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Abstract

Substrate integrated waveguides (SIW) provide an excellent compromise between size
and loss reduction for applications in planar circuits. SIW filters provide a better Q-factor
than microstrip filters and a significant reduction in size compared to waveguide filters. The
use of multi-band filters has become increasingly more common because they provide the
opportunity to reduce the total footprint in both RF transmitters and receivers. This thesis
investigates the design process of a single-band quasi-elliptic and dual-band SIW filter. We
use several methods to design the single-band SIW, and compare the simulated results of
each. These filters are designed on 0.508mm thick Rogers4003C substrate, fabricated, and

measured.

The introduction of negative cross-coupling in SIW structures is achieved by using etched
coplanar waveguide (CPW) lines. This negative cross-coupling allows for the introduc-
tion of transmission zeros in both designed filters. We carefully investigate the transition
technology to ensure that we achieve a wideband match between microstrip and SIW.
The thickness of the substrate provides some challenges in the matching, so we take extra

consideration to overcome this.

The second part of this thesis explores the design of lumped element superconducting

bandpass filters. When designing filters in the kHz and MHz range, several challenges arise.
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The first is the ability to use certain software: Sonnet and HFSS both have a limited ability
to simulate low-frequency components. More specifically, Sonnet demonstrates an inability
to accurately simulate inductors, while simulation times in HFSS are prohibitively long.
Momentum thus proves to be the best EM simulator for this task. The second challenge is
the need to miniaturize these filters. At such low frequencies, the filter’s footprint is quite
large, therefore the reduction in size is extremely important. We implement traditional
methods, such as stacked spiral inductors and vertically integrated capacitors, and achieve
further size reduction by modifying the circuit topology to reduce the components with the
largest footprints. We also introduce transmission zeros to improve the upper and lower
band rejection. We then design a three-pole classical Chebyshev filter and a three-pole

quasi-elliptic filter that uses a miniaturized circuit topology.

Finally, we design a 10% six-pole superconducting slotline resonator filter. Slotline res-
onators provide an excellent quality factor, even at higher frequencies. A CPW-to-slotline
transition is implemented so that the device can be measured using a ground-signal-ground
probe. The resonators implemented use dual-spiral inductors and interdigital capacitors.

This allows for flexibility when choosing the resonant frequency.

All superconducting filters are fabricated using the MIT-Lincoln Lab (MIT-LL) multilayer

niobium fabrication process.
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Chapter 1

Introduction

1.1 Motivation

The microwave lters of today are required to follow stringent constraints that require lim-
iting physical size while also minimizing the loss of energy. Multi-band substrate integrated
waveguide (SIW) Iters can be used to greatly reduce the size of Iters while maintaining
an acceptable quality factor. Planar technology that uses multiple layers can also be used

to reduce the overall size of a lter design.

Several transmission technologies are available for Iter design, such as microstrip, dielec-

tric resonators, waveguides, and even superconductors. While dielectric resonators and



waveguides provide excellent Q-factors, the size of these lIters limits their applications.
Microstrip technology is relatively smaller in size, but the loss in energy for lters at
higher frequencies is too great. Superconductors provide minimal loss in energy with min-
imal size, but are limited to low-temperature applications. SIWs provide an acceptable
compromise in terms of energy loss and size reduction, as shown in Figure 1.1. An SIW is
created by taking microstrip planar technology and drilling vias in to mimic the appearance

of a waveguide.

Figure 1.1: The loss of energy, resonator size, and cost of resonators in di erent transmission

technologies. [1]

For systems that support several frequency bands, multi-band Iters are an excellent option



to help reduce the overall size. A single lter can be used in place of multiple Iters. The
use of multi-band Iters in diplexers can reduce system size, because, as is demonstrated
in Figure 1.2, the communication architecture requires only a single low noise ampli er

(LNA) and power ampli er (PA) on the receiving and transmitting branches, respectively.

Figure 1.2: The use of (a) single-band lters and (b) dual-band lters in diplexers within a

communication system. [2]

Further size reduction can be realized with the use of multi-layer planar technologies,
such as printed circuit boards (PCB). These technologies allow for the design and fab-
rication of SIW and lumped element lIters that use multiple dielectric and conducting
layers. For lumped element lIters, vertically integrated interdigital capacitors and stacked
spiral inductors can be used to drastically reduce the size of the lter. Multi-layer SIW

Iters can be realized by vertically stacking lters connected in parallel, thereby reducing

3



the overall footprint. MIT Lincoln Labs (MIT-LL) process [3, 4] allows for the realiza-
tion of superconducting lumped element Iters with 4-layer and 8-layer technology using
niobium-based fabrication processes. The combination of multi-layer technology and su-
perconducting circuitry provides incredible Iter performance with minimal size, even at

very low frequencies.

1.2 Objective

The primary focus of this thesis is to investigate the characteristics, performance, and
design methods for SIW Iters while also realizing dual-band Iters using SIW technol-
ogy and exploring further miniaturization techniques using superconducting multi-layer

technologies to develope low frequency, highly miniaturized lters.

Several design considerations must be addressed when dealing with SIW Iters, one of which
is the transition technology required. The choice in transition technology will determine the
input/output impedance match. If the input match is poor, then much of the input power

to the lter will be re ected. The type of transition also impacts the achievable bandwidth

of the match. The frequency range of the match becomes increasingly important when
designing multi-band SIW Iters. Another important consideration to be made is the via

pitch and via diameter. The choice of the via pitch/diameter depends on the frequency of



operation and can be used to optimize the Iter performance.

The cost of implementing large-sized circuits using the MIT-LL fabrication process is quite
high, therefore, the minimization of the submitted circuits essential. With low frequency
lumped element circuitry, the sizes of structures can be large. As a result, to allow for

these designs to be realized, several minimization strategies must be considered.

1.3 Outline of Thesis

Following the introduction of this thesis, a summary of SIW technology and its design
considerations is presented, with summaries of dual-band Iters and lumped element lters
at cryogenic temperatures being highlighted in Chapter 2. Chapter 3 presents the design
methods and measurements for the single and dual-band SIW lters along with the designs
of the transitions. Chapter 4 highlights the design and miniaturization of lumped-element
superconducting lters followed by the design of a superconducting slotline resonator lter.

The conclusion is given in Chapter 5.



Chapter 2

Literature Survey

2.1 SIW Technology

2.1.1 Introduction

In planar technology, SIWs are created by placing equidistantly spaced vias throughout
the substrate, as shown in Figure 2.1. The placement of these via arrays allows for easy
and cost-e ective integration of rectangular waveguide circuitry into planar circuits such

as PCB.

The concept of an SIW was introduced in [6]. Since then, SIWs have been used in a
multitude of RF devices such as lIters [7{9], directional couplers [10, 11], and antennas

6



Figure 2.1: A diagram of an SIW. [5]

[12,13]. For an SIW, the choice of the transition technology is important. The transition
must successfully couple the two transmission mediums properly to ensure that the minimal
amount of energy is re ected in the frequency band of interest. Alternatively, the two

mediums must have matched impedances over a range of frequencies.

The diameter of the vias and the pitch between two sequential vias are extremely important
design dimensions to consider. The operating frequency of the SIW will determine the
absolute values of these variables, however, they are required to follow a set of design rules

outlined in [1]:

l.p>d

2. % < 0.25



3.p «

4. ﬂc > 0.05

Here, p is the pitch between two vias,d is the diameter of the vias, and . is the guided
wavelength. The rst condition states that the pitch between two sequential vias must
be larger than the diameter of the vias. This ensures that the circuit can be physically
realized. The second guideline ensures that there is no bandgap present within the band-
width of TE;o mode. To ensure that there are negligible leakage losses, the third rule is
enforced. Finally, the number of cylinders per wavelength should not exceed 20. This rule
is nonessential, however, it does ensure that the mechanical rigidity is not a ected [1]. The
regions of interest for the SIW such that the rules 1-3 are adhered to can be seen in Figure

2.2.

Figure 2.2: The region of interest for SIW design. [1]



2.1.2 Equivalent Width of SIWs

The concept of the SIWs equivalent width was introduced in [14]. Here, the SIW is
shown to have the same guided wave characteristics as a conventional waveguide, and this

relationship can be expressed as the equation shown below:

d2

+ 005 o 5 (2.1)

Wgiw = Wwaveguide

Where Wgy is the width of the SIW from post-to-post, Wyaveguide IS the width of the
corresponding waveguided is the via diameter, andp is the pitch between two adjacent
vias. These ndings imply that it is possible to convert any waveguide into an SIW and
vice-versa by applying equation 2.1. Since this discovery, many other models for relating

the width of an waveguide to the width of a SIW have been developed.

Equation 2.1 can be modi ed to obtain the empirical equation 2.2 [15]. The addition of

d

an extra term A —
waveguide

accounts for an error that presents itself ad increases.

d? d?
Wsiw = Waaveguide +1:08 — 0 l——— (2.2)
P Wwaveguide

This is accurate provided that£ is less than three anqN# is less than 0.2. The ratio

waveguide

of the pitch and diameter is further restricted to match rule 3 mentioned in section 2.1.1



(§ < 2) to reduce the leakage losses. If the rules are adhered to in both equation 2.1 and

2.2, the width of the SIW will range fromWyayeguige t0 approximately Wyayeguige + 0.

A formula for normalizing the width of an equivalent waveguide is introduced in [16]. This

formula provides a relative error below 1% and is shown below:

X2
b= X1+ 5w (2.3)
d X3 X1
where
0:3465
X = 10198+ g (2.4)
o .
1:2729
Xo = 0:1183 VVSIW—1201 (25)
o .
0:9163
X = 10082 g (2.6)
p
and

Wwaveguide =Wsw b (2.7)
This is more complex than equations 2.1 and 2.2 and is ideal when converting from SIW
to waveguide. If converting the opposite way, it is bene cial to use a mathematical solver.

The fourth equation determined is a closed-form expression to estimate the cuto frequency

for the dominant mode under the condition that the SIW is exhibiting low leakage [17].
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Equation 2.8 maintains higher accuracy for a larger range of structural parameters than
equations 2.1 and 2.2. Similarly for equations 2.3 - 2.7, equation 2.8 is ideal for converting

SIW to waveguide.

Wsiw

2 Wy d d 4 W d2
1 +( SFIJW ) (WSIW d)2 5SI;W (WSIW d)3

(2.8)

Wyaveguide = €

Another formula is presented can be seen in equation 2.9 [18]; which is again required
to adhere top < 2d. When the radius of the vias is less than one-fourth of the pitch,

Wiaveguide IS larger than Ws,y .

2 W i
WSIW = w«:ot'l(

P 2 p
In 2.9
4 Wwaveguide 4 g )) ( )

In [19], a formula is developed with the goal of eliminating any iterative processes required
when determiningWs . With the exception of equations (2.1), (2.2), and (2.9), the SIW

width is buried within. This paper also analyzes and compared each of the formulas above
with equation (2.10). The results of these analyses show that all equations presented,
except for (2.9), provide acceptable results with equation 2.10 being the most balanced in

terms of complexity and accuracy.

Wgiw = Wwaveguide +p (0:766 e0:4482% 1:176 e 1:214 %) (2.10)

11



2.1.3 SIW Transition Technologies

The type of transition used will depend on the transmission medium of the incoming signal.
This section will elaborate on the most common transitions, which include microstrip-to-
SIW, grounded coplanar waveguide (GCPW)-to-SIW, and waveguide-to-SIW. The results
will then be compared, and one transition will be applied to the design of the quasi-elliptic

Iter.

Microstrip transitions are the most common type of transition seen for devices designed on
SIW. There are two primary methods of microstrip-to-SIW transitions: tapered microstrip
and slot coupled. These methods allow for full bandwidth matching at higher frequen-
cies. Methods such as defective ground structure (DGS) and via coupled transitions exist,
however, they are used for SIWs with multiple layers and they do not have the ability to

achieve a match as wideband as the tapered and slot transitions.

The microstrip taper is the most common microstrip-to-SIW transition [20{22]. Here, a

tapered transmission line is inserted between the input microstrip line and SIW to match
the impedances of the two. If the microstrip line has a larger impedance than the SIW
interface, the taper size will increase from the former to the latter and vice versa. The
tapered line is only used to match the impedance, therefore, if a Iter is being designed,

irises will be required for the input/output coupling to be realized. Tapered transitions
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are the simplest to design, however, they can add signi cant size to the circuit, especially
at lower frequencies. The addition of vias to the transition can improve matching and add
several degrees of freedom to the design as well [22]. Figure 2.3 shows the topology of a

tapered transition with and without the additional vias.

Figure 2.3: A diagram of a tapered transition from microstrip to SIW

Slot coupled transitions are very popular options for transition technology because they
also act as input/output coupling [1,7,23]. This transition is realized by etching the top
conductor of the SIW such that a slot (typically 'L’ shaped) is made. Figure 2.4 shows the

topology of a slot coupled transition.

The GCPW transitions are another popular method used to match SIWs to an input
line on planar technology [24,25]. This type of transition presents similar bene ts as the
microstrip transitions such that it can be used for wideband matching with the design
complexity being similar. One bene t of the GCPW over microstrip is that the main line
width is exible. Figure 2.5 shows an example of a GCPW transition to SIW.
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Figure 2.4: A diagram of a slot coupled transition from microstrip to SIW

Figure 2.5: A diagram of a transition from CPW to SIW. Modi ed from [24]

waveguides can also be used to transition to SIW [26, 27], however, they are quite nar-
rowband at higher frequencies compared to microstrip and GCPW transitions and they
are much bulkier. One bene t is that they have more degrees of freedom in the design in
the form of slot and waveguide position, width, and length. waveguide-to-SIW transitions
come in two con gurations: in-line and right-angle. The right-angle con guration can be

seen in Figure 2.6.
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Figure 2.6: A diagram of a transition from waveguide to SIW. [27]

2.1.4 SIW Filters

An example of a 10GHz 4-pole linear phase SIW lter fabricated on PCB can be seen in [7].
The lter performance shows a measured return loss better than 14 dB and an insertion
loss of 2.9 dB. The size of this Iter is 27.43mm by 26.5mm. Figure 2.7 (a) and (b) show the
fabricated Iter along with the measured and simulated results. From the design, it can be
seen that the use of a folded topology is to allow for inductive cross-coupling between the
rst and fourth resonators. An equivalent lumped element lIter at this frequency would

provide a larger insertion loss while an waveguide would be larger in size.

Another example is the design of an SIW lter in a box con guration operating at a center

frequency of 5.25 GHz [28]. Here, a 4-pole Chebyshev lter is designed with the upper
stopband being improved by the use of two transmission zeros, one realized with inductive
coupling via irises and the other realized using dispersive coupling in the form of a shorted
stub. The insertion loss is 2.4 dB while the measured return loss is given as 15.9 dB. The

results and fabricated Iter can be seen in Figure 2.8 (a) and (b) respectively. The size of
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Figure 2.7: The (a) fabricated 4-pole linear phase SIW Iter with the (b) ideal, EM simulation,

and measured response. [7]

this Iter is 62.36mm by 43.78mm.

In another work, an ultra-wideband SIW lter operating at center frequency of approxi-

mately 7.25GHz was designed with the use of a zig-zag topology [29]. The use of the zig-zag
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Figure 2.8: (a) The simulated and measured results of the SIW lIter and (b) the corresponding

fabricated design. [28]

topology allows for easy integration of cross-couplings in non-adjacent cavities and ensures

the control of transmission zeros. The fabricated Iter that uses the exible cross-coupling
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can be seen in Figure 2.9 (a) while the measured and simulated results of the designed

Iters are seen in Figure 2.9 (b).

(@)

(b)

Figure 2.9: (a) The fabricated SIW zig-zag Iter with exible cross-couplings and (b) the simu-

lated and measured results of the designed lIters. [29]

As shown in the gures, the fabricated Iter with exible cross-couplings has a return loss
lower than 17 dB, an insertion loss of 1.18 dB, and a bandwidth of 28%. The resonators

used in the design have a Q-factor of 220 at 7.5GHz.
Each of the Iters mentioned was fabricated on PCB technology and uses SIW in the design.

18



Also, they highlight the exibility of SIWs and the wide range of topologies available for

this technology.

2.2 Multi-Band Filters

Multi-band lters are used widely in communication systems with the goal of serving
multiple frequency bands while reducing the footprint, cost, and complexity of the network.
The rst multi-band circuit was presented in [30] for dual-mode portable phones. Since
then, the interest in multi-band Iters has expanded. Currently, triple and even quad-

band lters are being designed, and multi-band lters are being realized using di erent

transmission architectures [31{34].

There are four methods that can be used to realize multi-band Iters. The rst method
involves inserting in-band transmission zeros into a wideband Iter. Secondly, resonators
with multiple modes can be used to realize multi-band Iters if each mode corresponds to a
di erent passband. The third method uses multiple Iters, which are connected in parallel.
Finally, using a wideband Iter with a multi-notch reject Iter cascaded can result in a

multi-band Iter response.

An example of the rst method and second method can be seen in [35]. Here, a circular

waveguide dual-band Iter using a canonical structure is designed. The wideband lter is
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set to have six poles, but using e ective cross-coupling, a transmission zero can be placed
in-band in order to split the wideband Iter into two 3-pole bands. Not only that, but the

use of dual-mode resonators allows for further miniaturization of the Iter. Figure 2.10
(a) shows the signal ow of the Iter while (b) shows the physical drawing. Figure 2.11

highlights the measured and simulated results.

(a) (b)

Figure 2.10: (a) The signal ow of the canonical dual-band Iter and (b) the physical drawing. [35]

An example of the third method is used in [36] to design a 2-port triplexer. This
triplexer uses a manifold-coupler to switch between passbands. The passbands are de-
termined by three parallel 8-pole Iters designed using high temperature superconducting
(HTS) microstrip technology. The resonators are realized using double spiral inductors and
interdigital capacitors [37]. Figure 2.12a shows the insertion loss simulation and measured

results, Figure 2.12b shows the return loss, and (c) shows the layout.
The return loss of each band is greater than approximately 13 dB. The low insertion
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Figure 2.11: The simulated and measured results of the circular waveguide dual-band canonical

Iter. [35]

loss exhibited in this design is due to the superconducting and wideband nature of the
circuit. As shown in Figure 1.1, superconducting lters provide the best miniaturization

while keeping losses low. Unfortunately, this technology is expensive to fabricate.

Another HTS lter is designed in [38] using the fourth method. Here, a triple-band
Iter is realized by cascading a dual-notch Iter with a wideband lter. The band-reject
Iter is realized by resonators spaced in such a way that the cross-coupling was minimal.
The bandpass lter is realized using folded stubs. Figure 2.13a shows the layout of the lter
while b shows the results of the insertion loss. Similarly to the lter in Figure 2.12, the
insertion loss is quite low due to the nature of superconductors and the wideband nature

of this Iter. It is also noted that this lter is 42.7mm by 42.7mm.
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Figure 2.12: (a) The measured and simulated insertion loss, (b) the return loss, and (c) the layout

of the triplexer. [36]

2.3 Superconductivity

Superconducting circuits have been a research interest for some time now. These circuits

allow for the design of miniaturized high-Q devices due to the low resistance properties it
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Figure 2.13: (a) The layout of the triple-band Iter and (b) the insertion loss. [38]
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provides.

The low resistance properties of superconducting circuits are due to the presence of electron
pairs, also known as Cooper pairs. Cooper pairs do not experience resistive losses when
travelling through conducting material. Normal electrons still travel through the conduct-

ing material alongside Cooper pairs. The temperature determines the ratio of normal
electrons 6,) and Cooper pairs (is). Once the critical temperature (T) is surpassed, the
Cooper pairs will no longer be present. At temperatures beloily, the number of Cooper
pairs increases. Equation 2.11 and 2.12 provide a method for the calculation of the number

of Cooper pairs and the number of electrons present in a superconductor.

Ns = No(l t%) (2.11)

N = Net? (2.12)

The number of carriers is given a®, and t = Tlc T is the actual temperature andT, is
the critical temperature, as denoted above.

The equivalent circuit model for a superconductor can be seen in Figure 2.14 with equation

2.13 for the current density ().

J=Jg+ J; (2.13)
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Figure 2.14: The equivalent circuit model for a superconductor. [39]

The current density J, is a summation of the super current Js) density and the normal
current (J,) density. It can also be expressed in terms of the complex conductivity shown

in equation 2.15.

J=( 1] 2E (2.14)

When operating at DC, the inductor in Figure 2.14 becomes a short circuit with all current
owing through, meaning that the circuit is lossless. As the frequency increases, so does
the reactance of the structure, causing larger losses at higher frequencies. The impedance

of the superconductor is expressed in equation 2.16.

| 2
Ze= ! (—5 1)) (2.15)

Here, p is the penetration depth and can be expressed as:
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D~ 13]: (2.16)

2
Given this relationship, it can be seen that superconductors have a signi cantly smaller skin
depth when compared to their standard conducting counterparts. The surface resistance
(real component ofZ,) of a superconductor appears to increase proportionally to the square
of the frequency while the surface resistance of a normal conductor will increase with the
square root of the frequency (equation 2.17). Here, is the conductivity of the normal

conductor.

R = (2.17)

Referring back to equation 2.15 and Figure 2.14, it can be seen that the value of the
inductor can be determined in equation 2.18. This is known as the kinetic inductance of

the superconducting material.

Le= b (2.18)

Figure 2.15 shows the variations of the surface resistance of two superconducting materials
and one ordinary conductor as frequency increases. Due to the squared relatiorRef
and frequency in superconductors, the surface resistance of the superconduchdbsand

26



Y CBO increase at a much higher rate than the ordinary conductor coppe€{). Eventu-
ally, at some frequency the losses in the superconductors will surpass those in the normal

conductors.

Figure 2.15: The surface resistance of superconductors (Nb and YCBO) and normal conductors

(Cu) versus frequency. [39]
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2.4 Superconducting Filters

Multilayer superconducting circuits using niobium metal layers can be realized using the
MIT-LL [4] Nb process. With access to multiple layers, a designer can further reduce
the footprint of their circuit. One method of doing this is through the use of verti-
cally integrated interdigital capacitors and stacked spiral inductors. Other miniaturiza-
tion methods explained in [40] include the use of substrates with high dielectric constants,
coiling/meandering transmission lines, implementing internal inductance, and using slow

wave transmission lines.

While superconducting Iters provide designs with extremely low losses, the use of a cryo-
genic probe station to test these devices is required. Such a station requires cooling down
to at least 4K for low-temperature superconductors and 77K for high-temperature super-
conductors. Unfortunately, due to these constraints, the applications of superconducting

Iters are very limited.

The use of MIT-LL's 8-layer Nb process to design a low-temperature superconducting lter
can be seen in [41]. Here, an ultra wideband (UWB) superconducting lter is designed
using CPW resonators. Even though there was only one layer that contained signal lines,

the availability of the extra layers allowed for exibility in the design of the crossovers.

These crossovers can be placed on any layer other than the signal layer to introduce stronger

28



or weaker parasitic capacitances. When placed on layers immediately above the signal line
layer, the parasitic capacitances are at their strongest. As a result, a downward frequency
shift can be observed, resulting in a size reduction of 57% for the Iter. Figure 2.16a

shows the layout of the superconducting Iter while Figure 2.16b shows the measured and

simulated results.

(@)

(b)

Figure 2.16: (a) The layout of the UWB lter and (b) the simulated and measured results. [41]

There are many papers on the design of high-temperature superconductors, however, the
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designs primarily use distributed components since they are restricted to only a single
layer. One example is given in [42], where a 610MHz lter was designed with a bandwidth
of less than 1%. Here, the use of dual-spiral inductors and interdigital capacitors allows for
the easy realization of resonators. The nal Iter layout can be seen in Figure 2.17 with

the results in Figure 2.18.

Figure 2.17: The layout of the microstrip resonator high-temperature superconducting Iter. [42]
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Figure 2.18: The results of the microstrip resonator high-temperature superconducting lter. [42]
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Chapter 3

Substrate Integrated Waveguide

(SIW) Filter Design

The core parameters of the SIW must be established prior to beginning the design of the
Iter itself. Attention must be paid to the chosen parameters such that the four design rules
(p>d, ﬂ < 0:25,p 2d, ﬁ > 0:05) are followed and the circuit is within the fabrication
capabilities available at the time. Fabrication tolerances must be taken into consideration

as well when the frequency of interest is increased. As the SIW circuits become smaller,

the e ect of absolute tolerances creates larger errors between fabrication and design.

For SIW lters, the incoming signal is likely being transmitted via a di erent technology
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(microstrip, stripline), therefore, it is important that the impedances of the two interfacing
mediums are matched. There are two techniques used to accomplish this. First, the
thickness of the SIW board can be adjusted. Unfortunately, the application of this option
is limited due to there being set board thicknesses, so obtaining an exact match with
this method alone is di cult. The next technique is to add a transition between the two

mediums. Such a transition will act as an impedance transformer.

This chapter investigates the design and fabrication of a 4 GHz 4-pole quasi-elliptic SIW
Iter with a bandwidth of 4.2% and a dual-band SIW Iter. As part of this process, the
decisions for via diameter and pitch are explored and the equations for the SIW equivalent
widths are analyzed. One is then chosen and applied to the design. The SIW transition is
then designed. Afterward, the lIter is realized using Agilent ADS [43] and HFSS [44] as
circuit and EM simulators, respectively. Three di erent methods of designing the sequential
paths are explored; the rst is a method that uses only the K-impedance inverter, the
second method makes use of the coupling matrix and eigenmode analysis, and the third
is a hybrid method that uses both the K-impedance inverter and eigenmode analysis.
These three methods are compared. The cross-coupling is determined through eigenmode
analysis and then combined with the initial model of the Iter. The nal simulated results
and measurements will be presented as well. It is important to note that the simulations

presented are for the second round of designs, in which the lters are designed with a
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dielectric constant of 3.55 in mind, but the measured results are from a fabricated lIter
that was designed with a dielectric constant of 3.38. The corresponding simulations for
the measured lIter will be shown in the measurements section. The reasoning for this
variability is that the material chosen was marketed with a dielectric constant of 3.38, but
it is advised to design at 3.55. This detail was not noticed until after the fabrication of the

lters.

3.1 Via Diameter and Pitch

When designing SIWSs, it is important to properly select the diameter and pitch of the vias.
Generally, if rules 1 to 4 from Section 2.1 are followed, the dimensions will be su cient.
However, to determine the absolute values of the pitch and the diameter, the frequency
must be taken into account. From the lters shown in [7,28, 29, 45], it can be seen that
the diameter of the vias will vary depending on the given frequency, and as a result, so
will the pitch. When analyzing transition technology, [22] considers SIWs in every band
from the X-band to the E-band. An interesting observation in their work is that, when
moving downwards through bands, both the pitch and diameter increase by factors of
approximately 1.5 per band. This is in attempt to maintain 0.6< % < 0.8 and ensure that

there are at least ten vias per guided wavelength.
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Using this concept, we can determine what the appropriate via dimensions will be for the

C, S, and L bands. Table 3.1 shows the diameters and pitches for these bands, along

with those in the upper bands shown in [22]. Here, both the pitch and diameters were

multiplied by 1.5 for every lower band. This maintains a% of 0.65. These provide a range

of appropriate initial values based on the center frequency.

Table 3.1: The via pitch and diameter for various frequency bands [22]

L-Band | S-Band | C-Band | X-Band | Ku-Band | K-Band | Ka-Band | U-Band | E-Band

Band (GHz) 1-2 2-4 4-8 8-12 12-18 | 18-26.5| 26.5-40 | 40-60 60-90
p (mm) 7.43 | 4.95 3.3 2.2 1.5 1 0.7 0.45 0.3

d (mm) 4.826 | 3.218 | 2.145 1.43 0.975 0.65 0.455 0.2925 | 0.195

3.2 Equivalent Width of SIWs

When designing waveguide lters, the choice in waveguide width is important. The width

must be chosen such that the cuto frequency is su ciently below the desired operating

frequency; this can be determined by equation 3.1.

C
Wwaveguide = Tpﬁ

Cc r
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The choice in which equation to use comes down to one factor: the valuegofFigure 3.1
shows the values of the equivalent widths for variou% using the equations presented in
2.1.2, and demonstrates that there is a range (gf where the choice of equation does not
matter, excluding equation 2.9. As% approaches 0.8, the equations converge on similar
values. While the ratio becomes lower than 0.8 or approaches 1, the values diverge, which
will result in a di erence in transmission performance. For simplicity of design, knowing
that the range of% should remain between 0.6 and 0.8, d and p should be chosen such
that the ratio is in the higher end of the range. Figure 3.2 shows the simulation results
for the di erent % Figure 3.2d shows the HFSS model used for the simulations. Here,
a waveguide-to-SIW transition is used. This transition will act as a simple transmission

line if the SIW width is equivalent to the waveguide width. If it is not, re ections will be

present in the discontinuity between the waveguide and SIW.

3.3 Quasi-Elliptic SIW Filter Design

3.3.1 SIW and Transition Design

As highlighted in Sections 3.1 and 3.2, the SIW pitch and via dimensions along with the

transition must be designed prior to the design of the lIter. Given the information in Table
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Figure 3.1: SIW equivalent widths for (a) % = 0.6, (b) % = 0.8, and (c) % = 1 when Wyayeguide

= 28.5mm
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