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Abstract

Square open loop resonator (SOLR) bandpass filters fabricated with additive
manufacturing techniques are presented and studied. One filter contains novel 3D capacitive
plates used to enhance resonator coupling. The filters are centered at 2.45 GHz and loaded with
capacitors for miniaturization as low as 21% that of a conventional SOLR bandpass filter. The
pass-band insertion loss of the filters ranges from 3.8 dB to 5.5 dB and the 3 dB bandwidth
ranges from 180 MHz to 250 MHz. Also, degradation in the effective conductivity of printed ink
as a function of substrate roughness is analyzed. Finally, a study of dielectric and metallic 3D

printing processes that are candidates for digital manufacturing of integrated mobile phone client

antennas is presented.
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Chapter 1: Introduction

In recent years, substantial excitement has developed around additive manufacturing.
With desktop printers available to the average consumer for less than $1000 [1], the general
public has taken attention to 3D printing. Not only is the general public interested, but numerous
large companies are using 3D printing such as Nike, General Electric, and Boeing [2]. There are
many different applications for 3D printing including rapid prototyping, customized medical
devices [3], unique limited run parts [4], and printed electronics. The work of this thesis is
focused on the latter — and more specifically, the use of additive manufacturing in printing
passive circuitry for high frequency applications.

Significant research is being done in the area of 3D printed electronics [5]-[7].
Electronics connected by printed lines are being embedded in 3D printed structures [8]-[10].
Numerous antennas for high frequency applications have been fabricated using additive
manufacturing and inkjet printing [11]-[16]. Switched-line phase shifters [17], distributed
impedance elements [18]-[19], and transmission lines [20] have also been fabricated using
additive manufacturing.

A strong advantage of using additive manufacturing to print RF circuitry is the option to
miniaturize in 3D. 3D miniaturization techniques, such as the folding and stacking methods
shown in Figure 1.1, can be implemented with additive manufacturing. In addition to

miniaturization, circuits can be printed to conform to a structure as shown in Figure 1.2.
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(a)

via

(b)

Figure 1.1 Possible 3D miniaturization by (a) folding and (b) stacking layers

Figure 1.2 Antenna wrapped around cylinder

Currently, there are many areas in additive manufacturing that present challenges for RF
circuitry. One issue is surface roughness. Certain printing processes, such as Fused Deposition
Modeling (FDM), create parts with a surface roughness proportional to the size of the pen tip
used for extrusion. Smooth surfaces are required for metallization because printed conductors

conform to the surface of the part. A rough surface causes the effective conductivity of a printed
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conductor to decrease and in the worst case, a discontinuity will occur. Another limitation is
material selection. Currently, most substrates are printed with thermoplastics such as ABS,
ULTEM, and polycarbonate via Fused Deposition Modeling. These thermoplastics have relative
dielectric constants between 2-3 and loss tangents between 0.005-0.010. Obviously, these
thermoplastics will not suffice if a higher dielectric constant is required.

At the present time, 3D printing is excellent for rapid prototyping low quantity parts, for
creating 3D geometries that are not possible with conventional manufacturing processes, and for

embedded design.

1.1 Thesis Overview and Contributions

The main goal of this thesis is to study high frequency circuits printed with additive
manufacturing. Chapter 2 contains a brief overview of the prevalent printing processes for
dielectric materials as well as conductors. Chapter 2 also contains a short summary of the
common materials used for each printing process. Chapter 3 contains a theoretical background
for the design of square open loop resonator (SOLR) bandpass filters. A practical design
procedure based on the theory presented is given in Section 3.5. Chapter 4 contains the two
major contributions of this thesis. The first contribution is the 3D printing of a miniaturized
planar bandpass filter which has not been done before. The performance of the filter is
comparable to the same filter fabricated on printed circuit board but the insertion loss is about 3
dB lower due to the effective conductivity of silver ink printed on a printed substrate. The second
contribution is the design and 3D printing of a functional 3D bandpass filter using novel

capacitive plates for coupling between the resonators. Chapter 5 concludes the thesis and
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suggests recommendations for future work including improving the technology and future design

ideas.
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Chapter 2: 3D Printing Background'

2.1 Introduction

There are numerous processes for additively manufacturing dielectric materials and
conductive materials. There are multiple ways to classify the different printing processes [21],
either by materials used, by baseline technology, or some combination of the two. One simple
classification of the printing processes divides them by baseline technology into two categories.
In all of the printing processes discussed below, besides Laser Direct Structuring, either material
is extruded from a print head onto a substrate OR select areas of material lying in a
liquid/powder bed are laser cured.

Printing processes for printing dielectric materials are discussed in Section 2.2. The
included dielectric printing processes are Fused Deposition Modeling (FDM), PolyJet Printing,
Selective Laser Sintering (SLS), and Stereolithography (SL). Section 2.2.5 contains surface
roughness measurements for some of the processes. Processes for printing conductive materials
are discussed in Section 2.3. The included conductor printing processes are Direct Print Additive
Manufacturing (DPAM), Aerosol Jet Printing, and Laser Direct Structuring (LDS). Printable

materials are discussed in Section 2.4.

! Portions.of this chapter were previously published in [46]. Permission is included in Appendix A.
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2.2 Dielectric Printing Processes
2.2.1 Fused Deposition Modeling (FDM)

Fused Deposition Modeling (FDM), shown in Figure 2.1, is a printing process where a
thermoplastic is heated to a liquid state and deposited through a small pen tip. The plastic is
heated just above its melting temperature and hardens almost immediately after deposition [21].
The part is built in layers from the bottom up. The print resolution is limited by the diameter of
the hole in the extrusion head depositing the thermoplastic. For example, a high-end,
commercially available printer has a minimum print resolution of 127 um [22]. Others are
pushing the limits down to 50 um by using smaller pen tips [23]. A part printed with FDM is
shown in Figure 2.2.

Since the material is deposited in lines and it hardens almost immediately upon
deposition, peaks and valleys, like the ones shown in Figure 2.3, form along the surface of the
part in the orientation of the build. Figure 2.4 displays the surfaces of three FDM prints. The
surface roughness of an FDM print can be a limiting factor for certain applications, such as

microwave circuits, where a smooth surface is required for high performance.

Layer 4
Layer 3

Print Head - /Part Layer 2

Bed —»

Figure 2.1 FDM printing process diagram
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Figure 2.2 Polycarbonate phone cover with surface valleys printed via FDM

surface valleys

Figure 2.3 Diagram of surface valleys in FDM prints
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2.2.2 PolyJet Printing

PolyJet printing, shown in Figure 2.5, uses inkjet technology to dispense UV-curable
photopolymers onto a build tray. UV light cures the photopolymer almost immediately upon
deposition. PolyJet is similar to FDM in that it deposits material but it differs in that it deposits a
whole line of material drops at once instead of just one single drop. PolyJet print heads with
multiple dispensers can print multiple materials at once [24]. The print resolution for a PolyJet
part extends down to 16 um due to the small droplets of material dispensed [25]. The high print

resolution yields smooth surfaces like the ones shown in Figure 2.6.

Print head with _
multiple dispensers

\ | Material 3

~ \ N Material 2

UV light ——= | =N  Material 1
~— Part

Bed -

Figure 2.5 PolylJet printing process diagram
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2.2.3 Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS), shown in Figure 2.7, is a printing process where a part is
created layer by layer with a laser that sinters powdered material sitting in a bed. After a layer is
completed, the bed lowers, immersing the part in more powder so that the next layer can be laser
sintered. SLS can be used to form nylon parts, metal parts, and glass parts [26]-[27]. A nylon
SLS part is shown in Figure 2.8. SLS parts created from nylon powders have a sand-paper like

finish which can be a problem for applications that require smooth surfaces.

Roller to flatten
Sintered part powder bed

(¢

Bed of powder

Build tray lowers after
each layer of sintering

Figure 2.7 Selective Laser Sintering printing process diagram

Figure 2.8 Duraform PA phone cover with sandpaper-like surface finish printed via Selective Laser
Sintering
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2.2.4 Stereolithography (SL)

Stereolithography (SL), shown in Figure 2.9, is a printing process where a part is created
layer by layer with a laser that cures UV-curable, liquid resin sitting in a bed. After a layer is
completed, the bed lowers and the part is immersed in more liquid resin so that the next layer can
be cured. SL is very similar to SLS except it uses liquid resin instead of powder. The surface of

an SL printed part, like the one in Figure 2.10, is very smooth because of the liquid resin.

UV light —

Bed of curable liquid resin Cured part

Build tray lowers after
each layer of curing

Figure 2.9 Stereolithography printing process diagram
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2.2.5 Surface Roughness of Printed Dielectrics

A smooth surface is necessary for printing on because printed conductors conform to the
surface of the part they are printed on. In Chapter 4, the effective RF conductivity is shown to
decrease as the profile of the printed conductor becomes more non-uniform. All of the printing
processes produce parts with different surface roughness values. The roughness value, Ra,
describes the arithmetic average of peaks and valleys measured on a surface. Table 2.1 shows the
measured Ra values of identical parts produced by three dielectric printing processes — Fused
Deposition Modeling (FDM), PolyJet printing, and Selective Laser Sintering (SLS). A disclaimer
is necessary - the data in Table 2.1 is representative data and is only relevant to the samples
generated for the project, not all samples generated by each printing process. The surface
roughness of a printed part depends on the quality of the printer. The FDM sample is shown in
Figure 2.11 for reference. The samples were measured in both the X and Y direction using a

Dektak 150 Surface Profiler.

Table 2.1 Measured surface roughness values for FDM, PolylJet, and SLS parts

Ra (um)
Process Material X Y
FDM Polycarbonate 7.15 7.29
PolyJet Digital ABS 3.35 0.74
SLS Duraform PA 13.37 11.31

Figure 2.11 FDM sample used for surface roughness measurement

11
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2.3 Conductor Printing Processes
2.3.1 Direct Print Additive Manufacturing (DPAM)

Direct Print Additive Manufacturing (DPAM), shown in Figure 2.12, is a printing process
where ink is dispensed through a very small pen tip. Many pastes, including conductive ink, can
be micro-dispensed with DPAM. The pen tip deposits pastes at a height of 50-100 um above the
surface of a substrate. Conductive ink needs to be cured at a higher temperature after printing.

The resolution of the print is dependent on the size of the pen tip used. The smallest pen
tip currently available is 50 pm in diameter. 50 um wide lines are the thinnest lines achievable
with DPAM [28]. A smooth substrate surface is required for using DPAM in RF applications

because the deposited ink conforms to the shape of the surface.

Fine pen tip
Ink
Substrate

Figure 2.12 Direct Print Additive Manufacturing process diagram

2.3.2 Aerosol Jet Printing
In Aerosol Jet printing, nanoparticle inks are atomized and then sprayed onto a surface as
shown in Figure 2.13. After printing, the part is heated for the removal of solvents and sintering

of the metal. The resistivity of the printed particles decreases as the post printing sintering

12

www.manharaa.com




temperature increases [29]. The feature resolution extends down to 10 pm for Aerosol Jet
printing [30]. Just as in DPAM, a smooth substrate is required for using Aerosol Jet in RF

applications because the sprayed nanoparticles conform to the shape of the surface.

Nanoparticle

/ spray
Substrate\‘

Figure 2.13 Aerosol Jet process diagram

2.3.3 Laser Direct Structuring (LDS)

Laser Direct Structuring (LDS), shown in Figure 2.14, is a process where a part contains
an additive that is laser activated in select areas. The laser-activated area is fully metalized
through copper plating. Other metals can be used such as nickel and gold. LDS is a process
widely used in industry for circuits printed on complicated 3D geometries [31]. Although LDS is

technically not a printing process, it is used for very similar applications.

13
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Laser Activation
Substrate
with additive /

Copper plating

=)

Figure 2.14 Laser Direct Structuring process diagram

2.4 Materials
2.4.1 Printable Dielectrics

A list of common dielectric materials used for 3D printing is given in Table 2.2 [46].
Among these commercially available dielectrics, Acrylonitrile Butadiene Styrene (ABS) is often
a preferred material due to its good RF properties [32] and its smooth surface finish after
treatment. Polycarbonate (PC), with similar electrical properties as ABS, is also commonly used
and has long been a mainstay for injection-molded plastic applications, although for 3D printed
structures surface smoothing processes are not as readily available as they are for ABS. A
smooth surface is essential when 3D printing conductive materials with high resolution and line
control. Nevertheless, for certain metallic printing processes a higher melting temperature is
required which precludes the use of ABS; e.g., the aerosol jet method [33] requires dielectrics
that melt above 120°C making PC a viable option. ULTEM, another thermoplastic used in fused

deposition modeling (FDM), has a high melting temperature and RF properties similar to PC and

14
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ABS. The so-called Digital ABS is by far the smoothest material to print with. However, the loss
tangent of this UV-cured material is significantly higher than those of the ABS and PC
thermoplastics. The heat deflection temperature (HDT) is also much lower than the
thermoplastics. Treatment processes to raise the HDT are available [34]. Duraform PA is a nylon
material in powder form that is used in sintering processes, like SLS. Duraform PA is not

preferable for RF applications because the loss tangent is twice as large as ABS and PC.

Table 2.2 Common dielectric materials. © 2015 IEEE

Relative
Dielectric Loss HDT
Material Process | Constant | Tangent | (°C) Comments
Acrylonitrile
butadiene Low loss tangent.
(ABS) FDM 2.3-2.8 0.006 96 Smoothing available.
Polycarbonate
(PC) FDM 2.5 0.005 138 Low loss tangent.
Smooth surface with
great feature resolution.
High loss tangent. Low
Digital ABS | PolylJet 3.1 0.044 | 58-100 HDT.
Duraform
PA® SLS 24 0.011 180 High loss tangent.

2.4.2 Printable Conductors

There are two common options for additively manufactured conductive materials. The
first option is metallic, typically silver, nanoparticle inks which are often deposited by spraying
(e.g. with an ink-jet printer) or screen printing. The resulting thin film layers can be oven cured,
or by using high intensity optical systems that are convenient when low temperature substrates

are used. The DC conductivity of silver deposited using aerosol jet printing is, at best, 1/7 of the
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bulk conductivity of bulk silver [35]. The conductivity degrades as the sintering temperature
decreases [29]. The second common option is a conductive paste, such as Dupont CB028, a
silver paste that is used with dispensing systems and thermally cured at 90-160°C. The DC

conductivity of CB028 is on the order of 1/10 that of bulk silver.
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Chapter 3: Square Open Loop Resonator (SOLR) Bandpass Filter Background

3.1 Introduction

In today’s wireless industry, compact and cost-effective filters are highly desirable.
Planar filters are preferable as they can be fabricated using printed-circuit technology [36].
Research is being done in the miniaturization of coupled resonator bandpass filters made using
microstrip [37]-[40]. Square open loop resonator bandpass filters are small in size (A/8 x A/8) and
can be further miniaturized with meandered lines [36] and capacitive loading [37].

Some key properties of open circuited A/2 microstrip resonators, such as input impedance
and quality factor, are examined in Section 3.2. The external quality factor of square open loop
resonators is discussed in Section 3.3 and a measurement technique is presented. Coupling
methods between resonators is discussed in Section 3.4 and a measurement technique is
presented. A design procedure for SOLR bandpass filters is given in Section 3.5. Lastly, a
specific method of miniaturization utilizing surface mount capacitors is briefly discussed in

Section 3.6.

3.2 Open Circuited 2/2 Resonators
An open circuited microstrip line like the one shown in Figure 3.1 behaves as a resonator

when the length, [, is an integer multiple of A/2 [41]. The input impedance is given as

1 + j tan(Bl) tanh(al)

iy =172 .
IN % tanh(al) + j tan(Bl)

3.1)
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Nearby the resonant frequency, where w = wy + Aw and | = %,

2r Ay mhy  Ag(wo + Aw)  2m(wy + Aw) Aw
Bl = 72 e - 5e = 20, =mn+ nwo. (3.2)
)

The following simplifications can be made to the trigonometric functions in Equation 3.2 near

the resonant frequency:

Aw Aw

tan(pBl) = tan (n + n—) X T— (3.3a)
Wo Wo

tanh(al) = al (3.3b)

Plugging Equations 3.3a and 3.3b into Equation 3.1 and simplifying leads to

Zo

ZIN = (3.43)

Aw
l+j(m—
ol +j ()

or after dividing by al,

Zy
Ty = al (3.4b)

o Awy’

Equation 3.4b is in the same form as the equation for the input impedance of a parallel RLC

resonator near resonance with a quality factor of Q,, which is given as

R

Iy=———— 3.5
N1 + j2AwRC (3-3)

Using Equations 3.4b and 3.5, the equivalent RLC values for an open circuited A/2 microstrip

resonator be expressed as

Z
rR== (3.6a)
al
T
A (3.6b)
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[ = —— 3.6
with an internal quality factor of
= woRC = m_F 3.6d
Qo
< l >
o O
Zo, B, |:> % R L —<cC
o o ‘

ZiN

Figure 3.1 Open circuited microstrip line and its equivalent circuit at resonance

As seen in Equation 3.6d, a resonator’s quality factor is inversely proportional to the
attenuation constant of the material used. The quality factor approaches infinity as the

attenuation constant approaches zero.

3.2.1 Square Open Loop Resonators
A common way to miniaturize an open circuited A/2 resonator is to fold it into a square
with a gap as shown in Figure 3.2 resulting in an approximate area of A/8 x A/8.

A

i 2
p

8

Figure 3.2 Square open loop resonator formation by the folding of an open circuited A/2
resonator
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3.3 External Quality Factor

A resonator must be tapped into with some feed line. The method in which the resonator
is fed determines the external quality factor of the resonator, Qe. Qe contributes to both the
bandwidth and the insertion loss of the filter. A common way to feed a resonator is to feed it
directly with a 50Q feed line as shown in Figure 3.3. In Figure 3.3, d: represents the distance
from the center of the resonator to the center of the feed line. The external quality factor of a
single unloaded resonator with a resonant frequency of f. can be calculated by looking at the
phase response of Si1 near resonance. Let fe+ and fc- represent the frequencies at which the phase

of S11 is greater than or less than the phase at fc by 90° as shown in Figure 3.4. In equation form,

phase(S;1)ly,, = phase(Sll)lfc +90° (3.7)

Once fe+ and fc- are determined, Qe can be calculated directly using the following formula [42]:

_
% e G

At di = 0, the feed line is tapping into a null in the electric field of the resonator making

Qe a very large value. Qe decreases as drincreases and approaches half the total resonator length.

de

a‘t=0‘ | dy = max

(@) (b)

Figure 3.3 Feed line tapping into resonator at distance d:. (a) di = 0 (b) di = max
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Figure 3.4 S11 phase response showing fc+ and fe-

3.4 Coupled Resonators

Resonators can be coupled together via electromagnetic coupling [42]. The coupling
coefficient, k, is a function of two sets of adjacent electric and magnetic fields, H and E. The
coupling coefficient, K, is defined as the ratio of coupled energy to stored energy and is given by

the following equation:

= JIJ €Eq - Exdv N JIf uH; - Hpdv 3.9)
VIIT elB112dv x [[[ elEz2dv [ [[f ulHy[2dv % [ff ulH,|2dv

Three coupling modes exist — electric coupling, magnetic coupling, and mixed coupling

which consists of both electric and magnetic coupling. Electric coupling is accounted for by the
first term in (3.9) while magnetic coupling is accounted for by the second term. The different
coupling modes for square open loop resonators are shown in Figure 3.5. The coupling is a
function of the gap between the resonators and stronger coupling is achieved as the gap is

reduced.
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Figure 3.5 Electric coupling (a), magnetic coupling (b), and mixed coupling (c) modes for square
open loop resonators.

The calculation of k requires that you know the electric and magnetic field vectors which
is impractical in many situations. An alternative calculation of k utilizing the frequency response
of the coupled resonators is derived in [42] using lumped-element circuit models. In summary,
when two identical resonators with self-resonant frequencies at fc are coupled together, two
distinct resonant frequencies, fu and fL, are produced. The amount of either electric, magnetic, or
both electric and magnetic coupling between the resonators impacts the spacing between fu and
fL. The greater the coupling coefficient k, the greater the difference in frequency between fu and

fL. The equation for k based on the resonant frequencies of the coupled resonators is as follows:

= M (3.10)
fu® + fi°
The resonant frequencies, fu and fi, can be determined from a plot of S21 versus
frequency of the coupled resonators and then k can be calculated. As an example, the plot in
Figure 3.6 shows the S21 response of two coupled resonators. In the plot, fu and fi are at 2.668

GHz and 2.565 GHz respectively, which leads to a coupling coefficient of k = 0.0394.

-20

-40 |
3
= .60
2 \

-100

2 2.5 3 3.5
Frequency (GHz)

Figure 3.6 S21 response of coupled resonators with coupling factor k=0.0394
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3.5 SOLR Bandpass Filter Design Procedure

Coupled resonator bandpass filters can be designed starting with lowpass prototype filter
values. For an n™ order filter with n resonators, n+1 prototype values (g0,g1...gn+1) must be
selected. The fractional bandwidth (FBW) of the filter must also be predetermined. With these
values chosen, the following formulas can be used to calculate the external input and output

quality factors, Qei and Qeo, as well as the coupling coefficients, kij, required between resonators

i and i+1 [42]:
S 3.11
Qui = 7 (3.11)
In
= 3.12
QEO FBW ( )
FBW

V9igim
Once the external quality factors and coupling coefficients are known, a coupled square
open loop resonator bandpass filter can be designed using the following procedure:

1. Design a resonator with a resonant frequency equal to the center frequency of the
filter.

2. Determine the tap location, dt, for both the input and output feed lines using the
method described in Section 3b to achieve the desired external quality factors, Qei
and Qeo.

3. Determine the gap distances required between adjacent resonators to achieve the
coupling coefficients, kii+1 by the method described in Section 3c.

4. Optimize the design as needed.
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The low pass filter prototype values predict an ideal filter performance that does not
account for losses in the ideal lumped components, or in this case, losses in the resonators
themselves due to radiation, substrate, or conductive losses as well as dispersion and surface
roughness [43]. Although the procedure neglects these losses, the pass band insertion loss of a
coupled resonator filter ultimately is dependent on the internal quality factor of each resonator.
With that being said, the design procedure is still valid for designing filters but the loss will be

higher than predicted by the prototype elements depending on the make-up of the resonators.

3.6 Miniaturization via Loading with Lumped Capacitors

One effective method for the miniaturization of SOLR filters is to add capacitive loading
to the resonators via surface mount capacitors in series across the resonator gaps as shown in
Figure 3.7 [37]. The area of the three pole filter in [37] loaded with 1 pF capacitors is only 20%
that of a conventional SOLR filter without capacitive loading. The capacitive loading also
improves the stopband performance by shifting the spurious resonances further away in
frequency from the main resonance.

The resonators decrease in size as the capacitor values increase. If the resonator becomes
too small, it is hard or impossible to achieve the required external quality factor by the tapping
method shown in Figure 3.3. Also, as the capacitors become larger and the resonators smaller,
the resonators need to be spaced closer together to achieve the proper coupling. These two
effects establish an upper limit on the capacitor values used. For example, the capacitors used in

the filters in Chapter 4 did not exceed 0.7 pF.
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Figure 3.7 Conventional SOLR filter (top) miniaturized by capacitive loading via surface mount
capacitors (bottom)
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Chapter 4: 3D Printed Square Open Loop Resonator (SOLR) Bandpass Filters?

4.1 Introduction

Miniaturized square open loop resonator (SOLR) bandpass filters are often used in
communications due to their compact size [44]. SOLR filters have been miniaturized to an area
of 20% that of a conventional SOLR filter by loading the resonators with surface mount
capacitors [37]. For this study, square open loop resonator (SOLR) bandpass filters loaded with
series capacitors were fabricated using additive manufacturing techniques, which has not been
done before.

In this chapter, two 2.45 GHz bandpass filter designs are examined. The first filter design
is a planar SOLR bandpass filter that is similar to one that could be fabricated on printed circuit
board. The planar filters, termed Filters 1-3, are detailed in Section 4.2. Filter 2, the best
performing fully printed planar filter, has an insertion loss of 4.1 dB and a 3 dB bandwidth of
230 MHz. Significant content from Section 4.2 has been previously published in a conference
paper [45].

The second filter design, detailed in Section 4.3, is a 3D design that is compatible with
3D printing. The second filter, termed as Filter 4, is an SOLR filter that contains 3D capacitive
plates used to couple the resonators together. Filter 4 has an insertion loss of 3.8 dB and a 3 dB

bandwidth of 250 MHz.

2 Portions of this chapter were previously published in [45]. Permission is included in Appendix A.
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4.2 Printed Planar SOLR Filter

A planar bandpass SOLR filter was designed and printed on different substrates. A total
of 3 filters were printed with CB028 thick film Ag paste deposited using the nScrypt printer.
Filters 1-3 are shown in Figure 4.1. S11 and S2:1 of each filter can be seen in Figures 4.2-4.4. The
filter dimensions are displayed in Figure 4.5. The filters were designed to operate at 2.45 GHz.
The resonators are loaded with 0.5 pF capacitors for miniaturization. Each filter is printed on a
different 32 mil substrate. Filters 1 and 2 are printed on 3D printed ABS substrates and Filter 3 is
printed on 32 mil Rogers 4003c. All of the substrates differ in surface roughness — Filter 1 has
the roughest substrate while Filter 3 has the smoothest. The substrate for Filter 1 has an average
roughness Ra, of 10.4 pm, Filter 2 - 6.85 um, and Filter 3 - 1.3 pm. As seen in Figures 4.2-4.4,
the pass-band insertion loss of each filter decreases as the substrates become smoother. The 3dB
bandwidth of Filter 1 is 180 MHz, Filter 2 — 230 MHz, Filter 3 — 210 MHz. The printing time
was approximately 31 minutes - 30 minutes for the ABS substrates and 1 minute for the silver
ink.

Full wave EM simulation of the filters without the capacitors was performed in HFSS.
Ports were placed at the capacitor pads and a data set was generated. The data set was used in
ADS for co-simulation with Modelithics full parasitic capacitor models. For the ABS substrates,
a dielectric constant of 2.58 and a loss tangent of 0.0078 were used. For the Rogers 4003¢
substrate, a dielectric constant of 3.55 and a loss tangent of 0.0027 were used. The measured
responses of Filters 1-3 are shifted upwards in frequency from 2.45 GHz. This can be explained
by the 10% tolerance value of the capacitors. The simulations match the measured data when the

capacitor values are lowered to 0.45 pF.
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Filter 1 - ABS Filter 2 - ABS Filter 3 — 4003¢

Figure 4.1 Filters 1-3: 3D printed planar bandpass filters. © 2015 IEEE
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Figure 4.2 S11 and Sz1 of Filter 1. Simulated data represented by markers. © 2015 IEEE
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Figure 4.3 Si1 and S21 of Filter 2. Simulated data represented by markers. © 2015 IEEE
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Figure 4.4 Si11 and S2:1 of Filter 3. Simulated data represented by markers. © 2015 IEEE
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Figure 4.5 Dimensions for Filters 1-3. Filters are symmetrical across vertical dashed line. All

units in mm.

A cross section of Filter 2 can be seen in Figure 4.6. The surfaces of the FDM printed
substrates (Filters 1 and 2) are rough due to 50-100 pum valleys that run diagonally across the
surface. A surface roughness measurement of a printed ABS substrate is shown in Figure 4.7

displaying the valleys. These valleys result from the plastic being deposited line by line during

30

www.manharaa.com




FDM printing. The substrate for Filter 2 has smaller valleys than Filter 1 because a higher
resolution printer was used. When printing CB028 onto 3D printed substrates, the ink seeps into
the valleys created. As a result, in a microstrip circuit, current concentrates in the valleys instead

of the bulk of the transmission line above leading to a lower effective conductivity.
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Figure 4.6 Cross section of Filter 2 demonstrating ink valleys. © 2015 IEEE
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Figure 4.7 Surface roughness of FDM printed ABS substrate
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Effective conductivity values that take into account surface roughness for CB028 lines
printed on the different substrates were obtained indirectly via simulation. The conductivity
values were varied in simulation to produce S21 plots that match the measured responses, as
shown in Figures 4.2-4.4. The values for RF conductivity obtained indirectly through simulations
are shown in Table 4.1. From Table 4.1, the RF conductivity of printed CB028 ink and passband

insertion loss can be seen as a function of surface roughness.

Table 4.1 Effective conductivity vs surface roughness for Filters 1-3

Filter | Insertion Loss | Substrate Ra | Effective Conductivity
(dB) (nm) (S/m)
1 5.5 10.4 0.60 x 10°
2 4.1 6.85 0.90 x 10°
3 3.8 1.3 1.15x 108

4.3 Printed SOLR Filter with 3D Capacitive Plates
4.3.1 Resonator Coupling via 3D Capacitive Plates

As the resonators are loaded with larger capacitors, they become smaller. The smaller the
resonator, the closer they need to be spaced in order to achieve the same coupling coefficient, k,
because there is less line length available for each resonator for coupling to an adjacent
resonator. In this work, given the roughness of the ABS substrates, the aim was to avoid gap
sizes less than 100 pm so that the lines would not bleed together during printing. Additional
coupling methods have to be used when a gap less than 100 um is required to achieve sufficient
coupling. More coupling between the resonators can be attained with a capacitive plate like the
one shown in Figure 4.8a.

In Figure 4.8a, two resonators loaded with capacitors are coupled together by a 3D
capacitive plate. The resonators are separated by a gap of g. The capacitive plate has a width of w

32

www.manaraa.com



and is sitting on an ABS dielectric of thickness t. The coupling coefficient, k, between the
resonators was calculated for different values of t and w via full wave EM simulation and co-
simulation with full parasitic capacitor models. For the simulation, g = 500 um and the
resonators are loaded with 0.7 pF capacitors. At w = 0 (see Figure 4.8b), there is no capacitive
plate, which is why all the traces converge to a single point. At w = g, the plate is the same width
as the gap, as shown in Figure 4.8b. For w > g um, the plate is overlapping the resonators. A plot
of k vs. t and w is shown in Figure 4.8c. The coupling coefficient increases as the width of the
capacitive plate increases. Also, stronger coupling occurs when the dielectric thickness, t, is

smaller.

Figure 4.8a Resonators spaced by a gap, g, coupled with capacitive plate of width, w and thickness,
t

(a)w =20

(b) w = 500 pm, t= 100 pum

Figure 4.8b Extreme widths of capacitive plate. a) w = 0 (no plate) and b) w=g =500 um c) w =
1500 um
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Figure 4.8c Coupling coefficient, k vs. capacitive plate width, w and thickness, t

4.3.2 Printed Filter Design and Results

Filter 4 is a 3D bandpass SOLR filter that was designed and printed with CB028 ink on
printed ABS. Filter 4 is shown in Figure 4.9. S11 and S21 measurements are displayed in Figure
4.10. Simulated data is represented by markers. The dimensions of the filter are displayed in
Figure 4.12. The filter has a 3 dB bandwidth of 250 MHz and a pass band insertion loss of 3.8
dB. The resonators are loaded with 0603 0.7 pF capacitors for miniaturization. The total area of
the filter is 1.08 cm?. The filter was designed for 2.45 GHz but the measured resonance is at 2.35
GHz. This can be explained because a 5% tolerance was expected with the capacitors for the
design, i.e. the filter was actually designed for 0.65 pF capacitors. It is now assumed that the
capacitors are actually 0.7 pF because the simulation matches the measurement when the
capacitors are set to 0.7 pF. Filter 4 is printed on a 32mil ABS substrate with a surface roughness
of 6.85 um, like the substrate used for Filter 2 in Section 4.1. Likewise, the conductivity value of
0.90 x 10°S/m was used in simulation to achieve good matching with the measured data. The

gaps between the resonators were required to be approximately 70 um to achieve the proper
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coupling coefficient, k = 0.05. To avoid having to print a 70 um gap, capacitive plates were
implemented and the gap was set to 500 um (see Figure 4.13). The overlap area between one of
the capacitive plates and a single resonator is 6.3 mm? with a 0.4 mm thick layer of ABS (& =
3.58) in between. These numbers plugged into the parallel plate capacitor equation yields a
capacitance of 0.5 pF between each resonator arm and its 3D capacitive plate. For comparison,
Figure 4.11 displays the simulated S21 responses of Filter 4 with and without capacitive plates.
The filter without capacitive plates achieves the proper coupling by a gap of 70 um between the
resonators. The out of band return loss is approximately 5 dB higher for the filter with the
capacitive plates.

The printing time was approximately 34 minutes - 30 minutes for the ABS substrate, 1
minute for the silver ink of the filter, 2 minutes for the ABS dielectric of the capacitive plates,

and 1 minute for the silver ink of the capacitive plates.

PERI - .

Figure 4.9 Filter 4: 3D printed filter with 3D capacitive plates
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Figure 4.10 S11 and S21 of Filter 4. Simulated data represented by markers.
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Figure 4.11 Simulated S21 of Filter 4 with 3D capacitive plates (g = 500um) and without 3D
capacitive plates (g = 70um)
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Figure 4.12 Dimensions for Filter 4. Filter is symmetrical across vertical dashed line.
Overlapping capacitive plate of thickness t and width w shown by dashed blue line. All units in
mm.

Figure 4.13 3D printed capacitive plates across coupled resonators
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4.4 Conclusion

Table 4.2 summarizes the key parameters of Filters 1-4. For performance comparison, a
planar PCB filter, similar to Filter 1, was designed on Rogers 4003¢ with ' ounce copper. The
filter, shown in Figure 4.14, has an insertion loss of 1.5 dB. Figure 4.15 compares S21 of Filters
1-4 with the PCB filter design on Rogers. Each trace has been centered to be at 2.45GHz for
comparison.

For size comparison, a conventional, unloaded SOLR 2.45 GHz filter was simulated in
ADS. The total area of the conventional filter is 5.11 cm?. The substrate for the conventional
filter is ABS with Ra = 6.85 pum and the conductor is CB028 with a conductivity of 0.9 x 10°
S/m. A comparison of the footprints of Filters 1-4 and the conventional, unloaded SOLR filter
can be seen in Figure 4.16.

In conclusion, additive manufacturing has been shown to be a feasible process for
manufacturing SOLR bandpass filters. The surface roughness of a substrate has been shown to
be related to conductivity when conductive ink is printed via DPAM. In addition, additive
manufacturing has been shown to allow for 3 dimensional design features that would be

impossible with printed circuit board, like the novel 3D capacitive plates demonstrated in Filter

4.
Table 4.2 Comparison of Filters 1-4
Capacitor | Total | Insertion | Substrate 3-dB % Area vs
Value Area Loss | Roughness, | Bandwidth | conventional
Filter Substrate (pF) (cm?) (dB) Ra (um) (MHz) SOLR filter
1 ABS 0.5 2.24 5.5 10.4 180 43.4
2 ABS 0.5 1.62 4.1 6.85 230 31.7
3 Rogers 4003c 0.5 1.71 3.8 1.3 210 33.5
4 ABS 0.7 1.08 3.8 6.85 250 21.1
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Figure 4.14 Planar SOLR filter, similar to Filter 1, designed on Rogers 4003 with 2 ounce

copper
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Figure 4.15 Measured Sz1 of Filters 1-4 centered at 2.45 GHz for comparison
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Figure 4.16 Footprints of Filters 1-4 (to scale)
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Chapter 5: Conclusion

The use of additive manufacturing techniques for the fabrication of microwave circuitry
is valuable because of the opportunity to design and miniaturize in 3 dimensions. Also, it allows
for the possibility to embed electronics in a structure or to conform electronics to a curved
surface. The work in this thesis demonstrates that additive manufacturing is a viable method for
bandpass filter fabrication. The insertion losses of the 3D printed filters in this thesis were only 3
dB less than the same filters on low loss microwave laminate (Rogers 4003, e = 3.55, tan 6 =
0.0027) - the primary reason for this is the lower conductivity of printed conductors. All the
more, it was shown that additive manufacturing encourages innovative 3D design, as in the case
of the SOLR filter coupled together with 3D capacitive plates. Appendix A demonstrates that
additive manufacturing is a possible option for replicating commercial antenna handsets. Finally,
the work in this thesis shows that substrate surface roughness leads to a lower effective

conductivity for printed conductors.

5.1 Recommendations
Further areas of study include:
1. The filters can be fully 3D printed and without lumped components if the
capacitors loading the resonators in Filters 1-4 are replaced with 3D printed

capacitors.
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2. The filter designed in Section 4.2 could be further miniaturized with a folding
technique like the one shown in Figure 1.1. Also, the resonators may be able to be
coupled together with a stacking method as shown in Figure 5.2.

3. Improvements to the conductivities of the printed conductors will improve the

performance of the filters in this thesis.

Figure 5.1 Possible 3D miniaturization of SOLR filter by stacking resonators
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