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Abstract

The RF spectrum grows increasingly crowded every year due to techno-

logical advancement and more accessibility to wireless devices. Overcrowd-

ing leads to the desire for frequency agile microwave systems with dynamic

spectrum access. One way to achieve this agility is by changing the frequency

band of operation with mode-reconfigurable devices. This thesis presents three

unique Butterworth bandpass mode-reconfigurable filters, designed to be en-

abled with the use of non-toxic Galinstan liquid metal. Galinstan is used to fill

or empty certain vias and channels which change SIW cavity boundaries and

external excitation to achieve reversible and repeatable operation. There are

three states available in the filters within the C-band of 4-8 GHz: dual band,

low band, and high band operation. To achieve low band operation by turning

off the high band, a transmission zero is generated and centered over the high

band resonant frequency. To achieve high band operation by turning off the

low band, the first mode is shifted up to overlap with the second mode reso-

nant frequency. The simulated and measured results showed that either band

could effectively be turned off to allow multiband access or switching between

the individual bands. The reconfigurable filters offer a promising technique for

dynamic frequency access in future wireless systems.
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Chapter 1

Introduction and Background

Microwave frequencies constitute the higher portion of the radio frequency

(RF) spectrum from 0.3-300 GHz, encompassing many applications in com-

munication, navigation, and sensing with the use of radars, antennas, and

satellites. Within these applications, wireless communications is the most

common, but there are a wide variety of others from environmental readings

to medical imaging [1]–[4]. Although the RF spectrum is a renewable resource,

it must be divided into different frequency bands to service these growing de-

mands while avoiding interference. This regulation is realized by government

agencies such as the International Telecommunications Union (ITU), which

determines the allocations for worldwide usage of the spectrum [5]. Operating

only within certain bands of the spectrum is made possible with microwave

filters.

Microwave filters are used to achieve desired frequency-dependent charac-

teristics and prevent unwanted electromagnetic signals, making them a neces-

sary components of RF systems [1], [3], [4]. Figure 1.1 represents the RF spec-

trum frequency allocations of 3 kHz to 300 GHz in the United States, which is

dense with a variety of applications. As the spectrum becomes more congested,
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Figure 1.1: Frequency allocations in the U.S. with the area of interest circled
(original image from [6])

filters with high selectivity are needed to limit the operational bandwidths and

improve rejection at the cutoff frequencies [4]. Most frequency bands are also

associated with licensing fees that are becoming more costly with demand,

leading to further motivation for narrower bandwidths and steeper roll-offs

[5]. However, even if desired frequency characteristics are met, it is common

for systems to experience difficulty operating at certain frequencies for dif-

ferent reasons. Some reasons include atmospheric conditions, which greatly

attenuate electromagnetic radiation at higher frequencies, large obstructions

like mountains or skyscrapers that can block radiation, or connection overload

when too many users attempt to access the same frequency band.
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There are several options available for mitigating these problems with tun-

able or reconfigurable filters, which can be used to alter frequency charac-

teristics. Many types of tunable filters exist, such as those with adjustable

cutoff frequencies, center frequencies, bandwidths, passband responses, rejec-

tion rates, and filter orders [7]–[23]. The first tunable electronic filters seemed

to emerge in the early 1960s with magnetically tunable filters [24]. The fil-

ters were used to produce a bandpass response, with the resonant frequency

adjustable across the X-band with a varying DC field. Many tunable filter

designs have followed, differing in types of structures and the methods used to

tune them.

This thesis applies mode-reconfigurability for achieving tunable operation.

Mode-reconfigurability is a tuning method that allows switching between avail-

able resonant frequencies by moving the passband operation to different fre-

quency bands. Three unique mode-reconfigurable filters are presented, each

designed for liquid metal to enable the switching of two frequency bands. The

filters are realized with substrate integrated waveguides (SIWs) and operate

within the C-band of the super high frequency (SHF) band, both emphasized

in Figure 1.1. The following sections review previous work and provide rele-

vant background information on filters, reconfigurable technology, and the role

of liquid metal in microwave applications.

1.1 Electronic Filters

Electronic filters alter the frequency response of an input signal by passing

certain frequencies to the output and attenuating the rest. There are two

types of filters: active and passive. Both affect the frequency response of the

3



input, but active filters also amplify the input, or provide gain. For example,

one electronic device that uses filtering to identify wanted signals are heart rate

monitors. Initially, their sensors can detect many input signals in the body

that occur at different frequencies, but with the use of filters, the noise can be

attenuated leaving only the heartbeat which occurs within certain frequency

and amplitude ranges. The applications of electronic filters are vast, but many

lie in computers, power, audio, communication, and wireless systems. The next

section provides a background review on the basic theory of filters.

1.1.1 Basic Theory of Filters

Filters are often analyzed by their frequency responses in terms of amplitude

or gain, usually scaled in decibels (dB). They have passbands, where the input

signal passes to the output at 0 dB, and stopbands, where the input signal

is attenuated and minimized at the output. There are four common types of

filters, represented in Figure 1.2: lowpass (LPF), highpass (HPF), bandpass

(BPF), and bandstop (BSF) or band reject [25]. The frequencies where switch-

ing between passbands and stopbands occur are called cutoff frequencies (fc).

In the realistic representations, the cutoff frequencies are commonly defined

at -3 dB. Bandpass and bandstop filters have center frequencies (f0) as well

which are centered between the cutoff frequencies.

Furthermore, filter responses are commonly displayed in terms of their

scatter parameters (S-parameters), which represent EM wave behavior at the

ports of a network [2]. Figure 1.3 shows a representation of a two-port network

with incident, reflected, and transmitted waves. The network can be modeled

4



Figure 1.2: Filter categories with ideal (above) and realistic (below) represen-
tations

Figure 1.3: Two port network represented by an S-matrix

as an S-matrix, where

[S] =

S11 S12

S21 S22

 . (1.1)

The S11 parameter represents what is received at port 1 from port 1, while the

S21 parameter represents the signal received at port 2 from port 1. In other

words, S11 represents the reflection and S21 represents the transmssion. In

many cases, these two parameters are enough to analyze a two-port network,

given that the S-matrix is reciprocal (S21 = S12) and symmetrical (S11 = S22).

Results throughout this thesis are consistently evaluated by the S11 and S21

parameters, typically shown in blue and red, respectively.
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There are also many different types of behaviors that filters can follow,

two of which are compared in Figure 1.4 (made with [26]). Butterworth filters

are known as maximally flat because they produce a smooth response in the

passband, while Chebyshev filters have better roll-off behavior at the cutoff

frequencies, but produce ripples in the passband [2]. Note that the cutoff

frequencies of Chebyshev filters occur at the bottom of the passband ripple,

but the responses in Figure 1.4 were aligned by their -3 dB points to clearly

show the better roll-off, or steeper slope, in the Chebyshev filter. Elliptic filters

are less common and more complex to design, but are similar to Chebyshev

behavior with better roll-off. Bessel filters are known for relatively better phase

response and have no ripple, but have worse roll-off than Butterworth filters.

All of the filter characteristics discussed are shown in Figure 1.5. An ana-

log or digital (A/D) signal is inputted into a filter that is either passive or

active, has one of the passband categories, and has a unique behavior such as

Butterworth or Chebyshev. After passing through the filter, a corresponding

A/D signal is outputted with a frequency response based on the filter charac-

teristics.

Besides the type of filter, another common way to improve roll-off and

reduce loss around the cutoff frequencies is by increasing the order. The order

of a filter can be increased by cascading multiple filters together [25]. For

example, one filter could produce a first-order response while four could create

a fourth-order response. Figure 1.6 (made with [26]) shows the trend of an

ideal Butterworth bandpass filter as the order increases; the slope becomes

steeper resulting in less loss near the cutoff frequency and faster attenuation,

making the response closer to ideal filter behavior.

Finally, transfer functions are used to mathematically represent filter re-
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Figure 1.4: Comparison between ideal Butterworth and Chebyshev bandpass
filter responses

sponses [25]. Typically, transfer functions are written in the frequency domain

in terms of

s = jω, (1.2)

where

j =
√
−1, (1.3)

also represented by i (an imaginary number), and ω is frequency in radians

per second (rad/s). The transfer function (H (s)) of a filter is equal to the

output (Y (s)) over the input (X(s)), or

H(s) = Y (s)
X(s) . (1.4)

Figure 1.7 shows a graphical representation of the transfer function. As filters
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Figure 1.5: Filter characteristics block diagram

are cascaded and increase in order, the transfer function of each filter can

be conveniently multiplied together in the frequency domain to find the total

transfer function of the entire system.

This reviews the basic concepts of electronic filter theory, relevent to this

thesis. The following section explores filters that operate in microwave frequen-

cies with the ability to change their characteristics. These are often referred

to as tunable or reconfigurable filters.

1.1.2 Reconfigurable Microwave Filters

Designing reconfigurable filters involves two levels: the circuit topology that

affects the transfer function, and the tuning mechanism [7]. In other words,

the type of filter must first be chosen. Microwave filters are usually made

with coupled resonators since they handle high frequencies well. There are

many types of resonators such as lumped element, transmission line, cavity,

dielectric, and acoustic [2], [27]–[33]. Each have their own advantages and dis-

advantages, but cavity resonators are chosen in this work due to their relative

simplicity and high quality factor. They are also known for high power han-

dling capabilities, however that is not a requirement for the filters presented in

this thesis. A series or parallel RLC circuit, shown in Figure 1.8 (made with

8



Figure 1.6: Ideal Butterworth bandpass response with different filter orders

Figure 1.7: Transfer function representation in the frequency domain

[34]), can be used to represent a basic resonator with a center frequency of

ω0 = 1√
LC

, (1.5)

where ω0 is the resonant frequency in rad/s, R is resistance, L is inductance,

and C is capacitance [2].

The filters in this thesis were designed as SIW structures for similar reasons.

SIWs are implemented with a relatively simple planar fabrication process,

and are known for high quality factor, linear behavior, and power capacity

[19], [35]–[37]. Another advantage of SIW structures is durability because the

9



Figure 1.8: RLC circuits representing basic resonators

Figure 1.9: Example of a square SIW structure (from [39])

outside borders of the substrates can be any shape (such as rectangular), but

the cavity walls can be abstract to outline the actual filter. The periodic

metallic vias that construct the outside of the filter simply need to be close

enough to block the EM waves from passing through, minimizing radiation

loss. The diameter of the vias is recommended to be less than one fifth of

the guided wavelength, and the gaps between the vias should be less than or

equal to the diameter [38]. Figure 1.9 shows an example of an SIW structure,

displaying the vias that construct the square cavity resonator boundary [39].

For the second aspect of reconfigurable filters, the tuning mechanism, many

10



different methods have been explored including p-i-n or varactor diodes, RF-

MEMS switches, ferrite metamaterials, tuning screws, and microfluidics [19],

[20], [24], [40]. Varactor diodes have been used to adjust the center frequency

response or bandwidth of filters [8]–[11], [14], and capacitive loading posts

have been used to change the center frequency [12], [13], [21]. Some tuning

methods can affect several aspects; for example by changing an applied voltage

in an acoustic resonator, the impedance, center frequency, quality factor, and

coupling coefficient can each be tuned [15]. There are other unique methods

such as using the optical pump power in a photonic filter to change the state

[16], using an RF superconducting quantum interference device (SQUID) to

alter the mutual inductance between two transmission line resonators which

tunes the frequency [17], or using a shunt transmission line to change the cou-

pling strength and quality factor in superconducting resonators [18]. A few

examples of reconfigurable filters are shown in Figure 1.10. An example of a

frequency-tunable SIW filter using lumped elements is shown in Figure 1.10(a)

[41]. The coupled SIW cavity filter has a tunable passband center frequency.

The filters in Figure 1.10(b) can be bandpass (BPF) or bandstop (BSF) with

tunable center frequency, transmission zeros (TZs), and bandwidth (BW). Mi-

crofluidic techniques are growing in popularity as well following the discovery

of nontoxic liquid metals, which are further discussed in the following section.

1.2 Room Temperature Liquid Metals

Selecting liquid metal as a tuning method has many advantages compared to

those mentioned in the previous section. Liquid metal allows for continuous

tuning, reversible and repeatable operation, flexible and stretchable devices,

11



(a) Frequency-tunable SIW filter

(b) BPF/BSF with tunable center frequency and BW

Figure 1.10: Examples of reconfigurable filters (from [41] and [23], respectively)
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design simplification through minimizing the number of passive components, a

possibly quicker fabrication process, and it has highly linear behavior [42], [43].

Yet despite the potential benefits of liquid metal in reconfigurable devices, for a

long time mercury was the only standard option available. Its toxic properties

made it a dangerous and undesirable choice compared to other tuning methods,

and most believed the severe health risks of handling mercury were not worth

the gains [44]. Mercury also has unusual properties that can make it difficult

to integrate into certain applications. For example, at 25◦C its surface tension

is 0.426 N/m and its viscosity is 1.53 centipoise, which are relatively high

compared to water which are 0.072 N/m and 0.89 centipoise, respectively

[45]–[48].

After the discovery of nontoxic gallium-based liquid metals, such as eutectic

gallium indium (EGaIn) and Galinstan (GaInSn), liquid metal tuning methods

became more common and explorative [42], [43]. More research groups started

incorporating these alloys into tunable and reconfigurable devices since they

are much safer to handle [49]. However, gallium-based liquid metals come with

challenges as well, specifically in terms of oxidation and corrosion.

The outer layer of EGaIn and Galinstan oxidize almost instantaneously

when they are exposed to air [42], [50], and the oxidation layer has a much

lower conductivity than the pure form of the alloy. If the layer is too thick or

blocks the liquid metal from making direct contact with another metal, the

functionality of the system can be compromised. Figure 1.11 shows a com-

parison between clean and oxidized Galinstan. When the metal is cleaner,

it curves near the surface of the container because of the high surface ten-

sion. On the contrary, when the outer layer oxidizes, the metal becomes flat

along the surface of the container. The oxide skin can also wrinkle and stick

13



Figure 1.11: The appearance of Galinstan when clean, oxidized, or crystallized

to other surfaces. Another limitation of working with EGaIn or Galinstan is

their reaction with other metals. In many research studies, the liquid metal

must contact another metal to change the device configuration, but over long

periods of time it eventually corrodes other metals such as copper [49]. There-

fore, oxidation and corrosion must eventually be addressed when working with

gallium-based liquid metals.

There are some strategies already known to address these challenges, or

sometimes use them as advantages. To keep the liquid metal from oxidizing,

a closed system can be constructed with certain carrier fluids. There are some

electrolyte solutions that can remove the oxide layer with a reduction reaction,

such as sodium hydroxide (NaOH) or hydrochloric acid (HCl) [37], [50], [51].

Applied voltage can then be used to add or remove the oxide layer, which is

useful for several actuation methods [42]. However, liquid metal should not be

stored in certain fluids for long periods of time because of the reactions that

occur between both of them, and the oxygen in the air. An example of this

reaction is shown in Figure 1.11 of a hardened crystallized layer that formed

between Galinstan and NaOH after they were stored together for about six

months. The hardened layer had to be removed from the top of the Galinstan
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Figure 1.12: Moving liquid metal with a syringe or micropump (micropump
from [63]), respectfully

to expose the clean liquid that remained underneath. In practice, crystallized

Galinstan could block channels or degrade the electrical conductivity of the

metal, which can be highly undesirable.

In terms of carrier fluids, there are gentler options available such as Teflon

solution or oil to simply keep the liquid metal moving through channels without

leaving residue behind [52], [53]. Finally, if the liquid metal must make contact

with another metal, it is possible that corrosion may be mitigated by coating

the surface of the solid contact [54]–[57], but types of conductive coatings that

specifically protect against gallium-based liquid metals should be explored.

1.2.1 Actuation Methods for Gallium-Based Liquid Metals

The most basic form of moving liquid metal is with a syringe [42], [52], [58]–

[60], which works for proof of concept, but is not reliable or practical enough

for commercial applications. Micropumps are a better option since they sup-

port closed loop systems, increase automation, and are easier to control than

manual injections. Many research groups incorporate micropumps into their

designs as an alternative to manual injections [42], [61]–[64]. Examples of using

manual injections or pumping to move liquid metal are shown in Figure 1.12.
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Another option is applying voltage potentials to electrically actuate the liq-

uid metal by using either surface oxidation, continuous electrowetting (CEW),

or recapillarity [51], [65]–[69]. It should be noted that CEW depends on the

electrocapillarity phenomenon, and recapillarity stands for reductive capillar-

ity. Examples of each electrical actuation method are visually displayed in

Figure 1.13. A detailed comparison is also shown between the methods in

Table 1.1, where each method involves placing one probe in EGaIn and the

other in NaOH [51]. Then a positive or negative voltage is applied, influencing

the surface tension of the EGaIn. When the oxide layer is present, the surface

tension of the metal is greatly reduced to near zero, and the metal wets to

surfaces. When the oxide layer is removed, the surface tension becomes ten

times higher than water and is less likely to stick to the surroundings. The

metal has been shown to move through channels, withdraw out of channels

into reservoirs, spill out of tubes, or gather as droplets at the end of tubes.

Gravity is the dominant force during oxidation, and the surface tension of the

liquid metal is the dominant force during reduction [70]. These electrical actu-

ation methods are more automated, low voltage, and allow for more compact

systems [51], [61], [71], [72], however they are currently in the early stages of

research.

1.2.2 Microwave Applications for Gallium-Based Liquid Metals

Gallium-based liquid metals have been successfully integrated into different

devices, many of them being antennas or filters [42], [73]. Monopoles or Yagi-

Uda antennas have been made of Galinstan to tune frequency, gain, and beam

steering by adjusting their lengths [63], [74]–[77]. Slot antennas have used

Galinstan to control the length of the radiating aperture, or for capacitive load-
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(a) Surface oxidation

(b) CEW

(c) Recapillarity

Figure 1.13: Electrical actuation methods for liquid metal (from [68], [51], and
[69], respectively)
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Table 1.1: Electrical Actuation Methods for EGaIn

Surface
Oxidation CEW Recapillarity

Set-up
Anode in EGaIn Anode in NaOH Anode in NaOH

Cathode in NaOH Cathode in EGaIn Cathode in EGaIn
Apply +V to

EGaIn
Apply +V to

NaOH
Apply -V to

EGaIn
Surface
Tension Weak Weak at interface Strong

Results EGaIn spreads or
falls due to gravity

EGaIn flows
toward anode

EGaIn withdraws
from channels and

forms sphere

Benefits EGaIn stays
connected

Low voltage
requirements and
quick movement

EGaIn retracts
into reservoir

ing to tune frequency [58], [71], [78], [79]. In a flexible patch antenna, EGaIn

made up the antenna itself and the ground plane then showed similar results in

the relaxed or bent state [80]. Figure 1.14 shows the Yagi-Uda monopole, slot

antenna, and flexible patch antenna, respectively. Many characteristics of the

Yagi-Uda antenna could be tuned, but one plot of the unnormalized E-plane

radiation patterns is shown with different numbers of parasitic elements. The

plot of the slot antenna shows its center frequency ranging between approx-

imately 2.5 to 2.9 GHz. Lastly, the performance of the patch antenna was

tested at different radii of curvature, showing that although the return loss

differed, the resonant frequency remained the same. This only reviews a few

examples of many useful applications of gallium-based liquid metals integrated

into antennas.

Regarding filters, EGaIn and Galinstan were commonly used to fill or

empty vias that functioned as capacitive loading posts or SIW boundaries [37],

18



(a) Yagi-Uda monopole antenna with tunable frequency, gain, and beam steering

(b) Slot antenna with tunable frequency

(c) Flexible patch antenna

Figure 1.14: Examples of antennas using gallium-based liquid metals with
corresponding results (from [77], [71], and [80], respectively)
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[81], [82]. Galinstan was used to fill or empty a defective ground structure to

change the cutoff frequency of a lowpass filter [83], [84]. Galinstan was also

used to tune a frequency selective surface in the X-band with a second-order

bandpass filter response [85]. One implementation constructed stacked res-

onators for a bandpass filter with tunable frequency, where the top resonator

border was completely made of Galinstan [86]. Another design incorporated

EGaIn to fill posts that acted as impedance inverters and switched the state

of a filter between bandpass and bandstop, or tuned a transmission zero (TZ)

[87]. Galinstan was even used to load metallized plate resonators to construct

a frequency tunable fourth-order Chebyshev bandpass filter [61]. Some of these

examples are displayed in Figure 1.15 with their corresponding results.

In a more basic sense, gallium-based liquid metals have been used as wires,

contacts, or switches. EGaIn was injected into ultrastretchable fibers and

remained connected and conductive during and after stretching [88]. The self-

healing property of gallium-based metals is also beneficial because if it is bent

or disconnected it can be reconnected without wearing out, unlike solid metals

[89]. Despite the high surface tension and low viscosity, EGaIn has been 3D-

printed into different structures due to its microscopic oxide skin. It has been

printed into wires, structures out of stacked droplets, and abstract shapes using

molds, as shown in Figure 1.16 [90]. EGaIn and Galinstan have demonstrated

many possible uses in high frequency electronic applications, and more are

being explored. Based on the previous research presented, both liquid metals

are promising tuning mechanisms to incorporate into reconfigurable microwave

filters.
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(a) SIW bandpass filter with tunable frequency

(b) Bandpass to bandstop filter with tunable TZ

(c) Fourth-order bandpass filter with tunable frequency

Figure 1.15: Examples of filters using gallium-based liquid metals with corre-
sponding results (from [37], [87], and [61], respectively)
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Figure 1.16: 3D-printed EGaIn structures (from [90])

1.2.3 Galinstan Liquid Metal

Between the two gallium-based liquid metals discussed in the previous sections,

Galinstan was chosen over EGaIn to manipulate the filters in Chapters 3-5

because of the low melting point. The melting point of EGaIn is only 15.5◦C,

which is easily attainable and not dramatically far from room temperature

[50], while Galinstan has a much lower melting point of -19◦C. Galinstan is a

nontoxic liquid metal alloy that commonly consists of 68.5% gallium, 21.5%

indium, and 10% tin, made by heating the ratio of metals to 100◦C in a

beaker and mixing them with a magnetic stirrer [43], [91], [92]. The metal

has a boiling point of over 1300◦C and an electrical conductivity of 2.3 × 106

S/m to 3.46 × 106 S/m in its pure state [43], [91], [93]. Although Galinstan is

able to handle high temperatures, its properties make it a convenient choice

for room temperature microwave applications, exceeding the requirements of

the low power filters in this thesis.
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1.3 Thesis Overview

The purpose of this thesis is to present mode-reconfigurable filters that allow

dynamic spectrum access, in the case that one frequency band experiences

issues such as overcrowding. Galinstan liquid metal is chosen to change the

configuration of three unique bandpass filters operating in the C-band of 4-8

GHz, therefore Chapter 2 tests how Galinstan performs compared to copper

with monopole antennas. Chapter 3 presents the first implementation of a

mode-reconfigurable filter that switches between dual band and high band

operation. The next two chapters implement higher-order filters; Chapter 4

demonstrates a low to high band filter and Chapter 5 combines all the config-

urations of dual, low, and high band operation. Table 1.2 shows a comparison

summary of the three mode-reconfigurable filters. There are three different

types of vias in the filter layout row represented as circles: white are empty,

black are copper plated, and gray are either empty or filled with Galinstan and

used to enable switching between configurations. In the frequency response

row, red represents the dual band, blue-dashed represents the high band, and

green-dashed represents the low band. All of the simulations were executed

using ANSYS High Frequency Structure Simulator (HFSS) software [94] prior

to fabrication and testing. Lastly, Chapter 6 concludes with a summary and

discussion on the future direction of the work presented.
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Table 1.2: Summary of Filters Presented

Ch. 3: Dual to
High Band

Ch. 4: Low to
High Band

Ch. 5: Dual to
Single Band

Filter
Layout

Freq
Response

Filter-
Order

Dual band: 1st
Low band: N/A
High band: 2nd

Dual band: N/A
Low band: 2nd
High band: 4th

Dual band: 2nd
Low band: 2nd
High band: 4th

Benefits Smaller size

Higher-order,
sturdier structure,

equal fractional
bandwidths

Higher-order,
includes all

configurations
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Chapter 2

Monopole Antennas with Liquid Metal

2.1 Introduction

Antennas are transducers most commonly used for communication applica-

tions that can transmit and/or receive wireless RF signals. Antennas convert

between EM waves on guided transmission lines and EM waves that travel

through unbounded media [2], [95], [96]. There are many types of antennas,

but the dipole antenna is widely considered to be one of the most fundamental.

The dipole consists of transmission lines (T-lines) with both ends bent

outwards 90◦ for a total length of ld, as shown in Figure 2.1. For a half-wave

dipole,

ld = λ

2 , (2.1)

where λ is the wavelength [95]. The transmission lines are fed alternating

current (AC) so that the top and bottom portions of the dipole have current

moving upwards that add in phase, as indicated in Figure 2.1. Since the

endpoints of the antenna are open-circuited, the current is zero at the ends

25



Figure 2.1: Representation of a dipole antenna

and maximized at the center. According to Ohm’s law,

Z = V

I
, (2.2)

where Z is impedance, V is voltage, and I is current [95]. Therefore, maxi-

mizing the current at the center of the dipole can minimize the imaginary part

of the impedance. This makes the antenna purely resistive and causes it to

radiate from the center. The half-wave dipole radiates at λ/2 and at every

other consecutive cycle, such as 3λ/2, 5λ/2, and so forth. Considering that

λ = c

f
, (2.3)

where c is the speed of light taken as 299,792,458 m/s, and f is the frequency

in Hz, each resonant frequency of the antenna can be calculated.

The concepts of a dipole antenna can be used to explain a monopole an-

tenna. A quarter-wave monopole antenna has a length of lm, where

lm = ld
2 = λ

4 . (2.4)

By applying image theory, the quarter-wave monopole resembles the behavior

26



of a half-wave dipole. Image theory states that a power source placed above

a perfectly conductive infinite ground plane is electrically equivalent to the

source combined with its image [95]. This phenomenon is due to the reflection

of waves above the ground plane. In the case of electric current, if an up-

wards electric current is placed above the ground plane, it produces an image

of an upwards electric current below the ground plane [2], [96]. Therefore,

the quarter-wave monopole antenna is electrically equivalent to the half-wave

dipole antenna above the ground plane, in certain aspects. A comparison of

the antenna cross-sectional radiation patterns are shown in Figure 2.2. The

antennas are represented as lines with the radiation originating from the cen-

ters to make ring-shaped patterns, after considering the 360◦ rotation. Since

the bottom portion of the monopole is an image, the radiation only exists

above the ground plane.

There are a few trade-offs between dipoles and monopoles. Dipole antennas

radiate in twice as much space as monopoles, therefore they have double the

input impedance, half the directivity of monopoles, and are double the size

of monopoles. One challenge with monopoles is that they are not realistically

placed on infinite ground planes. This causes non-ideal values in practice. The

radiation pattern of monopoles on finite ground planes also bend upwards,

changing the directivity.

A single monopole antenna is simple to construct compared to many other

microwave devices. Therefore, monopoles were chosen to conduct several ex-

periments, and the results were compared to simulations in HFSS. First, the

performance of Galinstan liquid metal was compared with copper, which is a

common metal used for antennas. Then a tunable Galinstan monopole was

tested to observe the performance of the liquid metal across the C-band.
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Figure 2.2: Cross-sectional representation of antenna radiation patterns

Figure 2.3: Copper and Galinstan monopole antenna structures

2.2 Simulation and Experimental Results

2.2.1 Copper vs. Galinstan Monopole Antennas

A simulation for comparing the performance of Galinstan with copper was

created in HFSS. Since Galinstan was not an available material in the soft-

ware, the electrical properties of Galinstan were stored to define a custom

material. Two monopoles were constructed as shown in Figure 2.3, and their

S11 parameters were checked around the fundamental frequency. Ideally, S11

should approach negative infinity at the resonant frequency. This indicates no

reflection where the antenna radiates, but that does not occur in reality. In

this set-up, a return loss of at least 10 dB was considered acceptable.

The monopole antennas were designed for a fundamental center frequency

of 3.3 GHz. By applying (2.3) and (2.4), the desired lengths were calculated

to be 23 mm long. However in practice, the monopole lengths were slightly
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Figure 2.4: Simulated results of the copper and Galinstan monopole antennas

decreased to 0.23λ, or 21 mm, which raised the frequencies closer to the goal.

There were several non-ideal aspects that contributed to the need for shorter

lengths, such as the finite ground planes and the non-zero antenna diameters.

The ground planes were also defined as copper instead of perfect electric con-

ductors (PECs), resulting in less conductivity and therefore less reflection. If

the ideal antenna length is used, it can cause an impedance mismatch at the

ground plane, resulting in an antenna that is not purely resistive at resonance

[97]. The need for the length adjustment was confirmed by observing the S11

parameters in Figure 2.4. The simulations resulted in the desired resonant

frequencies of 3.3 GHz for both the copper and Galinstan monopoles.

To test the simulation results, three monopoles were used and are shown in

Figure 2.5. Two of the antennas were copper (labeled Cu1 and Cu2) and the

third was Galinstan (labeled Gal), as indicated in Figure 2.5(a). They each

had the same total length, and the distance between Cu1 and Cu2 equaled
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the distance between Cu1 and Gal. To set up the monopoles for experimental

measurements, the copper antennas were made of 1 mm diameter wires that

were cut to the desired lengths. However, the Galinstan antenna required a

Teflon tube to vertically contain the liquid metal. To accomplish a stable

structure for the Galinstan antenna, copper wire was cut to 7 mm and a

Teflon tube was slid over the wire, as shown in Figure 2.5(b). A syringe was

placed into the tube to fill it with Galinstan so that the total height of the

antenna equaled the height of the copper monopoles. This explains why the

Galinstan antenna in Figure 2.3 was created with a bottom copper portion, so

that the simulation would closely match the realistic experiment. The set-up

allowed for continuous electrical contact at the boundary between the copper

and Galinstan, and for stable tube support.

Measurements were taken with a network analyzer and compared to the

Galinstan simulation from Figure 2.4. Since the copper and Galinstan sim-

ulations were almost identical, only the Galinstan simulation was used for

the comparison, which is shown in Figure 2.6. The experimental results are

labeled in the legend and the simulation is marked in blue.

The simulated results showed 23 dB return loss at resonance, while the

measured results showed approximately 15 dB return loss. The simulations

indicated less reflection, but all of the results had more than 10 dB return loss,

as desired. According to the simulations, the Galinstan monopole produced

almost identical results as the copper monopole, despite the lower electrical

conductivity of Galinstan. This was consistent with the measured results

where Cu1, Cu2, and Gal produced similar output signals at the resonant fre-

quency. Overall, the differences between the copper and Galinstan monopole

antennas were insignificant.
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(a) Copper (Cu1 and Cu2) and Galinstan (Gal) monopole antennas

(b) Galinstan monopole antenna

Figure 2.5: Experimental set-up of two copper antennas (Cu1 and Cu2) and
one Galinstan antenna (Gal) with close-ups of the Galinstan monopole
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Figure 2.6: Simulated (blue) and measured (black) results of the copper (Cu1
and Cu2) and Galinstan (Gal) monopoles

2.2.2 Tunable Galinstan Monopole Antenna

The Galinstan antenna was ranged to four different lengths to tune its fre-

quency from 2.5 to 8 GHz. The simulated and measured results are compared

in Figure 2.7, and are in good agreement. The discrepancies between the sim-

ulated and measured results were mainly due to the imperfect experimental

lengths resulting from manual injections of the Galinstan with a syringe. How-

ever, the comparison of the four fundamental frequencies are closely aligned.

Consistent with (2.3) and (2.4), as the length of the antenna was increased,

the resonant frequency decreased.

The experimental set-up was also used to calculate the gain of the Cu2

copper and Galinstan antennas since they were each an equal distance away

from the Cu1 copper antenna. The gain was extracted from the transmission
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Figure 2.7: Galinstan monopole simulated (dashed) and measured (solid) re-
sults at different lengths

to the antennas received from Cu1, and by applying Friis equation from [2]:

Pr

Pt

= GtGr

(
λ

4πR

)2

, (2.5)

where Pr is the power received, Pt is the power transmitted, Gr is the gain

received, Gt is the gain transmitted, and R is the distance between the anten-

nas. The gain of the copper antenna was calculated as 2.632 dB and the gain

of the Galinstan antenna was calculated as 1.162 dB. Therefore, the Galinstan

antenna received 71.3% of the gain that was received by the copper antenna.

2.3 Conclusion

Since Galinstan was chosen to enable the switching of the mode-reconfigurable

filter designs in Chapters 3-5, the performance of the liquid metal was com-
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pared with copper. The electrical conductivity of Galinstan is significantly

lower than copper, which can lead to concern in choosing Galinstan as an

acceptable substitute for copper. However, the simulated and measured re-

sults of monopole antennas showed almost identical output signals from both

metals in terms of the S11 parameters. A tunable Galinstan monopole an-

tenna was also tested between 2.5 to 8 GHz, since the filters in Chapters 3-5

were designed to operate in the C-band. The measured results of the tunable

Galinstan monopole were in good agreement with the simulated results after

comparison at four different antenna lengths. Therefore, considering that the

Galinstan monopole performance was similar to copper, and after testing its

functionality across the C-band, it was recognized as a suitable replacement

for copper for integration into the mode-reconfigurable filters.
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Chapter 3

Dual to High Band Bandpass Filter with Liquid

Metal

3.1 Introduction

The dual to high band bandpass filter is a mode-reconfigurable Butterworth fil-

ter that allows control of the low band by effectively turning it on or off. By ap-

plying mode-shifting to the low band, the first resonant frequency is increased

until it occurs at the second resonant frequency. This design was initially

presented in [98], where it was called the single-mode-dual-band (SMDB) to

dual-mode-single-band (DMSB) bandpass filter. The filter was called SMDB

when the first mode was on, resulting in two passbands, and it was called

DMSB when the first mode was off, resulting in one passband of higher-order.

In this thesis, the designs supporting the two operational states are referred

to as dual band configuration (DBC) and high band configuration (HBC) in-

stead. The filter is realized in a single square cavity resonator, and to achieve

mode-shifting certain vias are filled with Galinstan liquid metal. Filling the

vias switches the first-order square filter to a second-order filter made of two

triangular SIW cavities coupled together.
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Figure 3.1: E-field distribution representation of the DBC and HBC

3.2 Theoretical Concepts of Mode-Shifting

The electric field (E-field) distribution of both configurations is represented in

Figure 3.1, where the E-field is at its maximum in the red area. The DBC is

a square cavity resonator, or first-order filter, with the strongest point of the

E-field in the center. The HBC uses vias along the diagonal line to split the

resonator into two triangular SIW cavities, which resembles the second mode

of the square cavity. It therefore becomes a second-order filter with cavities

that are half the original size.

The first step in designing the cavity is to use

fmnp = c
√
εrµr

√(
m

a

)2
+
(
n

b

)2
+
(
p

d

)2
(3.1)

to determine the size, where f is frequency, c is the speed of light, εr is the

relative permittivity, µr is the relative permeability, m, n, and p represent

the mode number, and a, b, and p represent the cavity dimensions [95]. A

Rogers TMM3 substrate was chosen as the dielectric (εr = 3.27, µr = 1,

tan(δ) = 0.002 at 10 GHz) with a thickness of 3.175 mm. Since the frequency

range of interest is across the C-band, the first two frequency bands should

be between 4-8 GHz. Therefore, the cavity dimensions chosen were 25 x 25
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x 3.175 mm3. This results in the first five modes as follows: the first mode

is TE101 at 4.69 GHz, the second and third modes are TE102 and TE201 at

7.42 GHz, and the fourth and fifth modes are TE103 and TE301 at 10.5 GHz.

This meets the specifications since only the first two frequency bands should

be in range; the remaining modes exceed 8 GHz, as they should.

After choosing the dimensions of the cavity, Eigen-mode simulations were

checked in HFSS to study the E-field distribution of each configuration, dis-

played in Table 3.1. The first three rows show the E-field pattern inside the

cavity at the first three resonant modes. In the last row, a depiction of the

frequency response from 4-8 GHz is sketched.

The first column shows a basic unperturbed square cavity with two reso-

nant frequencies, as expected. The second and third columns show different

versions of the DBC design, which should imitate the unperturbed cavity.

However, they imitate different aspects; the second column displays the same

E-field pattern, and the third column displays the same frequency response.

The second column has six air vias placed diagonally across. Based on the

perturbation method, perturbing the cavity with a different material causes a

shift in resonant frequency [39], indicated by

ω − ω0

ω0
'
´

∆V
(µ|H0|2 − ε|E0|2)dv´

V0
(µ|H0|2 + ε|E0|2)dv

, (3.2)

where ω is the resonant frequency of the perturbed cavity, ω0 is the resonant

frequency of the original cavity, ∆V is the change in volume, V 0 is the original

cavity volume, µ is the magnetic permeability, ε is the electric permittivity,

H0 is the H-field (magnetic field) of the original cavity, and E0 is the E-field

of the original cavity [2]. The approximate change in resonant frequency can
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be calculated with (3.2) based on knowing the characteristics of the original

cavity and change in volume, since the characteristics of the perturbed cavity

are often unknown [2].

The perturbation method explains why the second and third modes slightly

separate in the frequency response of the second column. The second mode is

not affected by the vias because they are located where the E-field is minimum,

but the third mode is affected and shifts up in frequency, causing pole splitting

in the high band. Although the E-field pattern imitates the unperturbed

cavity, the mode splitting in the second frequency band must be addressed.

Therefore, six more vias were added that mirror the original six to make the

cavity design symmetrical.

As shown in the third column, this solves the problem and the second and

third modes overlap to imitate the unperturbed cavity. Modes that overlap

and share the same frequency are referred to as degenerate modes. With

twelve vias, the second and third modes become degenerate and match the

unperturbed cavity frequency behavior, as desired. It can be observed that

the E-fields in the second and third modes slightly rotate compared to the

E-field patterns in the unperturbed cavity, but the rotation does not cause a

negative effect. Since the frequency behaves as desired, the E-field rotation is

not a concern. Lastly, the fourth column tests the HBC behavior by filling a

line of vias with liquid metal. The first and second modes should resonate like

the second mode in the DBC high band, which is observed. The third mode

becomes irrelevant because it resonates above 10 GHz and is therefore out of

range.

The response of the HBC can also be explained by the perturbation method

because the first mode frequency is increased to the second mode frequency.
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Table 3.1: E-Field Distribution of Cavities for Dual to High Band Filter

Unper-
turbed
Cavity

DBC HBC

# of vias 0 6 12 12

1st mode
TE101

2nd mode
TE102

3rd mode
TE201

Frequency
Response

When the six vias are filled one at a time, the available volume decreases and

the first frequency band increases until all of the vias are full, leaving the

first mode frequency to reside in the high band. Since the HBC functions

as triangular SIW cavities, it becomes a higher-order filter with improved

rejection. In summary, twelve vias were chosen for the design of the DBC and

HBC, with the E-field distributions and frequency depictions shown in the last

two columns of Table 3.1.

Note that the twelve perturbations in the resonator design shift both the

low and high frequency bands slightly higher compared to the unperturbed

cavity. However, if lower resonant frequencies are desired, the frequency shift
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from the vias can be compensated for by increasing the total size of the cavity.

3.3 Design Process

The filter was designed to have a Butterworth bandpass response, therefore

methods from [99] and [2] were closely followed. Driven-mode simulations

in HFSS were used to verify the design, starting with the unloaded quality

factor (Qu), which was used to characterize the filter. Eigen-mode simulations

provided the theoretical Qu values before driven-mode simulations were used.

From the driven-mode results of a resonator weakly coupled into,

Qu ≈ QL = f0

∆f (3.3)

was applied to extract Qu of each configuration, where QL is the loaded quality

factor, f0 is the resonant frequency, and ∆f is the bandwidth at 3 dB below

the resonance. Since the resonator is weakly coupled, the resonance occurs

between -30 to -40 dB. This weakly coupling allows QL to be used as an

approximation for Qu because the effect from the coplanar waveguide (CPW)

used to excite the resonator is minimized. This is further explained with the

relationship
1
QL

= 1
Qu

+ 1
Qex

, (3.4)

where Qex is the external quality factor. If the external quality factor is min-

imized with weakly coupling, the unloaded quality factor is approximately

equal to the loaded quality factor.

The CPW was designed with 50 Ω characteristic impedance to excite the

filter. Figure 3.2 shows the different transmission line distances from the res-

40



Figure 3.2: Layouts of the DBC and HBC resonators

onator that were required for each configuration (DBC first and second modes

and HBC first mode) to weakly couple into the resonator for more accurate

approximations of Qu. The vias are color-coded where white represents only

air and gray represents either air or Galinstan. Since Qu was being obtained

from the designs in Figure 3.2, the gray vias in the first two resonators were

full of air while the gray vias in the last resonator were full of Galinstan.

After designing the resonator, external and internal coupling were consid-

ered. Assuming there is no cross-coupling, external coupling occurs between

the CPWs and adjacent resonators, while internal coupling occurs between

adjacent resonators in higher-order filters. A 2% fractional bandwidth (FBW)

was chosen to calculate the remaining theoretical values. The external quality

factor (Qex) was used to achieve a Butterworth response, which is maximally

flat because it has no passband ripple. The coupling coefficient (k) was used

to adjust the bandwidth. They are determined with

Qex,in = g0g1

FBW
, (3.5a)

Qex,out = gNgN+1

FBW
, (3.5b)
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and

ki,j = FBW
√
gigj

, (3.6)

where i and j represent the resonators, N is the filter order, and the g variables

represent the Butterworth lowpass prototype coefficients from [2], which are

as follows for a second-order filter.

g0 = 1

g1 = 1.4142

g2 = 1.4142

g3 = 1

Since the design is symmetrical, the external coupling is the same at the input

and output, or (3.5a) and (3.5b) are equal. Equation 3.6 only applies to the

HBC because at least two resonators are required for internal coupling.

To verify the calculations, the driven-mode results were checked with

Qex = πf0td
2 (3.7)

and

ki,j = f 2
2 − f 2

1
f 2

2 + f 2
1
, (3.8)

where td is the time delay of each single resonator with strong coupling, and

f1 and f2 are the separated peaks of the weakly-coupled HBC resonators.

The final filter layout is shown in Figure 3.3 with corresponding dimensions

in Table 3.2. Consistent with the previous convention, the white vias are

always empty with air and the gray vias are air in the DBC and Galinstan

in the HBC. The transmission lines of the CPW were enhanced to increase

visibility in both Figures 3.2 and 3.3.
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Figure 3.3: Layout of the dual to high band filter

Table 3.2: Filter Dimensions for the Dual to High Band Filter

Distance of CPW into cavity (D) 5.4 mm
CPW total width (W ) 5.1 mm

CPW track conductor width (S) 2.3 mm
CPW gap width (G) 0.2 mm

Via radii (R) 1 mm

3.4 Simulation and Experimental Results

The filter, fabricated with an LPKF prototype machine, is displayed in Figure

3.4 with the gray vias full of Galinstan. A picture of the test environment is in

Figure 3.5, where a structure is connected to the two-port calibrated Keysight

PNA network analyzer.

The simulated and measured results of both configurations are compared

in Figures 3.6 and 3.7. The simulated results were from the filter in Figure 3.3,

and the measured results were from the fabricated filter in Figure 3.4. Fig-

ure 3.6 shows the comparison between the DBC and the HBC. The low band

is effectively turned off for the HBC, but the high band resonant frequencies

are not completely aligned. The alignment of the frequency bands can be cor-
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Figure 3.4: Fabricated dual to high band filter with Galinstan vias

rected by filling selected vias, for the response shown in Figure 3.8. To achieve

alignment of the high band frequencies, the DBC was simulated with the four

outer corner vias full of Galinstan to increase the resonant frequency. This

demonstrates a useful method for centering the frequency bands for practical

purposes.

Figure 3.7 shows the comparison between the simulated and measured re-

sponses. The behavior of the DBC and the HBC were as expected, however

the resonant frequencies of the measured results were slightly lower. One con-

tributor to this occurrence could be that the fabricated filter has slightly larger

volume, although it was not large enough to be confidently confirmed through

manual measurements. Another contributor could be that the air inside the

vias in reality had higher relative permittivity than 1, where a value of 1 is

ideal. If the permittivity inside the vias was closer to the value of the dielectric,

that would cause a decrease in resonant frequency because it would reduce the

effect of the perturbation method.

A summary is shown in Table 3.3 of a comparison between the theoretical,
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Figure 3.5: Test environment for measuring the filter and resonators

simulated, and measured results of the DBC and HBC, where fL represents

the low band frequency, fH represents the high band frequency, IL is insertion

loss, and BW is bandwidth. The theoretical values were calculated and taken

from HFSS Eigen-mode simulations, the simulated values were extracted from

HFSS driven-mode simulations, and the measured values were obtained from

the network analyzer from Figure 3.5. Overall, there was good agreement

between the values. The highest discrepancy was with the Qu of the HBC,

due to the resonator layout and oxidation of Galinstan.

Concerning the resonator layout, the theoretical Qu of the HBC was based

on a perfect triangular design with no vias. However, the simulated Qu was

from the layout design in Figure 3.2. The design was extended larger than

one triangular resonator to include the diagonal vias full of Galinstan, which

would characterize the effect of the liquid metal. The added volume and
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(a) Simulated results of the DBC (solid) and HBC (dot-dashed)

(b) Measured results of the DBC (solid) and HBC (dot-dashed)

Figure 3.6: Comparison of the DBC and HBC results of the dual to high band
filter
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(a) DBC simulated (dotted) and measured (solid)

(b) HBC simulated (dotted) and measured (solid)

Figure 3.7: Comparison of the simulated and measured results of the dual to
high band filter
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Figure 3.8: Simulation of DBC aligned with HBC by filling selective vias

metallic vias significantly lowered the Qu to 253 because the E-field around

the vias was minimized, which accounted for a large portion of the resonator.

This was however useful for comparing simulated and measured Qu when using

Galinstan. This explains the difference between the theoretical and simulated

values. The difference between the simulated and measured values depends on

oxidation, which is explained further in Section 3.5.

3.5 Discussion on Capabilities and Improvements

The dual to high band filter functioned successfully by turning on or off the

first mode, as demonstrated in Figure 3.6. There were however, several im-

provements that could be made to increase the capabilities and enhance the

response. Regarding the design, it was a lower-order filter that could easily

be raised by cascading multiple resonators. Additionally, only the low band
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Table 3.3: Filter Summary for Dual to High Band Filter

DBC (N = 1) HBC (N = 2)
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fL (GHz) 4.7 GHz 4.8 GHz 4.7 GHz - - -
QuL 420 430 410 - - -

IL (dB) ∼0 2.0 1.4 - - -
BW (MHz) 94 75 85 - - -
FBW (%) 2.0 1.6 1.8 - - -

fH (GHz) 7.4 GHz 7.3 GHz 7.2 GHz 7.4 GHz 7.6 GHz 7.5 GHz
QuH 434 437 412 426 253 123

IL (dB) ∼0 1.5 0.9 ∼0 2.9 4.9
BW (MHz) 150 210 250 150 130 200
FBW (%) 2.0 2.8 3.5 2.0 1.7 2.7

was controllable while the high band always remained on. Another method

could be used to turn on or off the high band as well to make the filter more

frequency agile. The filter would then be prepared to handle overcrowding of

either band, for example. These improvements are implemented in Chapters 4

and 5 with the remaining two filter designs.

In the HBC when Galinstan was used, there was an increase in the mea-

sured insertion loss and a decrease in the measured Qu, which can be seen in

Figure 3.7 and Table 3.3. This loss was caused by the outer oxidation layer

which had significantly lower conductivity and resulted in a weaker electrical

connection to the copper plating. HFSS was used to find the conductivity

of Galinstan after it had oxidized, resulting in a Qu of 123, which is about

half of the expected value reached using pure Galinstan. The simulation im-
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Figure 3.9: The effect of oxidized Galinstan on the Qu of the HBC

plied that the oxidized Galinstan had approximately 1% of the conductivity

of pure Galinstan. Figure 3.9 shows the effect that oxidized Galinstan can

have on the Qu, indicating that the relationship is logarithmic. The oxidation

could be cleaned with a solution such as NaOH, but then it must make di-

rect contact with the copper plating. If there is a layer of NaOH between the

Galinstan and copper, that could also degrade the electrical connection and

raise the loss. A closed loop system for the Galinstan could be implemented

to minimize oxidation, ensure connectivity, and increase automation.

Referring again to Figure 3.6, the second mode in the DBC did not per-

fectly overlap with the first mode of the HBC. That was because the E-field

of the second mode of the DBC could exist inside the vias, which was not

the case for the first mode of the HBC since the vias were full of metal, as

revealed in Table 3.3. One solution is to fill the corner vias in the DBC with

Galinstan to slightly decrease the available volume and increase the resonant
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frequency up to overlap with the HBC first mode. This solution was presented

in Figure 3.8, and can be applied to other configurations that need alignment.

3.6 Conclusion

The dual to high band bandpass filter demonstrated a design for reversible

and repeatable mode-reconfigurability. It could switch between multi-band

and single-band operation by applying the concept of mode-shifting, which

was accomplished by filling certain vias with Galinstan liquid metal. The

dual band configuration (DBC) was a first-order bandpass filter realized in a

square cavity resonator. The high band configuration (HBC) was a second-

order bandpass filter in coupled triangular resonators, which effectively turned

off the low band. Since the HBC was higher-order, it had better roll-off at the

cutoff frequencies, which improved the rejection. This demonstrated mode-

reconfigurability with an SIW filter that utilized liquid metal for reversible

switching. The simulated and measured results for the dual to high band filter

were in good agreement.
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Chapter 4

Low to High Band Bandpass Filter

4.1 Introduction

The purpose of the low to high band bandpass filter is to operate in one

frequency band at a time, either in low band configuration (LBC) or high band

configuration (HBC). In practice, if one band becomes too crowded, the filter

can switch to the other frequency band. The filter switches between second-

order in the low band with two square cavities, to fourth-order in the high band

with four rectangular cavities. To turn off the low band, the concept of mode-

shifting from Chapter 3 is applied by filling certain vias with Galinstan liquid

metal. To switch off the high band, a transmission zero (TZ) is generated

and centered at the high band center frequency to suppress the resonance.

Each configuration was designed for a Butterworth bandpass response with

the same fractional bandwidth (FBW) of 2.3% with at least 30 dB return

loss. Switching between the states also required different external coupling, so

metal was used to change the active slots of a coplanar waveguide (CPW).

Finally, the filter structure was designed to be more sturdy by making it

perfectly rectangular. SIW vias outlined the CPW as well as the cavities,

further simplifying the fabrication process and making the filter less susceptible
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to breaking under stress. The design was simulated with Galinstan liquid

metal to enable reversible switching between configurations. However since

Chapters 2 and 3 demonstrated that the measured results from Galinstan are

comparable to copper, the fabricated low to high band filter was measured

with copper.

4.2 Theory and Design

The low to high band filter builds on the theoretical concepts from Chapter 3.

It is a higher-order filter that switches between second-order in the LBC and

fourth-order in the HBC. Since the filters in Chapters 4 and 5 both switch

between second-order and fourth-order filters, they require different Butter-

worth lowpass filter prototype coefficients when applying (3.5) and (3.6). The

coefficients listed in Section 3.3 apply to the second-order configurations, but

the fourth-order configurations use the following coefficients.

g0 = 1

g1 = 0.7654

g2 = 1.8478

g3 = 0.7654

g4 = 1.8478

g5 = 1

The 50 Ω CPW was designed with the same G, S, and W values from

Table 3.2, but D was changed as well as the distance the CPW extends outside

of the filter. Compared to the filter in Chapter 3, the vias and distances

between them were made much smaller. The radii were reduced to 0.5 mm

and the spaces ranged from 0.7 mm to 1 mm, which allowed the first and
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Table 4.1: Conditions of Each Configuration for the Low to High Band Filter

LBC HBC
Gray vias Air Galinstan

Channels 1-2 Galinstan Air
Channels 3-4 Air Galinstan

second modes of the HBC to align more. These changes were implemented

for the filter in Chapter 5 as well since they are improvements of the previous

design in Chapter 3.

Figure 4.1 shows the complete filter layout, with the same convention as in

Chapter 3; the black vias are copper plated, the white vias are always empty,

and the gray vias are either empty or full of Galinstan. The design is symmet-

rical about the central black vias, but the right side shows the top dielectric

piece while it is hidden on the left side in order to make the filter completely

visible. The top dielectric is the same material as the filter substrate (Rogers

TMM3), with vias and trenches that act as channels for the liquid metal.

Table 4.1 corresponds to the labels in Figure 4.1(a) to show which vias and

transmission line paths must be empty or full to excite the LBC or HBC.

The transmission lines are covered with channels 1-4, numbered and circled

in yellow. Figure 4.1(b) shows a different perspective of the filter for height

indication.

Table 4.2 corresponds to the variables in Figure 4.1(a), where L represents

the low band, H represents the high band, IL stands for insertion loss, and BW

stands for bandwidth. The table lists the distances and how the filter is af-

fected when the values are lowered or raised too much. Generally, the external

coupling controls the TZ and matching to the CPW, while the gaps between
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(a) Top view with liquid metal channels numbered 1-4

(b) Angled view

Figure 4.1: Layout of the low to high band filter
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Table 4.2: Filter Tuning Trends for the Low to High Band Filter

Variable Value (mm) Value too High Value too low
DL 12.4 Decreases TZ frequency Increases TZ frequency
DL’ 4.4 Creates ripple Increases IL
DH 1.8 Increases IL Creates ripple
DH’ 5.1 Creates ripple Increases IL
gL 6.2

Increases BW Decreases BWgH 3.9
gH’ 6.0

the vias control the internal coupling between the resonators. When the ex-

ternal coupling is not matched, either a ripple is generated or the insertion

loss greatly increases, whereas the gaps affect the bandwidths. The horizontal

position of DL’ did not have a large effect, but the length was similar to the

effect of DH . Weakening the external coupling by making the transmission

lines shorter caused higher insertion loss, and moving them further into the

filter had the same effect. This is why DH had an opposite effect from DL’ and

DH ’. The resonators were magnetically coupled, so moving the transmission

lines towards the ends where the E-field was weaker, positioned them where

the H-field was stronger, and therefore strengthened the coupling.

One of the changes made from the filter in Chapter 3 was the design of the

resonator. Previously, the gray vias were placed diagonally across the resonator

which resulted in triangular cavities, but the higher-order filters in Chapters 4

and 5 have perpendicularly placed vias for simplification reasons. Splitting the

square resonators into rectangles simplified the internal coupling. The coupling

gaps did not need to be off-centered in the higher-order design to excite each

resonator. Although using a higher-order design adds complexity, choosing
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rectangular cavities instead of triangular simplified the design process.

However, the higher-order design resulted in an unwanted resonance be-

tween the two frequency bands. This explains why the copper boundary

marked in Figure 4.1(a) was added. The boundary suppressed the strong,

undesired resonance at 6.5 GHz, shown in the solid red plot in Figure 4.2(a).

The plot shows a dual band response for the purpose of demonstrating this

concept, although the low to high band filter did not include a DBC. A dual

band response was chosen for displaying the extra resonance at 6.5 GHz be-

tween the bands, which was also present in both the LBC and HBC. The

black dashed plot resulted from adding the copper boundaries, which success-

fully suppressed the spurious resonance.

Initially, the unwanted resonance was thought to come from cross-coupling

between the source and load, or input and output CPWs. However, cross-

coupling was not apparent by displaying the E-field. Figure 4.2(b) shows the

E-field distribution inside the cavity at the low band and high band resonances,

respectfully. Figure 4.2(c) shows the E-field distribution at 6.5 GHz where the

spurious resonance occurs.

The corresponding coupling routing diagrams are displayed in Figure 4.3,

showing direct coupling between adjacent resonators. Each circle in Figure 4.3

represents a structure: S is the source, L is the load, and 1-4 represent each

resonator. The routing diagrams apply to the filters in Chapters 4 and 5 since

they both switch between second-order and fourth-order filters. It appears

that the routing diagram in Figure 4.3(a) applies to the unwanted resonance

in Figure 4.2(c). The source and load occupy more space and therefore the res-

onators are smaller than they were at the low band frequency in Figure 4.2(b).

This causes the filter to resonate at a higher frequency of 6.5 GHz. Adding
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the copper boundaries solved this issue by blocking any leakage and removing

the spurious resonance.

Lastly, the characteristic impedance (Z0) at the boundary of the CPW

and top dielectric piece was checked. This is because air is above the filter

except where the top dielectrics are placed that have the Galinstan channels.

The dielectric has a higher permittivity than air (εr = 3.27), and since it is

above the CPW, it can cause an impedance mismatch between the boundaries.

However, the transmission line was well matched to 50 Ω across the boundary.

If the mismatch is dramatic, it can be addressed by either redesigning the

transmission lines at the boundary, or by fine tuning the coupling of the filter

with the variables listed in Table 4.2 to output a matched response. Although

the top dielectric did not cause a significant change, the filter was slightly

tuned to eliminate the effect by using the later option.

Following the same method as before, the resonators were checked in HFSS

Eigen-mode, and then the resonators and filter were verified in HFSS driven-

mode simulations. The following two sections elaborate on the design of the

LBC and HBC.

4.2.1 Low Band Configuration

Consistent with Chapter 3, the resonator was used to extract the unloaded

quality factor (Qu). The layout is shown in Figure 4.4, where the gray vias

are always air because the LBC uses the square structures. The variable D

from Figure 4.4 is 2 mm away from the cavity boundary. The CPW that

extends from the structure was elongated from 4 mm to 7 mm to give the EM

wave enough distance to fully generate before entering the cavity. Since the

transmission lines ended further away from the cavity for weakly coupling, the
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(a) DBC of filter with unwanted resonance between low and high bands

(b) E-field distribution of the low and high bands

(c) E-field distribution of the spurious resonance

Figure 4.2: Simulated results with and without the copper boundaries to ob-
serve the occurrence of an unwanted resonance at 6.5 GHz
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(a) Low frequency band

(b) High frequency band

Figure 4.3: Routing diagrams for the low and high frequency bands

Figure 4.4: Layout of the LBC resonator

input and output structures were lengthened to make the transmission lines

of the CPW long enough to excite the resonator.

The LBC was made possible by a strategically placed TZ, therefore it

required stronger external coupling with channels 3-4 from Figure 4.1(a). The

transmission lines underneath channels 3-4 reached over halfway through the

first resonator, so the LBC required at least two resonators. That is, if only

one resonator was used, the transmission lines would overlap. This problem

did not occur for the LBC because it is a second-order filter made of two

resonators, unlike the filter in Chapter 3 which was of lower-order.
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Figure 4.5: High band frequency of the LBC successfully suppressed

The TZ had an inverse relationship with DL from Figure 4.1(a); when the

length was increased, the frequency of the TZ decreased, making it relatively

simple to tune. The TZ was positioned over the high frequency band, sup-

pressing the resonance to -30 dB and successfully turning it off as shown in

Figure 4.5. This initially resulted in a response that resembled a Chebyshev

filter in the low band because there was a large ripple, but adding DL’ from

4.1(a) was used to tune the response to a Butterworth filter, as desired.

4.2.2 High Band Configuration

For the HBC, Qu was extracted using the layout design from Figure 4.6 of a

single rectangular cavity, where D was set to 4 mm and the CPW distance

away from the cavity boundary was 6 mm. Although the transmission lines

required a longer distance away from the resonator than for the LBC, the

CPW did not need to be as long to achieve weakly coupling.
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Figure 4.6: Layout of the HBC resonator

Overall, the HBC followed the same design method outlined in Chapter 3,

however there were some additional considerations. As previously mentioned,

the filter was designed for equal FBWs in both configurations. Initially, they

were given equal bandwidths of 100 MHz, but the HBC displayed too much

insertion loss of 2.5 dB. Regarding the simulated design, the specification for

maximum insertion loss was chosen as 2 dB. There was more transmission

loss at higher frequencies because at a fixed bandwidth, the FBW lowers as

the frequency increases. Furthermore, in referring back to (3.5) and (3.6), the

filter design parameters depend on FBW, not bandwidth. According to [4],

the passband insertion loss is inversely proportional to the FBW and Qu, while

it is proportional to the number of resonators used, or filter order. This means

that if the FBW is decreased too much, the insertion loss can become too high.

The 100 MHz bandwidth was too small for the fourth-order filter. There-

fore, the bandwidth of the LBC was slightly increased to 111 MHz resulting

in a FBW of 2.3%. This was then matched for the HBC with a bandwidth

of 179 MHz and FBW of 2.4%, compared to 1.4% before, which significantly

reduced the loss.
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Figure 4.7: Butterworth bandpass filter responses with different bandwidths

This concept is shown in Figure 4.7 with a second-order microstrip filter

on AWR Design Environment [26]. The filter is designed with a 100 MHz

bandwidth (labeled narrow), and compared to an ideal Butterworth response

given the same bandwidth (labeled ideal). With the narrow bandwidth, an

insertion loss of 3 dB is observed, but then the bandwidth is increased to 150

MHz (labeled wide). The wide bandwidth response has an insertion loss of

2 dB, demonstrating that as the bandwidth and FBW increase, the insertion

loss decreases.

One more challenge arose when designing the HBC, visible in Figure 4.8.

Two of the poles were too low and not aligned with the other two poles in

the plots from Figure 4.8(a). In referring to Figure 4.8(b), which corresponds

to the separated poles plot, the first and last resonators had weaker E-fields

and therefore resulted in the lower resonant frequency. To compensate for
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the difference, the gray vias were moved as the arrows indicate to decrease

the outer resonator volumes and raise their frequency, meanwhile increasing

the inner resonator volumes and lowering their frequency. This combined the

poles at the same resonant frequency to create the plot with all four poles

aligned. The difference in rectangular cavity sizes could have been due to

the CPW structures. The input and output structures that guide the CPW

could add volume to the outer resonators, making them larger than the perfect

rectangular structures. Moving the vias that constructed the SIW boundaries

resulted in equal cavity sizes for each resonator.

4.3 Simulation and Experimental Results

A picture of the fabricated low to high band filter is shown in Figure 4.9. The

vias were all empty, with the black vias from Figure 4.1 all copper plated.

The transmission lines were visible because the top dielectric pieces were not

placed over them, in order to show the entire body.

The LBC and HBC simulated and measured results are compared in Fig-

ure 4.10, where switching between configurations can be observed. To directly

compare between the simulated and measured results, the configuration plots

are displayed in Figure 4.11. The filters were measured by covering the ap-

propriate transmission lines with copper tape in place of Galinstan. The top

dielectric pieces were placed over the tape, but did not affect the results sig-

nificantly.

The LBC was measured without the upper black via above gL in Figure 4.1(a)

filled. This achieved better impedance matching in the fabricated filter and

widened the bandwidth like the HBC. When it was empty as shown in Figure
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(a) HBC of filter with split poles

(b) E-field distribution of filter with split poles before changing the cavity sizes

Figure 4.8: Cavity size adjustments to combine the poles in the HBC
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Figure 4.9: Fabricated low to high band filter

4.11(a), a ripple was generated, resembling a Chebyshev response instead of

a Butterworth response. However, in the low band the insertion loss was 1.4

dB and the return loss was more than 10 dB. In the high band the insertion

loss approached 15 dB, so the LBC performed generally well in terms of func-

tionality. There was resonance near 8 GHz, but the transmission was very low

so the high band was off. When the black via was filled and the bandwidth

decreased, the measured insertion loss was over 5 dB, but there was no ripple.

When comparing the two outputs, the response in Figure 4.11(a) was chosen

by leaving the black via empty because the insertion loss was much lower.

Then attempts were made to fill the gray vias with Galinstan for the HBC,

but due to the smaller vias, high surface tension, and stronger attraction to the

syringe tip, the vias could not be manually filled. This was not a challenge for

the filter in Chapter 3 because the via diameters were double the size. Since

Galinstan could not fill the vias, measurements were only taken with copper.

Copper wires were soldered between the top and bottom copper plating to

test the HBC as a proof of concept. As shown in Figure 4.11(b), the poles

slightly separated because the fabricated filter did not perfectly match the

simulated design in terms of the external coupling and the sizes of the cavities.

Regarding the cavity sizes, the wire used inside the vias did not fill the entire
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(a) Simulated results of the LBC and HBC

(b) Measured results of the LBC (solid) and HBC (dot-dashed)

Figure 4.10: Comparison of the LBC and HBC results of the low to high band
filter
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(a) LBC simulated (dotted) and measured (solid)

(b) HBC simulated (dotted) and measured (solid)

Figure 4.11: Comparison of the simulated and measured results of the low to
high band filter
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circumferences, causing the cavity sizes to be disproportionately larger than

designed for all four poles to combine.

However, the cavity sizes did not significantly contribute to the mismatch,

compared to the CPWs. Due to fabrication tolerances, the transmission lines

were not as wide as they were designed, so manual removal of copper plating

and addition of copper tape were used to tune the filter. These methods were

not as precise as using the LPKF machine, resulting in measurements that

were not perfectly matched. The measured insertion loss at the high band was

2.7 dB, and the reflection indicated some radiation in the off band, but the

transmission was minimized, so the low band was off.

Overall, the measured results have slightly lower resonant frequencies and

are not matched as well as the simulated results, but despite any differences

compared to the simulations, the measured results show correct switching

between the two frequency bands by accurately shifting or suppressing the off

band. Copper was able to work as a Galinstan substitute to demonstrate the

functionality of the filter.

The theoretical, simulated, and measured results were compared and are

listed in Table 4.3, where fL refers to the low band, fH refers to the high band,

IL is insertion loss, and BW is bandwidth. Although the measured results

could have been further tuned, the resonant frequencies and quality factors

were close to the expected values. As previously mentioned, for the measured

LBC, the top black via in Figure 4.1(a) above gL was left empty to obtain

better measured results, closer to the simulated behavior. A wider bandwidth

was needed because the external coupling was different in the fabricated filter,

so it required inter-resonator tuning. This resulted in a Chebyshev response,

but it displayed low insertion loss of 1.4 dB and a bandwidth similar to the
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Table 4.3: Filter Summary for the Low to High Band Filter

LBC (N = 2) HBC (N = 4)
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fL (GHz) 4.8 4.7 4.6 - - -
QuL 443 415 436 - - -

IL (dB) ∼0 1.4 1.4 - - -
BW (MHz) 110 110 200 - - -
FBW (%) 2.3 2.3 4.3 - - -

fH (GHz) - - - 7.5 7.4 7.1
QuH - - - 431 405 349

IL (dB) - - - ∼0 1.5 3.6
BW (MHz) - - - 170 180 240
FBW (%) - - - 2.3 2.4 3.3

HBC bandwidth with only 40 MHz difference.

4.4 Discussion on Capabilities and Limitations

The low to high band filter incorporated several improvements on the design in

Chapter 3, several of which depended on each other. To make a higher-order

filter, the shape of the SIW cavities in the HBC was simplified for convenience,

and the LBC required a higher-order filter to generate the TZ in the high band.

The filter operated either in the low band or high band, demonstrated in both

the simulated and measured results.

In simulations, the S-parameters displayed Butterworth filter responses,

even after accounting for fabrication intolerances such as via distances, sizes,
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and structures to work as channels for the liquid metal over the transmission

lines. However, it was discovered that smaller vias could not hold the Galin-

stan. The high surface tension of the metal caused it to either bubble on

the surface of the filter, or stick to the metal syringe tip over the substrate.

Given a voltage potential, oxidation could cause the Galinstan to fall and take

the shape of its container, such as a via. However, a well-developed oxide

skin significantly lowers Qu and increases loss, as shown in Chapter 3. There-

fore, a tubing system for each via should be used to fill them with Galinstan.

Nonetheless, the copper tape and wires worked as Galinstan substitutes to

demonstrate the proof of concept.

There were a few reasons for the larger differences between the measured

and simulated results. The wires soldered into the vias impacted the HBC

because they slightly changed the sizes of the cavities, but the fabrication

tolerances had a much larger effect on both configurations. As previously

mentioned, there was mismatch in both configurations due to the CPWs. The

milling bit had a pointed tip which caused the transmission lines to be thinner

than 0.2 mm as designed. The copper tape also could not be perfectly placed

0.5 mm away from the junction to match the simulated design. Furthermore,

addition of the copper tape resulted in more resonance, or higher return loss

in stopband areas. For example, the measured results in Figure 4.10(b) shows

resonance near 7.9 GHz, although there is no transmission. This means the

copper tape was acting as an antenna at that frequency, where it was radiating.

Both the size of the transmission lines and addition of copper tape weak-

ened external coupling into the filter and contributed to an impedance mis-

match or higher loss, but the fabricated filters could switch between LBC

and HBC with similar FBWs. Each configuration was used to demonstrate
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turning off the appropriate frequency band by suppressing the insertion loss

to over 14 dB, which exceeded the requirement of at least 10 dB. Chapter 5

adds more complexity by including the DBC, which aligns with the other two

configurations.

4.5 Conclusion

The low to high band bandpass filter showed mode-reconfigurability between

two unique frequency bands. The design expanded on capabilities from the

dual to high band filter in Chapter 3. The low to high band filter used mode-

shifting to turn off the low band, but it could also turn off the high band by

generating a transmission zero. The filter in Chapter 3 demonstrated reversible

switching between configurations with the use of liquid metal, therefore the

design in Chapter 4 focused on the higher-order filter presented. The filter was

simulated with Galinstan liquid metal, but the fabricated filter applied copper.

Copper was used since Chapters 2 and 3 tested the experimental performance

of Galinstan, and concluded it to be a good substitute for copper given that

the oxide layer is not too thick. The results from the low to high band filter

indicated that given a tubing system for the liquid metal, promising results

could be expected for reversible switching between the frequency bands.
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Chapter 5

Dual to Single Band Bandpass Filter

5.1 Introduction

The dual to single band bandpass filter switches between multiband operation

to either low or high band operation, functioning in all the possible states. The

states include dual band configuration (DBC), low band configuration (LBC),

and high band configuration (HBC). Similarly to the filter in Chapter 4, it

operates as second-order in the low band and fourth-order in the high band.

The previous techniques to turn off either band are used; mode-shifting by

filling vias with Galinstan turns off the low band, and generating a strategically

placed transmission zero (TZ) with different external coupling turns off the

high band. The simulated results accounted for Galinstan, while the measured

results were tested with copper. The slightly different via placement from the

filter in Chapter 4 allowed Butterworth bandpass filter responses for all three

configurations.
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5.2 Theory and Design

The theoretical background of the dual to single band filter is identical to

the previous filters, therefore the design process intimately follows those in

Chapters 3 and 4. The DBC and HBC build on the design in Chapter 3,

while the LBC follows the design from Chapter 4. It demonstrates control

of turning off each band and aligns the single band responses with the dual

band response. To account for fabrication constraints and fit the single band

responses inside the DBC frequency bands, different FBWs were used. This is

unlike the filter in Chapter 4, which was designed for equal FBWs. Fabrication

constraints for satisfying all three configurations were considered throughout

the design process for the dual to single band filter.

The filter is displayed in Figure 5.1 in top and angled views. It has the top

dielectric pieces for Galinstan channels 1-4, the copper boundaries to block

cross-coupling between the input and output CPWs, and no SIW walls around

the CPWs. Removing the vias that guide the CPW is a tradeoff; it reduces

insertion loss, but makes the filter more vulnerable to cracking during fabrica-

tion and when connected for measurements. Table 5.1 shows which vias and

channels need to be filled to activate the DBC, LBC, or HBC. The variables

in Table 5.2 follow the same tuning trends as the filter in Chapter 4. The

external coupling into the DBC and HBC are the same, so the corresponding

variables are labeled DD,H and DD,H ’.

There are only slight differences between the filter layouts in Chapters 4

and 5. Some of the via radii were decreased in the dual to single band filter

to change the internal gap sizes and include a DBC. The smaller vias included

the two gray vias in the center and the four gray vias labeled vDBC . The vDBC
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Table 5.1: Conditions of Each Configuration for the Dual to Single Band Filter

DBC LBC HBC
Gray vias Air Air Galinstan

Channels 1-2 Air Galinstan Air
Channels 3-4 Galinstan Air Galinstan

Table 5.2: Filter Tuning Trends for the Dual to Single Band Filter

Variable Value (mm) Value too High Value too low
DL 12.4 Decreases TZ frequency Increases TZ frequency
DL’ 4.5 Creates ripple Increases IL
DD,H 1.8 Increases IL Creates ripple
DD,H’ 5.0 Creates ripple Increases IL

gD 7.9

Increases BW Decreases BWgL 6.2
gH 4.5
gH’ 6.0

vias could be used in the DBC to increase the resonant frequencies and cause

them to align with the LBC and HBC resonant frequencies.

As previously, the top dielectric piece is shown on the right and hidden

on the left to show the filter layout underneath. The characteristic impedance

(Z0) is not significantly affected at the boundary of the CPW and the filter, but

again it was fine tuned with internal and external coupling after the addition

of the top dielectric.

5.2.1 Dual Band Configuration

The unloaded quality factor (Qu) of the DBC for the first mode was extracted

from the same resonator used for the LBC, therefore it is discussed in Section
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(a) Top view with liquid metal channels numbered 1-4

(b) Angled view

Figure 5.1: Layout of the dual to single band filter
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5.2.2. They shared the same resonator because both configurations required

square cavities. Similarly, Qu for the second mode of the DBC shares the same

resonator layout as the HBC. Therefore, it is discussed in Section 5.2.3 with a

rectangular cavity.

The DBC was designed with wider bandwidths than the LBC and HBC

partially due to the fabrication constraints. To make the bandwidths narrower

would require weaker internal coupling, or a smaller gap between the two

resonators. By referring to Figure 5.1(a), making the gap gD smaller would

move the black, copper plated vias closer to the gray vias. Moving them too

close could result in cracking between the vias during fabrication. A spacing

of 0.5 mm was considered acceptable, but a spacing of 0.7 mm was used for

more tolerance.

Another limitation that caused wider bandwidths was the via radii. If the

gray vias in the center were smaller, the black vias could be moved closer

together, but the gray via was minimized only to a 1 mm diameter since it

was designed to be filled with or emptied of liquid metal. Making the via

too small could stop the Galinstan from flowing inside. Given the spacing

and via radius requirements, the DBC was given wider bandwidths. Although

possible to achieve equal bandwidths in simulation, from a practical standpoint

it would depend on fabrication capabilities and material. However, the DBC

successfully encompassed the LBC and HBC because the frequencies were well

aligned. The FBWs of the DBC were twice as large as the single band FBWs.

Alignment of the high band frequencies from the DBC and HBC occurred

naturally, especially due to the tolerance of the wide dual band response, but

aligning the low band frequencies required a slight frequency shift. Originally,

the DBC produced a low band of 4.6 GHz and needed to be increased to
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Figure 5.2: Layout of the LBC and low band of the DBC resonator

4.7 GHz to match the LBC. This was accomplished by filling the four gray

vias marked vDBC , making the volume smaller and resonant frequency higher.

5.2.2 Low Band Configuration

The LBC was characterized using Qu, consistent with the previous designs in

Chapters 3 and 4. The resonator layout for the LBC and low band of the DBC

is shown in Figure 5.2. The gray vias were always empty, in the resonator since

the low band utilized the full square structure. Weakly coupling required D to

equal 2 mm, in other words the transmission lines stopped 2 mm away from

the cavity. The CPWs were lengthened from 4 mm in the filter design from

Figure 5.1, to 6 mm to ensure wave generation before entering the cavity.

A TZ was centered over the high band, as shown in Figure 5.3, to sup-

press the resonance to -40 dB. It followed the same behavior as discussed in

Section 4.2.1, so the TZ was tuned using DL. Then DL’ was used to tune the

low band from a Chebyshev filter response to a Butterworth filter response, as

indicated in Table 5.2.
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Figure 5.3: High band frequency of the LBC successfully suppressed

5.2.3 High Band Configuration

The same method described in Section 4.2.2 of adjusting the sizes of the cavi-

ties was used to combine the four poles in the HBC. The resonator layout for

the HBC and high band of the DBC is shown in Figure 5.4, with D equal to

3.5 mm, or the CPW is 3.5 mm away from the cavity to insure weakly cou-

pling into the resonator. The CPW outside of the resonator was lengthened

to 6 mm, as in Section 5.2.2, to give the transmission lines more distance for

excitation.

5.3 Simulation and Experimental Results

The fabricated filter is shown in Figure 5.5 without the top dielectric pieces

and Galinstan. Similar occurrences were seen in the measured results of the

filter compared to those in Chapter 4. The configurations are compared in

Figure 5.6, and the simulated and measured results are compared in Figure 5.7.
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Figure 5.4: Layout of the HBC and high band of the DBC resonator

Differences in the measured results show low band responses resembling a

Chebyshev filter and the high band in the HBC with slightly split poles. There

is some return loss in the stopband, most likely due to resonance in the copper

tape, but the reflection exceeds 10 dB in the passband. Both measured low

band responses have ripples of over 10 dB return loss, although they were

Chebyshev filter responses. For the measured LBC, the top gray via from

Figure 5.1(a) above the gap gL was left empty like in Chapter 4 for similar

reasons. The different external coupling required adjustment of the inter-

resonator coupling to better tune the filter. The via was left empty because

it resulted in much lower loss, although the bandwidth was wider. The wider

bandwidth produced cutoff frequencies that were almost identical to the DBC

low band, therefore the modification was a better choice for the measured

results.

The LBC high band was turned off to approximately -20 dB transmission.

The high band in the DBC is well matched with insertion loss of 1.6 dB, and

in the HBC the insertion loss is 2.7 dB. The separation of the poles resulted

from the CPWs and soldered wires that affected the cavity sizes, as discussed
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Figure 5.5: Fabricated dual to single band filter

in Chapter 4. As before, copper tape was used over the full transmission lines

and the Galinstan would not be contained in the small vias. The measured

results overall had lower resonant frequencies than the simulated results, but

they correctly turned off the appropriate bands given their configuration, and

displayed good insertion and return loss.

The theoretical, simulated, and measured results are listed in Table 5.3,

where fL and fH refer to the low and high bands, respectively, IL is insertion

loss, and BW is bandwidth. It was important for the resonant frequencies

between the DBC and single band configurations to align, since the filter can

turn off either band. Therefore, the DBC was designed for 4% FBW in the

low band and 8% FBW in the high band. This allowed for the vias to be far

enough apart for fabrication standards, given their radii. The LBC and HBC

were designed to have half the FBW of the DBC for the single band responses

to completely fit inside the dual band response. This resulted in a 2% FBW

for the LBC and a 4% FBW for the HBC.

When comparing the DBC frequencies with the others, good agreement was

seen, which is also shown in Figure 5.6. As previously stated, the fabricated

LBC was given a larger bandwidth to reduce insertion loss, which resulted in

matching bandwidths between the measured DBC and LBC. When observing
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(a) Simulated results of the DBC (dot-dashed), LBC (solid) and HBC (solid)

(b) Measured results of the DBC (dot-dashed), LBC (solid) and HBC (solid)

Figure 5.6: Comparison of the DBC, LBC, and HBC results of the dual to
single band filter
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(a) DBC simulated (dotted) and measured (solid)

(b) LBC simulated (dotted) and measured (solid)

(c) HBC simulated (dotted) and measured (solid)

Figure 5.7: Comparison of the simulated and measured results of the dual to
single band filter
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Table 5.3: Filter Summary for the Dual to Single Band Filter

DBC (N = 2) LBC (N = 4) HBC (N = 4)
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fL (GHz) 4.8 4.8 4.5 4.8 4.7 4.6 - - -
QuL 443 416 416 443 416 416 - - -

IL (dB) ∼0 0.8 2.8 ∼0 1.3 1.6 - - -
BW (MHz) 190 200 190 96 110 190 - - -
FBW (%) 4.0 4.2 4.2 2.0 2.3 4.1 - - -

fH (GHz) 7.5 7.2 7.0 - - - 7.5 7.3 7.2
QuH 431 414 389 - - - 431 414 389

IL (dB) ∼0 0.5 1.6 - - - ∼0 1.1 2.7
BW (MHz) 600 600 560 - - - 300 320 310
FBW (%) 8.0 8.3 8.0 - - - 4.0 4.4 4.3

the quality factors, it should be noted that the DBC shared resonator struc-

tures with the LBC and HBC depending on the mode, therefore its Qu values

match with the other two configurations.

5.4 Discussion on Capabilities and Limitations

The dual to single band filter was closely related to the low to high band filter

from Chapter 4. The filter applied the concept of mode-shifting from Chapter

3, but was higher-order and capable of generating a TZ over the high band

like the filter in Chapter 4. It mainly differed from the filter in Chapter 4 was

that it included the DBC centered over the other two configuration frequency

bands. Due to fabrication constraints, the filters from Chapters 4 and 5 were
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trade-offs of each other. One filter could be given equal FBWs, or bandwidths

if made wide enough to reduce loss in the HBC, and the other filter was capable

of multiband operation.

Accordingly, the design and challenges of the dual to single band filter

imitate the filter in Chapter 4. The measured results of the low bands demon-

strated ripples, although the insertion loss was very low. The Galinstan would

not fill the vias, leading to the use of soldered wires to measure the HBC, which

caused slightly incorrect cavity sizes and could have contributed to splitting of

the poles. However, the main contributor of mismatch in the measured results

was the fabricated CPWs. The transmission lines experienced the same reduc-

tion from the pointed milling bit. Nonetheless, the filter performed as required

by controlling which frequency band to switch off, and accurately aligning the

DBC modes with each single band configuration mode.

5.5 Conclusion

The dual to single band bandpass filter presented switched between three dif-

ferent configurations: dual band, low band, and high band. The design was

closely related to the design in Chapter 4, however it expanded on the ca-

pabilities available. The dual to high band filter was higher-order, simulated

with Galinstan liquid metal to accomplish switching. The measurements uti-

lized copper since it was considered an acceptable replacement for Galinstan in

Chapters 2 and 3. Therefore, the filter demonstrated mode-reconfigurability

and promise for integrating Galinstan into the fabricated filter to offer re-

versible switching between the configurations.
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Chapter 6

Conclusion

As the RF spectrum grows more crowded, frequency agile technology is in

higher demand. This thesis presented three different mode-reconfigurable But-

terworth bandpass filters for dynamic frequency access. The filters were de-

signed to use nontoxic Galinstan liquid metal to enable reversible and repeat-

able switching between the filter configurations. Galinstan was chosen because

it could be used to change the active transmission lines and resonator borders

of SIW structures. Chapter 2 tested the radiation performance of Galinstan

in comparison to copper with the use of monopole antennas. The Galinstan

antenna behaved like copper in simulations and measurements in the lower

portion of the SHF range where it operated. Previous research has also shown

that Galinstan works similar to common solid metals in microwave frequency

applications.

The three filters included dual to high band, low to high band, and dual to

single band, where single band included both the low and high options. The

dual to high band filter from Chapter 3 switched from first-order to second-

order, respectively, by filling a diagonal line of vias that bordered two SIW

cavities. The filter switched from a single square resonator to two triangular
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resonators by applying mode-shifting to the first resonant frequency to overlap

with the second resonant frequency for high band operation. The simulations

and measurements displayed dual band configuration (DBC) and high band

configuration (HBC) behavior, although the filter experienced more loss in the

HBC due to the outer oxidation layer of the Galinstan.

The low to high band filter in Chapter 4, and dual to single band filter

in Chapter 5, implemented several improvements of the dual to high band

filter from Chapter 3. They were higher-order that switched from second-

order in the low band and fourth-order in the high band by changing from

square resonators to rectangular resonators, respectively. The HBC utilized

the same concept from Chapter 3 of mode-shifting, but the low band configu-

ration (LBC) was made possible by centering a transmission zero over the high

band from changing the external coupling. The filters had very similar designs,

but offered different benefits; the low to high band filter was easily designed for

equal FBWs, and the dual to single band filter offered more frequency agility

since it included all of the configurations. The simulated and measured results

showed similar behavior and demonstrated control of turning off the appropri-

ate frequency bands. However the measured results also showed Chebyshev

behavior in the low bands and slight pole splitting in the high bands. This was

because the vias of the filter were too small for the Galinstan to stay occupy.

Copper wires were used in place of the Galinstan, as well as copper tape across

the corresponding transmission lines to switch between the configurations. To

incorporate liquid metal, the designs would require additional consideration,

such as via tubing, before the simulated design could be fully tested.

Regarding actuation, Galinstan could be injected and removed manually

with a syringe into and out of vias, unless they were too small in diameter.
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Electrical actuation methods with tubing systems have high potential to move

Galinstan through vias, if surrounded by certain carrier fluids such as NaOH.

This thesis presented three unique designs for mode-reconfigurable band-

pass filters. To the author’s knowledge, this is the first time this method is

presented. The filters allow different combinations of switching between con-

figurations: dual band, low band, and high band. To achieve reversible and

repeatable operation, Galinstan liquid metal was chosen to enable switching.

The designs were all simulated with Galinstan, and one of the filter mea-

surements were taken with Galinstan to realistically demonstrate the idea.

The liquid metal could be used to change the SIW cavity boundaries and

filter-order, as well as the external excitation into the filters. Therefore, the

mode-reconfigurable bandpass filters provide a promising method for spectrum

agility in microwave frequency applications.

6.1 Future Direction

Ideally, combining the advantages of the low to high band and dual to single

band filters would provide the best design. First, they require Galinstan to

be moved into and out of their small vias which can be done by connecting

tubes to the filters. Once there is good control in filling the vias, the top

dielectric pieces made for Galinstan channels over the transmission lines could

be remade with a transparent material such as PDMS or Teflon for convenience

and better matching. Visibility through the top pieces would also be necessary

to see if any residue is left behind on the transmission lines when they should

be activated.

For better understanding of the behavior of Galinstan with electrical ac-
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tuation, many experiments can be tested with varrying tube diameters, slug

lengths, and input voltage conditions to find where smooth movement occurs.

There are several research groups gathering information on the electrical ac-

tuation conditions required, also in regards to carrier fluid and tube coatings

becuase of its importance.

Finally, designing the filter for equal FBWs while offering all three configu-

rations would be challenging given fabrication constraints, but if good tubing

systems are constructed to allow the Galinstan to move through smaller vias,

that design would be much easier to accomplish. Overall, further testing on the

actuation of Galinstan seems to be most important aspect in moving forward to

make the designs possible through simulations, realistically attainable. Closed

loops and good carrier fluids can help with movement, minimize oxidation,

and optimize contact with other metals such as copper. Once the movement

is thoroughly tested and successfully incorporated into designs, much more

options can become available in terms of microwave devices, especially for the

mode-reconfigurable filters by adjusting the cavities along with the transmis-

sion lines to correctly excite each configuration.

6.1.1 Preliminary Work on Actuation Experiments with Galinstan

An electrical actuation experiment similar to one in [92] was executed to test

the responsive behavior of Galinstan to applied voltage. The metal was in-

jected into deionized (DI) water then the cathode was placed in the water and

the anode in the Galinstan, as shown in Figure 6.1. As the cathode approached

the metal, the Galinstan repelled away until it formed into a large spherical

droplet. Although the probes were able to shape the Galinstan, a voltage of

30 V was applied, and one probe had to be in contact with the Galinstan while
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Figure 6.1: Galinstan droplet moving in DI water

Figure 6.2: Representation of a Galinstan slug in an electrolyte solution with
an applied voltage potential

the other had to be very close to cause any movement. These conditions were

most likely required for the following reasons: the droplet was (1) relatively

large, (2) in an open area, (3) not immersed in an electrolyte solution, (4)

experienced a steady DC voltage, and (5) was oxidized, which caused it to

stick to the container and leave residue behind. Therefore, several follow-up

tests were executed to further explore these issues.

Experiments resembling those in [72] and [65] were set up and the findings

were relatively consistent. An electrolyte solution of 1% NaOH was injected

into a 50 mm Teflon tube with an approximate inner diameter of 0.7 mm.

A 10 mm long Galinstan slug was then injected into the tube so that it was

surrounded by the NaOH. The experimental set-up is depicted in Figure 6.2,

showing the applied voltage potential and expected direction of movement for

the liquid metal.

First, a DC voltage was applied in the NaOH across either side of the

tube, and was ranged from 1 to 20 V. The DC voltage caused the Galinstan
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(a) DC voltage applied across the
channel

(b) Comparison of DC voltage (left) and AC voltage (right) applied
across the channel

Figure 6.3: Examples of applying CEW to Galinstan (from [65])

to slightly move towards the cathode, then stop. As the voltage increased,

the slug stretched further towards the cathode, but the other end stayed in

place causing the slug to keep its position. When the voltage was turned off,

the slug relaxed back into its original form almost in its original position. It

did not move across the tube to the other end. This was consistent from the

findings in [65], shown in Figure 6.3(a). This phenomenon could be useful

in applications that require the metal to be stretched into and out of certain

areas, acting like a switch, but not for those that require moving the metal

through channels to another location.

91



That is why, as recommended in [65], an AC signal was considered. In

Figure 6.3(b), the comparison between using DC voltage and AC voltage is

demonstrated. The figure on the left has a DC voltage applied, so the slug

stretches but the oxidation keeps it from moving forward. The figure on the

right has an AC voltage applied and moves forward through the channel.

Therefore, a DC voltage was first toggled; when it was turned on, the slug

stretched forward towards the cathode then when it was turned off, it relaxed

but at a slightly offset position forward. As the voltage was toggled, the slug

slowly moved forward in jolting movements, showing potential for traveling

across the tube. Then a function generator was used to apply a square wave,

pulse, and sinusoidal wave. The peak-to-peak voltage was ranged from 1 to

8 V, the offset from 0 to 4 V, the frequency from 1 to 100 Hz, and the duty

cycle was set to 50%.

The tests were able to create a back-and-forth movement of the slug, but

not the smooth forward movement similar to what was demonstrated in [65]

and shown in Figure 6.3(b). This was most likely due to the differences in

the set-ups. The diameter of the channel used in [65] was 2mm, which was

almost 300% larger, and therefore required different conditions to move the

slug. Optimal input settings are required to give the Galinstan enough time

to stretch forward on the positive cycle then remove the oxidation that causes

the wetting on the negative cycle, as explained in [65].

The experiments showed some promise for certain applications, and chal-

lenges for others. Either way, it should be further noted that liquid metal

actuation methods were generally tested for temporary operation since the

research is relatively new. Some research studies tested longer lasting options,

such as in [53] where each test underwent 100 trials to identify superior tube
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coating and carrier fluid out of sixteen combinations. However, more research

is needed for certainty in long term solutions for actuating Galinstan.
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