source. It 

measures 62mm in diameter and utilizes a gradient of 
1.16 to 1.92Dk to achieve over 23dBi of directivity. Being 
radially symmetrical, the same gain could be achieved in 
any direction by placing multiple feeds at the surface of 
the lens.

CONCLUSION
The combination of technological advances in 3D 

printing processes and materials for RF applications will 
allow new components to be created and implemented 
in the microwave industry. These manufacturing 
technologies are flexible and broadly applicable, with 
many possible embodiments that have the capability to 
enhance the figure-of-merits of any RF system.n

References
* All measurements were taken at Rogers Corporation in Chandler, 

Ariz.
1.  All3DP, “SLA vs DLP: The Differences – Simply Explained,” https://
  all3dp.com/2/dlp-vs-sla-3d-printing-technologies-shootout/.
2.  Stratasys, “How to Solvent Smooth 3D Printed FDM Parts,”
  https://grabcad.com/tutorials/how-to-solvent-smooth-3dprinted-
  fdm-parts.
3.  Rogers Corporation, “Copper Foils for High Frequency Materials,”
  Publication #92-243.
4. nTopology, “Field-Driven Design,” https://ntopology.com/

fielddriven-design/.

s Fig. 4  Ansys HFSS Simulation visualization of the focusing 
ability a 62mm diameter 1.16 to 1.92 Dk gradient index lens 
fed with a WR-34 waveguide.

s Fig. 5  Printed part in testing (left) and 3D antenna pattern 
measurements at 30GHz (right).

TABLE 3
ELECTRICAL PROPERTIES OF PHOTOPOLYMER 

RESINS VIA SPLIT POST DIELECTRIC RESONATOR 
METHOD*

Material Type 3D Printing 
Process

Dk @ 
10GHz

Df @ 
10GHz

Urethane 
Methacrylate DLP 2.9 0.039

Cyanate Ester DLP 3.1 0.017

Clear Acrylic SLA 2.6 0.019

Black Acrylic SLA 2.6 0.021

Grey Engineering 
Resin SLA 2.9 0.032

High Temp Acrylic SLA 2.6 0.020

Rogers Corp 2.8 Dk 
Printable Dielectric DLP/SLA 2.8 0.0044

TABLE 4
MOISTURE ABSORPTION OF 3D PRINTING 
MATERIALS VIA ASTM D570 (24HR @ 23°C 

SUBMERGENCE)*

Material Type 3D Printing 
Process

Moisture 
Absorption,  
Weight Gain

Cyanate Ester DLP 0.21%

Clear Engineering 
Resin DLP/SLA 0.36%

Nylon 12 SLS 0.66%

High Temp Acrylic SLA 0.21%

Rogers Corp 2.8 Dk 
Printable Dielectric DLP/SLA 0.08%
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The previous article in this e-book mentions 
the unique design freedom enabled by 
3D-printing dielectrics. In this article, we’ll take 
a look at just some of the advantages achieved 

by leveraging these new materials and manufacturing 
technologies to create gradient index (GRIN) dielectric 
structures. Engineers continually seek out these 
advantages, and in some cases have experimented with 
new ways to create three-dimensional GRIN structures 
due to the increasingly demanding requirements for next 
generation antenna systems. These techniques include 
machining and assembling blocks of different dielectric 
material or drilling a pattern of holes in a dielectric sheet 
stack-up to create an effective gradient. As discussed 
before, engineers can more easily create the parts 
they desire with 3D-printing, focusing on performance 
attainable versus manufacturing complexity.

WIDEBAND PERFORMANCE
GRIN devices can help increase bandwidth 

performance of antenna systems. The wideband 
nature of a GRIN lens is shown in Figure 1, and 
demonstrates substantial gain across a wide bandwidth. 
For a theoretical antenna system that has transmission 
(TX) and reception (RX) operating at two different 
frequencies, a constant-K dielectric lens may be limited 
in servicing both frequency bands efficiently. An example 
hemispherical constant-k lens design may require extra 
matching layers to achieve sufficient bandwidth.1 In this 
case, using a GRIN lens in place of a solid dielectric lens 
will reduce the number of individual components in an 
antenna assembly and provide an opportunity for new 
communication techniques in a denser form factor.

Advantages of 3D-Printed  
GRIN Dielectric Structures in 
Antenna Systems
Rogers Corp., Chandler, Ariz.

Constant-K dielectric lenses are inherently more 
narrowband. One cause of this can be due to return 
loss or reflection at the surface based on the feed used 
as seen in Figure 2. In a case where the feed is at the 
center of a hemispherical lens, internal reflection may 
cause substantial mismatch at the feed impedance due 
to reflected rays traveling back along the same path 
of the corresponding incident rays, concentrating at 
the focal point.2 Another cause is the spread of signal 
based on operating frequency. This effect is akin to the 
chromatic aberration effect in optical lenses, where the 
focal point of different wavelengths of light differs for 
the same lens. 

s Fig. 1  Two identically designed GRIN lenses made with 
different materials. Green represents Rogers Corporation’s 
3D Printable Dielectric; Red represents commercially available 
SLA resin. The GRIN design shows increased gain as frequency 
increases, with good performance throughout the 25-32GHz 
band.
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WEIGHT AND SIZE SAVINGS
Engineers designing a new RF system are 

always prioritizing SWaP (Size, Weight, and Power) 
considerations. RF engineers are often looking to make 
a next generation system smaller, lighter, and more 
powerful. 3D-printed GRIN structures can help achieve 
more ideal targets in these areas, in part due to the 
method used to create a gradient permittivity within a 
one-material manufacturing system. 

For weight, 3D-printed GRIN lenses deliberately 
create voids of air within a solid dielectric material 
lattice to create a desired effective permittivity. One of 
the additional benefits of this technique is that it lowers 
the overall weight of the structure compared to a solid 
material. For a 62 mm diameter spherical lens, the 
weight results are shown in Table 1, and a significant 
weight reduction is shown using this approach.

In addition, with higher dielectric constant 
3D-printable materials from Rogers Corporation, the 
overall size of the lens and other 3D structures can be 
reduced. In the example of the lens, the higher dielectric 
constant, which behaves as a higher refractive index at 
RF frequencies, allows designers increased flexibility in 
refracting and focusing signal within a lens structure.3

ANTENNA PATTERN CONTROL
Overall, a lot of the design freedom of 3D-printable 

dielectric components for RF engineers can be 
defined as flexibility. Flexibility to control electric field 
propagation and thus, in an antenna system, manipulate 
the antenna pattern and near-field to help facilitate a 
desired radiation goal.

The use of metamaterials, lenses, frequency selective 
surfaces, and other complex geometries have been 
explored to enhance the performance of antenna 
systems. Those performance enhancements not only aim 
to achieve the gain, steering angle, size, and bandwidth 
requirements described in the eBook, but also include 
other antenna pattern alterations like minimizing side 
lobes and grating lobes. 

The advantages of gradient index structures by way 
of 3D-printing low loss dielectric materials are prolific. 
Many of these dielectric structures envisioned can be 
manufactured and scaled more easily with the advent 
of low loss DLP 3D-printable dielectric materials from 
Rogers Corporation. Combining these materials with 
new digital manufacturing processes and RF design 
tools at the industry’s disposal, engineers have the 
flexibility to image new antenna systems and bring it 
end-use scale.n

References
1.  N. Ngoc Tinh, R. Sauleau R, CJM. Perez CJM, “Very Broadband 

Extended Hemispherical Lenses: Role of Matching Layers for 
Bandwidth Enlargement,” Antennas and Propagation, IEEE 
Transactions, 2009, pp.1907-1913.

2.  C.A. Fernandes, E.B. Lima, J.R. Costa, “Dielectric Lens Antennas,” 
Handbook of Antenna Technologies, 2016.

3.   D. Isakov et al., “3D-Printed High Dielectric Contrast Gradient 
Index Flat Lens for a Directive Antenna with Reduced Dimensions,” 
Advanced Materials and Technologies, 2016.

s Fig. 2  Simulated return loss of a spherical lens with 
approximately 2 εr on its surface (blue) showing more 
frequency dependent return loss than the same size lens with 
1.1 εr on its surface (red).
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TABLE 1
WEIGHT DIFFERENCE IN SOLID VS GRIN SPHERICAL 
LENSES @ 30GHZ TO ACHIEVE SAME DIRECTIVITY

Lens Type Mass

Luneburg-like GRIN Lens 34 grams

Constant-K Dielectric Lens 131 grams

TABLE 2
HEIGHT COMPARISON OF DIFFERENT GRIN LENS 

DESIGNS WITH SAME BORESIGHT APERTURE SIZE

Maximum Dielectric Constant Theoretical Height of Lens

2.0 62 mm

3.0 52 mm

4.0 41 mm
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Rogers Corp., Chandler, Ariz.

New demands in novel communications and radar 
systems have required the adoption of active 
antenna systems to take these technologies into 

new generations. High atmospheric attenuation along 
with higher degrees of fading in channel conditions 
prevalent in upper microwave and millimeter-wave 
frequencies have driven system designers across industry 
to develop steerable, active systems like phased array 
antennas. While existing phased array antenna systems 
may be suitable for their intended purpose, in this 
article, we discuss the addition of a simulated RF GRIN 
lens, enabled by new dielectric 3D-printing techniques, 
to a simplified phased array system in order to increase 
steering performance and overcome the wide-angle 
limitations of flat panel phased array antennas.

STEERABLE ANTENNA SYSTEMS
For many high frequency RF applications, a fixed 

antenna array or omnidirectional antenna won’t 
be sufficient to cover all needed directions while 
maintaining high enough radiated power that can 
overcome atmospheric attenuation and higher levels 
of channel fading. This has caused system designers to 
seek steerable systems to concentrate the signal for a 
specific target or user.1

While mechanically steerable antennas were 
developed to accommodate this challenge in certain 
applications, it is less desirable for others due to 
the limited steering speed, spatial multiplexing, and 
reliability since many consist of motors and other moving 
parts that would wear out.2

With recent advancements in flat panel electronically 
steered antennas, many high frequency applications can 
utilize antenna arrays that are electronically controlled 

An RF Gradient Index (GRIN) Lens 
to Enable 180-Degree Field-of-
View in a Phased Array System 

by manipulating the feeding signals of individual 
antenna elements within a larger array. These arrays are 
commonly made through PCB fabrication processes to 
create arrays of antennas (e.g. patch antennas) with a 
feed network to connect to other front-end components.

One way of achieving beam steering in these antenna 
arrays is to switch on and off certain elements of the 
array; another way is to control the relative phase and 
amplitude of the signals from groups of array elements, 
or each individual element. With a large enough antenna 
array and an electronic control and feed system, beam 
steering antenna arrays are designed to direct the main 
radiating lobe of the antenna array anywhere up to a 
maximum beam angle, rapidly steer the beam, and even 
create multiple lobes that are independently steered.3

The main disadvantage of flat panel electronically 
steered systems is the available effective aperture 
versus steering angle. This fundamentally limits the 
angle it can steer to. Typically, for a flat panel phased 
array, the theoretical gain achievable at a given steering 
angle is a function of cos(θ), where θ is the target angle 
and θ=0deg is the boresight direction.4 One possibility 
to overcome this limitation while preserving the many 
advantages of an electronically steered system is to 
supplement the system with a GRIN dielectric lens. A 
theoretical phased array lens system is imagined here.

DESIGN SETUP
A phased array antenna system operating at 37-

40GHz was designed in Ansys HFSS for supplementing 
with a field-of-view enhancing GRIN lens. Assumptions 
were made to achieve a proof-of-concept and ease 
the computational resources required to arrive at a 
useful design. The 16x4 element array was designed 
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with rectangular patches at ½λ spacing, and for each 
individual patch, continuous phase and amplitude 
control was assumed. This antenna array produces 23-
24dBi gain at boresight within the 37-40Ghz band with 
all elements excited as shown in Figure 1.

A volume of 50 x 35 x 130mm (height x depth x width) 
was chosen above the phased array as the possible area 
for the dielectric lens, depicted in Figure 2. In order to 
efficiently iterate designs, an optimization technique 
was selected that would maximize performance for 
a given input figure-of-merit. In addition, to ease the 
computational load of the optimization, the lens area 
was segmented into approximately 5 mm cubes – each 
to represent a specific dielectric constant within the 
overall structure. The optimizing variables included the 
Dk of each cube, constrained between 1 and 3.6 Dk with 
0.2 Dk increments, and both the phase and amplitude 
settings for each element in order to achieve maximum 
directivity at +/-90 degrees in azimuth, effectively 
achieving a 180-degree field-of-view, electronically-
steered, phased array antenna system in simulation.

DESIGN OUTCOME
The resulting design utilizes three distinct high 

dielectric constant areas with graded lower dielectric 
constant areas. A view of each cube’s dielectric constant 
value can be seen in Figure 3.

Antenna patterns of the simulated system steering 
from 0 to +90deg in 3 deg increments are shown 
in Figure 4. Since the lens is symmetrical, similar 
performance is expected from 0 to -90deg. The directivity 

drop from boresight 
to 90 degrees is 
approximately 2dBi, 
while flat panel phased 
arrays alone typically 
see about a 3dBi drop 
from boresight to 60 
degrees.

Manufacturing the 
design can be done 
relatively easily with a 
digital manufacturing 
process like 3D- 
printing. With a 
varying density lattice 
that has small enough 
features relative to the 
operating wavelength, 
the component will 
behave like one 
gradient dielectric 

s Fig. 1  Antenna pattern of simulated phased array without 
a lens.
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s Fig. 5  Rendering of the simulated phased array GRIN lens 
as a 3D-printable component in nTopology software.

s Fig. 3  Isotropic view of GRIN 
lens system cut in half along 
symmetry plane.
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constant structure as designed in simulation. There is little 
change in manufacturing complexity with alterations in 
design, and many different iterations could be made and 
tested quickly. In combination with Rogers Corporation’s 
new low loss 3D-printable dielectric materials, designers 
can take advantage of the most scalable, high resolution 
process to realize these components. A rendering of the 
lens design in this article as a printable part can be seen 
in Figure 5.

To verify that the complete flexibility of GRIN and 
3D printing is required, simulations were done on an 
approximated version of the design, where the dielectric 
constant values are approximated into 3 ‘buckets’ used 
within the overall structure. The design and antenna 
pattern results are shown in Figure 6 and 7 respectively. 
It is clear that the near continuous gradient is likely 
needed to maximize performance, and a process like 
3D-printing is one of the few processes to possibly 
fabricate it.

CLOSER LOOK
To see how the high steering angles are achieved, 

a closer look at the antenna element amplitude and 
phase profile was conducted. In addition to large 
phase shifting between adjacent elements, a significant 
amplitude tapering was implemented. Specifically, for 
the 90° steering case, the elements on the same side 
as the formed beam were not illuminated while the 
center and opposite elements were illuminated with 
a slight amplitude tapering. A hybrid of switching and 

phase shifting help achieve the steering performance in 
its current embodiment due to the refraction within the 
lens mandated by the dielectric gradient. Notice that 
the effective aperture for this 90° beam is equal to the 
height of the lens. An illustration of these points can 
be seen in Figure 8. One drawback of the proposed 
solution is the reduced Effective Isotropic Radiated 
Power (EIRP) by utilizing only a given portion of the flat 
array patches. 

FUTURE POSSIBILITIES
With new dielectric 3D-printing manufacturing 

technology, exotic gradient-index parts that enhance 
the figure-of-merits of any antenna system can be 

s Fig. 6  Optimized phased array lens design (green outline) 
vs. approximated design (orange outline).

vs.

Dk Variation
3.6 to 1.2

TMM® 3-D Shaped Microwave Material

TMM® thermoset microwave materials 
are Rogers’ proprietary ceramic, 
thermoset polymer composite designed 
for high frequency applications.  
Available in laminate form, or molded 
3-D Shapes, this material is ideal for 
innovative design applications.  Key 
features are exceptionally low TCDk, 
controlled Dielectric Constant values 
from 3 to 12, low CTE, high chemical 
resistance, and ability to mold to a wide 
variety of shapes. Learn more...

https://rogerscorp.com/advanced-electronics-solutions/tmm-laminates
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realized. The combination of this technology with new 
computational tools allows designers the flexibility 
to no longer be constrained to classical lens designs 
from literature like the Luneburg Lens. In fact, many 
variations and alterations of the simulated system shown 
here could be designed and produced for a number 
of performance goals. While traditional lens antenna 
designs often have their merits compared against 
phased array systems, as seen from this design, there 
is opportunity to use lenses synergistically with phased 
array antennas to enhance certain requirements such as 
gain over angle performance.n
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s Fig. 7  Simulated antenna pattern of a target beam peak at 
+90 deg for the optimized (green) and approximated design 
(orange).
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The rise of additive manufacturing technologies 
has enabled significant progress on multiple 
fronts of electrical engineering. One area that has 

been particularly impacted is radio frequency (RF) device 
components, as additive manufacturing facilitates 
designs and structures that cannot be produced using 
conventional manufacturing. Having the freedom and 
capability to utilize an additional dimension leads to 
creative RF applications with unique characteristics that 
cannot be achieved in planar configurations alone, and 
3D printing can also enable the creation of structures 
that may not be compatible with conventional methods, 
such as flexible or curved components. However, the 
electrical conductivity of printed metals has so far 
underperformed that of conventionally microfabricated 

Materials for Additively 
Manufactured RF Components 
Eva Rosker, Shuchi Anandpura, Evan Nguyen, Jesse Tice
Northrop Grumman, Manhattan Beach, California

metals, so this technology has been used primarily for 
rapid prototyping to date. Commercially available silver 
inks are generally comprised of silver nanoparticles, 
flakes, and/or other solids suspended in organic or 
aqueous solvents, which require aggressive sintering 
and/or post-processing to drive off the carrier liquids 
and bind the packed bed of particles into a continuous 
agglomerate. The temperature-dependent process of 
sintering leads to undesired effects, including trapped 
solvent, low density, tortuosity, and a large number 
of high resistance interfaces that collectively result 
in low electrical conductivity (<25% of bulk metal). 
While post-processing methods can incrementally 
increase conductivity to within half that of bulk silver 
(σAg = 6.3 x 107 S/m), the methods generally exceed 

s Fig. 1  (a) Conductivity of AJ-printed nanoparticle and reactive silver inks. Reactive inks are much more conductive than 
nanoparticle inks and even approach the conductivity of plated Cu, a well-known an industry standard. Reference data reproduced 
from literature. (b-c) RF S-parameters measured for a set of as-printed reactive ink microstrips show features characteristic of a highly 
conductive metal. 
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the degradation temperature of most 
additively manufactured or polymeric 
substrates, rendering this suboptimal 
for many novel RF designs. 

Enter particle-free reactive metal 
inks, an alternative to nanoparticle-
based inks. In these metal inks, a 
metal organic decomposition (MOD) 
reaction converts a liquid precursor 
material into pure elemental metal. The 
surfactant chemistry, small particles, 
and high boiling point organics that 
require high-temperature sintering 
in nanoparticle inks are therefore 
entirely avoided in reactive inks. This 
MOD approach has been successfully 
demonstrated with silver, gold, copper, 
aluminum and nickel metal systems.

Most circuit designers de-rate the 
metals used in electronic devices to 
75% of bulk metal conductivity, which 
provides a reasonable approximation 
of the practical limits for a printed metal system to 
perform at the level of conventional materials. In 
Figure 1(a) we compare the resistivity of printed silver 
nanoparticle traces against printed reactive silver. 
While the nanoparticle silver demonstrates a best fit 
conductivity value equal to 24% of pure bulk silver, 
reactive silver traces tested immediately after printing 
reveal a conductivity of 61% of bulk silver. Furthermore, 
undergoing a short, high-temperature anneal causes the 
conductivity of the reactive ink to increase to 73% of 
bulk silver, on par with the practical limit. Comparatively, 
electroplated copper traces used widely in industry are 
observed to have conductivity of 90% of bulk copper, 
which is equivalent to ~85% of bulk silver.

For an initial RF measurement, the material properties 
of the reactive metal traces were measured from 0.1 GHz 
to 20 GHz by printing RF microstrip transmission lines 
and using a network analyzer to extract the S-parameter 
matrix. The signal reflection and transmission of the 
as-printed reactive ink microstrips are shown in Figure 
1(b) and 1(c), respectively. This result demonstrates 
that reactive silver has electrical transport properties 
similar to a conventional metal not only at the DC 
limit, but also at radio frequencies. On the other hand, 
printed nanoparticle lines performed so poorly in RF 
tests that the output data is functionally equivalent to 
an open circuit with signals that are impossible to fit 
to any physical model and are not reproducible, even 
among repeated tests of the same device. As a result, 
this RF demonstration shows that the performance 
of dense reactive metals is superior to that of porous 
nanoparticle inks and can be considered to be virtually 
indistinguishable from conventionally microfabricated 
metals from the DC limit up to 20 GHz.

ULTRA-LOW RF SIGNAL LOSS IN AJP SILVER
To compare reactive silver against conventional 

copper, we also demonstrate printed RF microstrip 
transmission lines on a conventional circuit board 
substrate – FR4 laminate (thickness t = 0.5mm, 

dielectric constant εr = 4.3, tanδ = 0.025) and a lower-
loss fiberglass-reinforced PTFE circuit board material 
(thickness t = 0.25 mm, dielectric constant εr = 2.5, tanδ 
= 0.0019) to demonstrate the utility of this technique for 
high performance circuit components. The RF properties 
are directly compared to those of metals fabricated via 
conventional processing. As shown in Figure 2, we 
measure the devices at radio frequencies by testing all 
microstrips using a portable network analyzer (PNA) from 
20 MHz to 20 GHz with a two-port configuration. In the 
data analysis we focus on the frequency range 2-18 GHz, 
which encompasses the S (2-4 GHz), C (4-8 GHz), X (8-
12 GHz), and Ku (12-18 GHz) bands, as these bands are 
highly utilized across a variety of applications including 
telecommunications, radar, satellite communications, 
and WiFi. 

The measured S-parameter transmission (S21) 
characteristics are presented in Figure 3 for the FR4 
board. For both the printed silver and copper clad traces, 
we find that loss scales proportionately to the length of 
the line according to the inverse square root frequency 
scaling commonly observed among metals. Compared 

s Fig. 2  Board design, dimensions, and model approach used in this study. (a) 
Schematic and (b) photograph of microstrip elements on FR4 substrate, showing the 
three pairs of copper cladding and printed silver microstrips. (c) Microscope images 
of the copper clad and printed silver traces. The silver microstrips are created by 
overlapping adjacent sub-traces until the desired microstrip width is achieved. (d) The 
data reduction scheme uses a computational model to extract the unknown properties 
of the board, including the insertion loss and complex permittivity components.
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to the conventional etched copper, we observe that the 
silver is approximately 2 dB lossier than the copper at 10 
GHz, the center of the measured frequency band.

However, we find after performing bisect de-
embedding (shown in Figure 4) that this offset loss is 
purely a fixturing effect. When we remove this loss by 
eliminating the transition and launch contributions, the 
insertion loss of the printed silver is identical to that of 
the copper on the same board.

Interestingly, some substrates may have an effect 
on the RF transmission properties of the printed metal. 
Traces printed on a fiberglass-reinforced PTFE laminate 
exhibited unexpected loss behavior, in which the longer 
microstrips were less lossy than the shorter ones. We 
observed periodic changes in metal thickness due to 
the woven texture of the board, which when combined 
with the nonuniformity of the printed trace, should 
understandably increase the number of scattering sites 
along the trace and could contribute to this inverted loss 
behavior. Using the same board, we added an additional 
10 passes (~3 μm, for a total thickness of ~6 μm) of 
printed silver onto the existing traces and remeasured 
the S-parameters. As shown in Figure 5(b), this additional 
thickness mitigated the inverted loss effect and instead 
resulted in all DUTs exhibiting approximately the same 
amount of loss despite being three different lengths and 
consisting of different morphologies.

As seen here, printing thicker strips allowed us to 
overcome some of the periodic perturbations originating 
from the textured board. Therefore, for nonuniform 
substrates, it will therefore be necessary to build up 
enough thickness to properly coat the surface and avoid 

any unintended scattering sites along the length of the 
microstrip. This illustrates that while material quality is 
important, surface properties also shape the outcome, 
and special consideration must be given to surface finish 
and texturing for substrates for successful integration 
with printed metals.

FULL-3D DESIGN AND PRINTING
Building on this ability to print RF-compatible highly 

conductive metals, we also demonstrate the feasibility 
of this full-3D approach by using a reactive metal ink 
to print metal traces onto additively-manufactured 
polymeric substrates. As shown in Figure 6, three 
different configurations – a simple transmission line 

s Fig. 4  Insertion loss extraction for printed silver versus 
etched copper cladding. After eliminating fixturing effects by 
performing a property extraction via bisect de-embedding, the 
measured insertion loss is identical for both materials.
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as well as two band-stop filter designs (2D and 3D) – 
are used across three different types of materials. The 
different materials are noted in Table 1. 

The first is a standard planar 50 Ω microstrip 
transmission line. Second, we print a planar sinusoidal 
band-stop filter in which the width of the transmission 
line is varied along the direction of propagation. 
By periodically varying the width, the characteristic 
impedance of the trace is also varied which results in 
regions of high signal attenuation in the frequency 
response. Third, we print a 3D “roller coaster” band-stop 
filter with two orthogonal sinusoidal features in which 
the dielectric substrate height is varied in conjunction 
with the transmission line width variance. The edges of 
the 2D and 3D traces are tapered in order to match the 
input impedance to a standard 50 Ω connector. The top 
layer metallization is printed using reactive metal ink. 
Using a two-port portable network analyzer, each device 
is measured from 10 MHz to 20 GHz. 

The results from the transmission line measurement 
and simulation are reported in Figure 7. We confirm 
that, as expected from the known material loss tangent, 
Material A does demonstrate significantly higher loss 
(by ~2 dB) than either of the other printable dielectrics 

s Fig. 6  Photographs of the printed devices and schematic 
showing the device dimensions.
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TABLE 1
DIELECTRIC RESIN PROPERTIES

Material Resin εr tanδ

A Clear SLA Resin 2.65 0.06

B High Temp SLA 
Resin

2.83 0.0073

C Filled DLP Resin 2.6 0.0073 – 0.0096

s Fig. 7  Simulations and measured |S11| reflection (a) and |S21| transmission (b) curves of the planar 50 Ω transmission line printed on 
each of the substrate materials. (c) The total loss, determined by plotting the maximum gain across the line, shows that Material A is 
a much lossier dielectric than either of the other two dielectrics.
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tested. This has exciting implications for the field of 
printed electronics; as more printable dielectric material 
choices become available, it will be critical to select ones 
possessing properties compatible with the maximum 
amounts of loss de-rated by circuit design specifications.

The results from the 2D and 3D band-stop filter 
measurement and simulation are shown in Figure 8. In 
the 2D filter case, the sinusoidal modulation in the width 
of the line can be approximated as a cascade of uniform 
traces with varying stepped widths. The resulting 
propagation constant plotted against frequency yields 

the characteristics of a band-stop filter. Two variables are 
responsible for determining the center point frequency 
as well as the degree of signal rejection: (1) the period 
of the sinusoid, p, and (2) the modulation parameter, m, 
which is a function of the widest and narrowest points 
of the trace in each period. Increasing the modulation 
parameter will increase the bandwidth of the stopband 
as well as increase the amount of signal that is attenuated. 
The center frequency of the stopband is directly related 
to p and m and can be shifted by appropriately changing 
each variable.

s Fig. 8  Measured data and simulations for the printed 2D (a,b) and 3D (c,d) filters for each of the substrate materials. Modulating 
the height in 3D as well as the width of the trace in 2D affords a 2 GHz increase in bandwidth for the stopband. There is good 
agreement between measurements and simulation.
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designs, but regardless, the combination of printed 
dielectrics with printable materials firmly establishes 
the enormous potential for an entirely new class of 
functional RF passive components.

This demonstration of exciting new materials 
combined with creative RF design shows that 3D 
printing is posed to revolutionize the field, all without 
sacrificing the necessary high conductivity and low loss 
needed to produce high performance devices for use 
within aerospace and communications.n
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In the 3D case, by modulating the height of 
the dielectric substrate, we periodically vary the 
characteristic impedance of the transmission line [22]. 
Varying the substrate height and microstrip width 
simultaneously amplifies the extent of this impedance 
variation across the transmission line, which leads to a 
wider stopband as well as increased signal rejection. 
The effect of modulating the transmission line in the 2D 
structure results in a band stop region centered at 10 
GHz, with a bandwidth of approximately 6 GHz (from 
7-13 GHz). Expanding into the third dimension however 
adds a full 2 GHz of bandwidth (from 6-14 GHz) while 
still retaining the center point frequency of 10 GHz. 
In both the 2D and 3D case, the behavior within the 
stopband should exhibit higher levels of rejection for 
the lower-loss Materials B and C than for the relatively 
lossy Material A.

Critically, we see that in going from the 2D to the 
3D structure, there is an observed 2 GHz increase 
in bandwidth for the stopband, offering an exciting 
view into new and innovative RF design possibilities. 
Interestingly, the performance of the fabricated devices 
appears to be insensitive to the dielectric substrate 
material. This loss can be further minimized in future 

http://www.rogerscorp.com/techub
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W ith access to 3D manufacturing technologies 
increasing worldwide, there is corresponding 
growth of interest in academia and industry 

in gradient index (GRIN) devices for RF applications. 
Many academic groups and some commercial entities 
have utilized additive manufacturing (3D printing) 
technologies to fabricate complex geometries that 
constructively combine air and a dielectric material in 
order to create parts that possess three-dimensionally 
varying effective permittivities.1 

One commonality between the groups applying 3D 
printing to Gradient Index devices is the challenging and 
time-consuming process of learning how to appropriately 
design a component for a given operational frequency, 
3D printing process, and application requirements. A 
primary hurdle in this process is understanding how to 
appropriately generate structures that enable gradients 
of permittivity that function predictably. With a printable 
dielectric material, permittivity gradients are achieved 
by locally varying the dielectric-to-air ratio in a geometry 
that consists of periodic open cellular structures. Within 
the cellular structure, the relationship between fill 
fraction, unit cell geometry, unit cell size, and feature 
size are all critical in creating a lattice structure that 
behaves as a solid dielectric material when irradiated 
with RF energy. 

When using low loss printable materials like Rogers 3D 
Printable Dielectrics alongside additive manufacturing 
equipment and software such as the tools available from 

Easy Design and Manufacture 
of Spatially Varying Dielectric 
Constant Components with 
3D-Printed Lattices 

Fortify, users don’t need to develop these concepts 
for themselves. Rather, they can focus on designing 
the gradient dielectric constant device from an RF 
performance perspective, and use these technologies 
to manufacture simulated GRIN designs with ease. The 
following discussion will provide the background and 
insight for design engineers to understand how the 
technology works, but ultimately, the new tools and 
materials available will lower this barrier to entry and 
provide more RF engineers than ever access to this new 
technology and design freedom.

LATTICE DESIGN FOR ADDITIVE 
MANUFACTURING

Unit cell geometry is one of the most important 
considerations for additively manufactured latticed 
parts. In addition to applications where a latticed 
infill is used to reduce the overall weight and material 
consumption, lattices can be used to impart special 
characteristics on other functional parts that subtractive 
manufacturing of bulk material cannot achieve. In 
mechanical applications, different unit cell geometries 
can impart drastically different mechanical responses for 
a given overall part density, in addition to providing the 
ability to tailor the mechanical response throughout the 
printed part by changing the unit cell density or design 
freely in all dimensions.2

Much like mechanical applications, lattice-like 
geometries can be employed to create a gradient 
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dielectric constant structure to constrictively manipulate 
RF radiation. To reiterate a concept that was introduced 
earlier, it is possible to combine air and low loss printable 
materials like Rogers 3D Printable Dielectrics in a varying 
density lattice to achieve different effective dielectric 
constants with a single printed material.  

The main considerations for a lattice’s unit cell 
geometry in varying dielectric constant or GRIN devices 
include:
• Dielectric constant range capability – does the unit cell 

allow a broad enough range of effective permittivities 
to be useful without clogging or falling apart?

• Isotropy – will the part behave the same regardless 
of the unit cell orientation and angle of incidence of 
EM radiation?

• Manufacturability – can the part be created easily/
quickly and can the lattice be used across all part 
designs?

EFFECTIVE PERMITTIVITY CALCULATIONS AND 
RANGE

Before considering the differences between specific 
unit cell geometries, it is necessary to understand the 
relationship between effective permittivity and the 
density of lattice geometries. This is possible by reducing 
the relation to an equation that describes the ratio of air 
and dielectric material to effective permittivity. This will 
allow the use of a varying permittivity in device design 
and simulation, eliminating the need of simulating the 
whole complex latticed structure.

To arrive at this relationship, simulations were run on 
a variety of latticed geometries with different ratios of air 
and dielectric material. A setup in Ansys HFSS was built 
that uses a waveport at both ends of a waveguide with 
Perfect Electrical Conductor (PEC) and Perfect Magnetic 
Conductor (PMC) boundary conditions on the walls 
of the waveguide, where a ‘slab’ of dielectric material 
(latticed or solid) can be placed in the waveguide for a 
1st order approximation of phase delay.

Results for three different volume ratios of air and 
dielectric material, with varying permittivity of the 
dielectric material can be seen if Figure 2.

This closely follows a Reverse Claussius-Mossotti 
model, especially for relative permittivities below 10, 
which can be seen implemented for this case below:

εr,eff = εr,resin

1 – εr,resin

1 + 2εr,resin
1 + 2vair ( )

1 – εr,resin

1 + 2εr,resin
1 – vair ( )

Where εr,eff is the effective 
permittivity of the latticed part 
assuming the feature sizes are much 
smaller than the operative wavelength, 
vair is the volume fraction of air, and 
εr,resin is the permittivity of the solid 
dielectric resin used in the lattice.

With the relationship of air volume 
fraction to effective permittivity known, 
we can evaluate a few different unit 
cell geometries for their effective 
permittivity range. For this evaluation, 

the higher dielectric 
constant limitation 
is due to creating 
too small of pores 
or entrapping air as 
the density increases. 
The lower dielectric 
constant limitation 
is due to features 
becoming so small 
with decreasing density that it creates printability and 
mechanical stability risk. 

From Table 1, we see that the Octet, a unit cell with 12 
nodal or vertex connections that forms a face-centered 
cubic configuration, and the Gyroid, an infinitely 
connected triply periodic minimal surface-based unit 
cell, have the highest effective permittivity range out of 
the geometries selected.

Even with the range limitations, it’s important to 
consider there is still the ability to use solid portions 
within lattice structures since the process constraints are 
not relevant for fully dense portions. An example of this 
is shown in Figure 3.

ISOTROPY OF UNIT CELL GEOMETRIES FOR RF
It’s generally assumed that symmetrical unit cells 

will have isotropic RF performance if the features 
are much smaller than the operating wavelength. To 
confirm that a part will behave the same regardless 
of the unit cell orientation and angle of incidence of 

s Fig. 1  Setup in Ansys HFSS 
showing the waveguide simulation 
loaded with four 5 mm octet unit 
cells. 

s Fig. 2  Structure effective permittivity based on dielectric 
resin material permittivity at different volume fractions of air. 
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TABLE 1
VARIOUS UNIT CELL GEOMETRIES AND THEIR EFFECTIVE 

PERMITTIVITY RANGE FOR A 2.8 DK AND 4.9 DK DIELECTRIC 
MATERIAL AT 5 MM UNIT CELLS

2.8 Dk Dielectric Resin 4.9 Dk Dielectric Resin

Unit Cell 
Type

Approximate 
Lowest 

Effective Dk

Approximate 
Highest 

Effective Dk

Approximate 
Lowest 

Effective Dk

Approximate 
Highest 

Effective Dk

Cubic 1.1 1.5 1.3 2.4

Kelvin 1.2 1.7 1.4 2.9

Octet 1.2 2.1 1.4 4.0

Gyroid 1.2 2.1 1.4 3.9
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EM radiation, simulations were conducted to confirm 
isotropy in a latticed medium only a few wavelengths 
long. The importance of isotropy can be highlighted in 
the example of a Luneburg lens, where different feeds 
along the surface would produce different beampatterns 
because of anisotropy of the unit cell, eliminating the 
key feature of a Luneburg lens.

Another look at the simulation setup and the 
simulated results are shown in Figure 7 and Figure 8, 
respectively. 

We observed a similar effective permittivity regardless 
of orientation, with an agreement better than +/-5% in 
materials up to a dielectric constant of 10 for both the 
Octet and Gyroid unit cell geometries.

MANUFACTURABILITY OF GRIN DEVICES
Printing high quality lattice type structures are one of 

the great advantages of 3D printing. However, there are 
practical manufacturability and part integrity concerns 
for a lattice-based part. Lattice structures can be 
employed to populate the volume of and amorphous 
and geometric boundaries alike, but some boundary 
types are less compatible with certain lattice designs. 
In the case of a Luneburg lens, the bounding envelope 
is spherical. When populating a spherical shape with 
cubic unit cells, it is unavoidable that a cubic unit cell is 
bisected by the spherical boundary, resulting in a series 
of incomplete unit cells on the device surface. 

Consider a strut-and-node type design such as the 
Octet unit cell. The integrity of this unit cell is dependent 
on the interconnectivity of the struts at the node locations. 
When slicing an octet cell by a spherical boundary, the 
nodes are removed, and freestanding cantilever beams 
are created. Due to the prevailing requirement that unit 
cell feature sizes are significantly below the operating 
wavelength, these cantilever beams are often on the 
order of 100s of microns in diameter. Furthermore, it is 
often common to have low dielectric permittivity regions 
at the surface of a GRIN device, making the need for 
very thin and high aspect ratio struts at the surface of a 
part very common. Therefore, utilizing a strut-and-node 
type unit cell may result in GRIN devices with a high 
degree of mechanical instability.

On the other end of the spectrum, as the struts or 
walls of a lattice-type geometry get thicker, the pores 
of air between the struts begin to shrink. For most 
types of unit cells, the result of this relationship is that 
the channels created within the overall lattice structure 
will become blocked prior to the unit cell reaching full 
density. This behavior will create completely enclosed 
cavities, resulting in regions of the unit cell that cannot 
drain the un-solidified 3D printing resin. The result of 
this limitation is that there are unattainable solid volume 
fractions, which also limits the ability to tune the effective 
permittivity on the higher end. More specifically, for a 
printable dielectric of 2.8dk, the effective permittivity 
region from ~2.1 up to 2.8 may not be unattainable due 
to geometry constraints.

The flexibility of the unit cell to work across part 
shapes and geometries needs to be evaluated. This is  
important for practical implementation because parts 

are often curved or do 
not have their overall 
boundaries line up 
perfectly with the edge 
of a cubic unit cell in 
the overall lattice.

Results of 
evaluating the effective 
permittivity change 
when cutting through 
a unit cell show that 
the surface-based 
Gyroid lattice has a 
consistent dielectric 
constant regardless of 
the volume removed. 

s Fig. 3  Model of a Cubic, Kelvin, Octet, and Gyroid unit cell 
geometry.

Cubic Kelvin Octet Gyroid

s Fig. 4  Strut thickness and air fraction as a function of 
effective permittivity for a 5mm octet unit cell with 2.8 Dk 
dielectric material.
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s Fig. 5  Wall thickness and air fraction as a function of 
effective permittivity for a 5mm gyroid unit cell with 2.8 Dk 
dielectric material.
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s Fig. 6  Cross-section of a 
modeled gradient index part that 
utilizes a solid core that surrounded 
by a gyroid latticed area.



22

An example is shown in Table 2 and Figure 9. This is 
due to a relative density difference within a strut-based 
unit cell like the octet as there is more material at the 
corners of the unit cell where struts join.

CONCLUSION
Overall, when considering lattice and unit cell design, 

it is generally preferred to use surface-based lattices to 
increase effective permittivity range, printability, and 
flexibility across all designs.

With the background discussed in this article, Rogers 
and Fortify have developed a method and software to 
create customized GRIN devices where RF engineers 
need to spend little time in consideration of the GRIN 
lattice structure or manufacturability and can focus on 

leveraging the new technology to 
achieve new levels of performance in 
their systems. With these technologies 
available now, engineers can quickly 
design, prototype, iterate, and 
manufacture their products at scale 
with confidence.n 
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s Fig. 7  Setup in Ansys HFSS showing the waveguide setup 
loaded with 5 mm octet and gyroid unit cells rotated at 
phi=0deg (left) and phi=45deg (right).

TABLE 2
EFFECTIVE PERMITTIVITY AND SOLID VOLUME OF COMPLETE 5MM 

UNIT CELL VS CUT UNIT CELL AS SEEN IN FIGURE 9

Octet Gyroid

Complete Cut Complete Cut

Solid Volume 28.1mm2 25.8mm2 28.1mm2 26.6mm2

Effective Dk 1.3 1.29 1.3 1.3

s Fig. 8  Simulated results for each angle and with a material dielectric constant of 2, 
6, and 10. Note: values shown are effective permittivity minus 1.
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s Fig. 9  Model of an Octet (left) and 
Gyroid (right) unit cell with a spherical 
plane cut-out.
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