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Abstract

A cascaded spatial-and-frequency-filtering horn antenna is designed to increase sensitivity
for detecting small signals in a congested spectrum environment. Spatial filtering is per-
formed using a corrugated conical horn antenna to achieve 39 dB of separation between the
main beam and the peak sidelobe, and to obtain a circularly symmetric radiation pattern.
Frequency filtering is accomplished by directly cascading the corrugated conical horn an-
tenna with a bandpass cavity resonator filter. A design method for cascading horn antennas
with cavity resonator filters is proposed and validated by matching a conical, corrugated,
and pyramidal horn to a third-order cavity filter and also by matching a conical horn antenna
to a fifth-order cavity filter. The design method eliminates the need for lengthy optometric
tuning using a full-wave electromagnetic (EM) simulator. The conical horn coupled to the
third-order filter is then fabricated using stereolithography (SLA) additive manufacturing
and copper-plated. Measurements of the frequency filtering response and the radiation

pattern of the conical filtering horn antenna are conducted in an anechoic chamber.

Xvii



Chapter 1

Introduction

1.1 Motivation

Freeing up mid-band spectrum resources allows 5G operators to harness desirable frequen-
cies. However, there are also high-priority incumbents that need to be reliably detected, such
as naval-born radar signals along the coastline. Environmental sensing capability (ESC)
sensors are used to detect signals transmitted by the naval-borne radar and to send a signal
to surrounding transmitters operating in the CBRS band to cease transmission [1]. Current
ESC sensors limit the transmission power of 5G operators in the Citizens Broadband Radio
Service (CBRS) band [2] because they have to detect small signals within strong interference.
Improving the sensitivity of these sensors through machine learning and proactive receiver
antenna design will enable 5G operators to transmit at higher power without interfering with
the reception of higher-priority signals [3]. This project focuses on the design of a receiver
antenna that spatially and frequency filters to reduce interference with the reception of
high-priority signals. This is accomplished by directly cascading a filter with a horn antenna
to reduce loss in the receive chain and implementing corrugations in the horn antenna to
reduce the sidelobes of the receive horn. By reducing sidelobes, the beam shape can be
designed to generate positional nulls in gain at the locations of 5G towers [3].

Filters are necessary after the antenna in the receive (RX) chain for ESC sensors to detect
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(Fi)gure 1.1: Diagram of (a) a traditional receive system, and (b) a filtering horn receive system
small-signal, high-priority incumbents and to attenuate high-power telecommunication
signals transmitting in neighboring frequency bands. In traditional receiving systems,
the filter is connected to the antenna via a transmission line, often a coaxial cable or a
waveguide section [4]. However, this transmission line at the front of the receive chain
reduces sensitivity by introducing loss and noise into the system [4]. By cascading the filter
directly with the antenna or by designing the filter and antenna as a single unit, as shown in
Fig. 1.1, these losses can be mitigated.

The work documented in this thesis introduces a matching method for the design of
directly cascaded filtering horn antennas, eliminating the need for extensive parametric
tuning of the filter/horn. For this cascaded filter/horn, the horn is not providing a filtering
pole because the horn antenna operates with a wider bandwidth than the filter bandwidth
and therefore does not contribute a resonance in the filter passband [5]. This will be covered

in more detail in Chapter 4.



1.2 Filtering Horn Antennas

In order to design an iris-fed filtering horn, it is necessary to take into account the complex
load presented by the iris and the horn. Typically, a filter is connected to a system impedance
of 50€2. However, the input impedances of the horn antennas investigated in this thesis,
plotted in Chapter 3, are much higher than that. The filter then has an asymmetrically loaded
structure with a 502 impedance feed and a different complex load.

Filtering horn antennas have been implemented in a number of ways in the literature.
In [6], a nested horn antenna is directly cascaded with a fourth-order dual-mode spherical
filter network for Ka-band and a filtering divider network for K-band. It was printed using
stereolithography (SLA) additive manufacturing and copper-plated for precision and low
cost. The author does not specify how the antennas were matched to the filters.

In [7], [8], and [9], metal posts were inserted within the horn taper to define cavities
acting as resonators for the filter and all three filtering horn antennas were designed using
optimization of the post-resonators in an electromagnetic software, which can be lengthy
and computationally expensive. In [10], a horn was designed that utilizes filtering notches
within the taper of a pyramidal horn antenna to achieve a filtering function without changing
the radiation characteristics of the horn. Although the author of [10] uses an iris to define
the ()..+ between the last cavity of the filter and the final taper to free space, no method for
matching this value to the ()., of the filter was established. A horn similar to that in [10] was
presented in [11]; however, the horn was a circularly polarized filtering conical horn antenna.
The author of [12] first designed the filter, then flared the cavities and re-adjusted the
couplings through tuning using space-mapping. Space mapping is a technique that reduces
the computational load of EM optimization, but it does not eliminate the computational cost
entirely [13].

Another common method for introducing a filtering response within the horn flare is



to insert a split-ring resonator between the waveguide feed and the horn flare. The authors
of [14] utilized a dielectric slab with omega-shaped traces (omega particles) to achieve a
narrow-band filtering response. Both papers [15] and [16] introduced split ring resonators
in a horn feed to achieve a notch bandstop filter response. The authors of [15] demonstrated
that two split ring resonators in the feed can be used to achieve a dual-band notched bandstop
filter, while in [16] an electrically small split ring resonator was utilized. The authors of
[17] used an electrically small cross slot resonator on a metallic screen to achieve circular
polarization with a narrowband bandpass filter design. Frequency selective surfaces have
also been implemented in both substrate integrated waveguide (SIW) and traditional horn
antennas to create filtering horn antennas [18] [19] [20]. However, these methods do not
allow for implementing specific filtering responses, such as Chebyshev responses, because
they rely on inducing nulls at specific frequencies. This gives the designer no control over
the filter’s passband and stopband specifications.

Filtering horn antennas can also be implemented through the use of a gap waveguide
structure as presented in [21] [22] [23], allowing for a fully metallic structure. More
commonly, filtering horn antennas are designed in SIW to allow for flat layouts. These vary
from gap waveguide structures in that a dielectric material is used within the via cavities. A
variety of SIW filters cascaded with horns have been designed [24] [25] [26]. The author of
[24] designed a horn cascaded directly from a trapezoidal cavity using slow-wave metal post
loading to reduce H-plane sidelobe levels and matching stripes at the aperture of the horn.
The authors of [25] presented a non-reciprocal SIW filtering horn using time-modulated
capacitors. There have also been SIW filtering horn antennas designed with the filtering
cavities applied within the taper of the SIW horn [27] [28] [29] [30] [12]. However, these
quasi-planar structures of the gap waveguide and substrate integrated waveguides do not
lend themselves to the design of dual-polarized horn antennas.

The filtering horns described above largely rely on optimization in electromagnetic



solvers such as Ansys HFSS to tune the filter after cascading the horn with the filter.
The author of [29] introduced a design method focused on the design of an SIW filtering
horn structure designed based on coupling matrices, but no detail is given as to how the
coupling matrix is used to derive the physical parameters of the structure. To the best of
the knowledge of this author, there has not been an in-depth procedure for extracting (..
of a dual-polarized horn antenna for matching to cavity filters. Filtenna design methods
have been introduced for other antenna types that focus on the extraction of the ().,; of the
antenna to match the ().,; needed for filter performance based on extracting the lossless
radiation quality factor (),..4 from the structure using Z-parameters [31] [32] or by analyzing
the radiator as an RLC resonator structure [33]. The authors of [34], [35], and [32] used
()44 to match slot antennas to filters. However, these methods share the common feature
of being designed to operate as resonant structures. Horn antennas do not exhibit resonant
behavior at their operating frequency and are typically designed to maintain reactances
near zero. Instead, they operate as a complex load at the filter’s output port, which will be

discussed in detail in Chapter 4.

1.3 Outline

This work demonstrates a design method for a dual-channel, equi-ripple Chebyshev cavity
filter co-designed to be directly cascaded with a corrugated horn antenna, requiring minimal
tuning.

In Chapter 2, the design theory of cavity resonator filters is discussed. The conventional
filter synthesis techniques are then applied to the design of a third and fifth-order Chebyshev
filters. Time-domain tuning will be discussed and applied to tune the filters designed in this
work with ease.

Horn antenna design will be discussed in Chapter 3. The design of traditional conical,



corrugated conical, and pyramidal horn antennas will be discussed. Spatial filtering is
established through the application of corrugations to a conical horn antenna. An iris-
coupled cavity feed will then be developed and applied to feed the three horns to facilitate
control of the ().,; presented by the horn. Performance will be analyzed for all three horns
for both feed types.

In Chapter 4, a method for calculating ()., is derived from the group delay of the iris-
coupled horn antenna. Various permutations of this method are investigated and compared.
The best method is then applied to match a conical, a corrugated conical, and a pyramidal
horn to a third-order Chebysheyv filter. Performance of the methods is analyzed in both the
time and frequency domains. The proposed matching method is then tested by matching the
conical horn to the fifth-order Chebysheyv filter.

Chapter 5 details a brief investigation into the use of modal coupling screws to generate
and radiate circular polarization from a horn fed by a cavity filter that is excited by a single
coaxial probe feed.

Chapter 6 describes the fabrication and measurement process for the conical horn cas-
caded with the third-order filter. The structure is printed in sections using stereolithography
(SLA) additive manufacturing, copper-plated, and measured in an anechoic chamber to
analyze the filtering response and the radiation pattern.

Chapter 7 provides a brief summary of the completed thesis work and its scientific
impact. Future work is proposed to improve the method for matching ()., between the horn

and the filter.



Chapter 2

Filter Design and Theory

This chapter will cover the design of two coupled resonator filters using classic filter
synthesis techniques. The time-domain tuning method is also presented to facilitate tuning
of the final filter. These techniques will then be applied to the design of third- and fifth-order
Chebyshev filters. Chebyshev filters were chosen as they give a high attenuation near-band

at the expense of ripple in the passband [36].

2.1 Coupled Resonator Filter Theory

The initial step in the filter design method introduced in this work is the generation of a
low-pass prototype ladder network [37, 36, 38]. An example of the third-order lowpass filter
prototype is shown in Fig. 2.1. This consists of ideal inductors and capacitors, with their
conductances determined by the g-coefficients for the specific filter type. An n'"-order filter

will have n + 1 g-coefficients. The g-coefficients of Chebyshev filters are [39],

90 = 1, (2.1)
2
g = Zsin = (2.2)
i 2n
el = & ~—forr=1,2,...n—1, 2.3
I T T P s ) 2



and

.
1 for n odd
In+1 = Y e+ 1+ € fornevenand S11(0) > 0 (2.4)
= 11+62 for n even and S11(0) <0
where 7 is defined as

1 1
7 = sinh — sinh " = (2.5)

n €

and the ripple factor, € can be defined by passband ripple L 4 or return loss ripple Ly in

e =\ 1071 (2.6)

decibels (dB) as

or

e— 1 @.7)

The ripple factor is not related to permittivity €, and €.

The g-coefficients represent the conductances for the low-pass prototype with a cutoff
frequency of 1 rad/s and an input impedance of 1 €2. These values can then be scaled
to low-pass, high-pass, band-pass, and bandstop filters with different cutoff frequencies,
fractional bandwidths, and system impedance. The filters being designed for this work are
band-pass filters operating in the CBRS band of 3.55-3.7 GHz. The circuit diagram for this
bandpass filter is demonstrated in Fig. 2.2. Scaling factors can give specific resistances,
capacitances, and inductances, which is great for approximating planar or lumped element
components, where it is relatively easy to achieve specific reactances. However, it is much
more challenging to match specific reactances using cavities and three-dimensional coupling
mechanisms.

Dishal [38] proposed a method for the synthesis of direct-coupled resonator filters with

mainline coupling that relates g-coefficients directly to coupling mechanics. In this method,



Figure 2.1: Lowpass prototype for a third-order Chebyshev filter

Res.1 k;; Res.2 k,3 Res.3

L T T

Figure 2.2: Example of a third-order bandpass filter circuit diagram

the factors for consideration are the resonant frequency, fj, of each resonator, the coupling
between the input port and the first cavity ()..;1, the inter-resonator coupling between each
of the resonators k; ;, and the coupling between the output port and the final cavity Qezso.
The filter is then analyzed as a series of resonators and coupling elements. These coupling

quantities can be calculated directly from the g-coefficients as [37, 38, 40]

Qextl = %7@&%2 = w fori =1to (N — 1) (28)

JKiip1 =
A GiGit+1

The coupling values can be related to the physical structures of cavity filters, enabling
the design of non-planar filters. Using full-wave electromagnetic (EM) solvers, cavities and

irises can be reasonably matched. This process will be detailed in the following sections.



2.2 Input External Coupling

The external quality factor, ()..;1, of the input port of the first resonator is extracted using
a singly-terminated resonator [41]. (Q).,:1 can be found from the phase response of the
reflection coefficient or the group delay. To extract only the effects of the input port, it is
important to simulate only the first cavity or ensure that the following cavities are shorted.

An equivalent circuit for a singly-loaded input/output (I/O) resonator can be seen in Fig.
2.3, where ( is the external conductance attached to the lossless LC resonator [41]. The

reflection coefficient (S11) at the excitation port of the resonator is

Siq = = 2.9
I En il o e 2.9)
where Y}, is the input admittance of the resonator equal to
. 1 . W wWo
Yin = jwC + — = jwC(— — —) (2.10)
JwL Wy W

and wy = 1/v/LC' is the resonant frequency. In the vicinity of resonance, w = wy + Aw,

Y;, can be simplified to

2A
Yy = juC - 222 Q2.11)
Wo

By substituting Y, and noting Q..; = woC'/G, S11 becomes

o 1- erxt ) (QAW/WO)
- 1 -+ erzt . (2AW/M()) )

(2.12)

11

Under the assumption that the resonator is lossless, the magnitude of .Sy, is always equal to
one because in the vicinity of resonance, the parallel resonator shown in Fig. 2.3 behaves

like an open circuit [41]. The phase response of Si;, however, changes with frequency.

10
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Figure 2.3: Equivalent circuit for a singly-loaded i/O resonator
When the phase is £90°, the corresponding value of Aw is

A
2Qext <t =7l (213)
Wo

wo

Qe:ct ’

Therefore, the absolute bandwidth between the +-90° points is Awigge = The external

quality factor ().,; can then be extracted as [41]

Wo

Qea:t = (2 14)

A(,digoo

where Aw_ggo is the difference in frequency between the £90° points w_ and w, shown in
Fig. 2.4a.

Alternatively, ().,;; can be extracted from simulation using the peak group delay of
the reflection coefficient [41] because the group delay is the derivative of the phase of S1;.
Therefore, the group delay peak magnitude represents the slope of the phase response at f.

The peak can be seen in Fig. 2.4b. The relation is given by

Qe = ZH0Tsullo) (2.15)

It is important to note that both methods rely on the group delay or £90° phase shift

to be centered at the center frequency, fy. The reference plane of the EM simulation may

11
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Figure 2.4: Method for the extraction of the (), of a singly-terminated cavity resonator from (a)
the phase response of the reflection coefficient, and (b) the group delay of the reflection response

not always match that of the equivalent circuit in Fig. 2.3, which introduces an extra phase
shift such that the phase of the simulated S11 does not equal zero at resonance [41]. In
a traditional waveport simulation, this shift could be accounted for by de-embedding the
simulation to center the response at resonance [33]. In the case of a coaxial probe, de-
embedding is not possible because the waveport excitation is placed at the start of the probe,

outside the cavity, to simulate the coaxial probe being fed through a transmission line. In

this case, the cavity size is adjusted to keep the group delay centered at resonance.

2.3 Inter-Resonator Coupling

The coupling coefficient, k, is defined as the ratio of coupled to stored energy [37] [41].
The coupling coefficient is difficult to compute in closed form; however, EM solvers enable
extraction of the coupling coefficient for specific geometries without lengthy calculations
[41]. One commonly used method for extracting the inter-resonator coupling is the split-pole

technique [37] [40] [41]. This technique consists of simulating two cavities coupled together

12
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Figure 2.5: Split-pole Technique for extracting coupling between resonators

via the desired coupling mechanism, weakly coupled to the excitation source at both input
and output ports. The splitting of the poles of the two resonators can then be seen in the
transmission coefficient between the input and output ports, as demonstrated in Fig. 2.5.
The expression for determining the coupling coefficient based on the frequencies, f, and f;,
of the split peaks is given as [41],
fi — 12
k=—"—". (2.16)
2
fe+ 12
This method relies on the resonators to be lossless or to have relatively high unloaded quality
factors (Q) to be able to observe the steep peaks of the natural resonant frequencies of the
coupled cavities in the transmission response [37]. It is also necessary that the excitation

structure is weakly coupled to be able to see the two distinct peaks in the Sy; response.

13



2.4 Output External Coupling

A typical filter structure would be connected to lengths of transmission line exhibiting
matching load impedances at either end, and the output external coupling is calculated using
the same method as used for the input external coupling. This would typically be a 5052 line,
but does not have to be. Some filters are symmetric, meaning they have the same input and
output coupling values.

In the case of a direct cascaded filter/antenna, the output port is not the same as the input
port. The output port is replaced with an antenna. This necessitates a method to match the
antenna to the filter’s ().,;. This has been done in a couple of ways for resonant antennas, as
discussed in Chapter 1. However, the horn antenna discussed in this work does not have its
own resonance. Therefore, a method is needed to determine and match the (),..4 of a horn
antenna to the ().,; expected by the filter. This work will present such a method, which will

be detailed in Chapter 4.

2.5 Time Domain Tuning

The design method detailed above gives a starting point for meeting the filter specifications
the designer needs, but it will not be exact because the couplings are all analyzed indepen-
dently of each other, while in the full structure, each coupling will have a loading effect
on the resonant frequencies of the cavities and the other couplings. The designer will need
to fine-tune the filter to get the exact response needed. This can be a lengthy process to
accomplish with frequency domain tuning alone, as it is hard to determine exactly which
part of the overall filter needs adjustment. It leads to a process consisting largely of intuition.
Joel Phillip Dunsmore proposed a method to analyze the filter response in the time domain
to enable more efficient tuning [42]. By taking a windowed inverse Fourier transform of the

filter’s reflection response, it is possible to analyze the couplings and resonant frequencies
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Figure 2.6: Example of an ideal third-order Chebyshev filter with 4.14% fractional bandwidth
FBW and 0.6 dB IL ripple in the (a )frequency domain, and (b) time domain

individually and consecutively. The humps in the magnitude of the reflection coefficient
in the time domain represent the electromagnetic field interactions between the input and
output ports and between the resonators, while each null corresponds to a resonance as
illustrated in Fig. 2.6b [37]. In the frequency domain, it cannot be ascertained exactly which
poles correspond to which couplings and which resonances. However, in the time domain,
the couplings and resonances are represented consecutively. The ideal frequency response
of the filter can be seen in Fig. 2.6a. The following sections detail how to use this method to
tune a filter by comparing the ideal filter’s time-domain response with that of the filter being

tuned. This work does not detail the mathematical derivation of the method, which can be

found in [42].

2.5.1 Tuning Resonators

The nulls in the time-domain response indicate the resonators’ frequency tuning. A higher

null depth indicates a better-tuned resonator. However, magnitude null depth does not
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Figure 2.7: Example of the time domain (a) magnitude, and (b) group delay response where the
resonator is tuned higher in frequency than ideal

indicate whether the resonator is too high or too low in frequency. To obtain this information,
it is necessary to examine the time-domain group-delay response. The ideal group delay
response is plotted along with the group delay of the filter being tuned. The sharp peaks
of the ideal response indicate well-tuned resonators. The size and location of the mistuned
resonator peak relative to the ideal provide insight into the necessary tuning. If the peak
of the mistuned cavity is lower than ideal and lies in the positive half of the group delay
response, shown in Fig. 2.7, then the resonator is tuned to a higher frequency. When the
mistuned resonator is lower in frequency, shown in Fig. 2.8, then the peak is negative, and

the magnitude is lower than ideal [37].

2.5.2 Tuning Field Coupling

The field couplings are tuned in the time domain using the magnitude and null shift of the
humps. The humps are consecutive, beginning with the input external coupling, followed by

the cavity-to-cavity couplings, and then the output external coupling. If the null is shifted
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Figure 2.8: Example of the time-domain (a) magnitude, and (b) group delay response where the
resonator is tuned lower in frequency than ideal

forward and the hump overshoots the ideal response, the external coupling is too low and
needs to be increased. If the null is shifted behind the ideal and the hump is lower than the
ideal, then the coupling is too high and needs to be decreased [37]. Examples of this are

shown in Fig. 2.9. This applies to both the external and internal coupling.

2.5.3 Notes on Time-Domain Tuning

Time-Domain tuning is a powerful tool for the tuning of resonator-based filters. The best
practice is to tune consecutively, starting with the first external coupling and proceeding
cavity by cavity, because the effects of mistuned irises and cavities following the resonance
being tuned are small, whereas mistuned elements occurring before the resonance being
tuned are not. That said, due to the slight loading effects as a resonator is tuned, it is often
necessary to slightly retune the preceding resonator. Some success can also be found by
focusing on tuning the resonances to maximize the depth of the nulls before tuning the

couplings, especially when the time domain response is hard to read. When the resonances
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Figure 2.9: Example of the time domain magnitude of a filter where the ..+ is (a) over-coupled,
and (b) under-coupled
are too far from the required center frequency, the nulls can disappear altogether, making
tuning challenging.

Another important note is in the setting of the time window for the IDFT. The center
frequency of the sweep must match the filter’s center frequency. It is also important that
the frequency sweep is sufficiently large to distinguish between filter sections, but if it is
too large, tuning sensitivity is reduced. A good rule of thumb for the frequency sweep is
to set it to 2 to 5 times the filter’s bandwidth, BIV. Finally, the start time should be set to
t = —(2/mBW), corresponding to the delay of one resonator and the stop time should be
about 2 to 3 times the total filter delay, approximately t = (2N + 1) /(w BW) where N is

the number of resonators.

2.6 Third Order Chebyshev Filter

For this work, a third-order Chebyshev filter with a 0.6 dB insertion-loss ripple and a

fractional bandwidth (F'BW) of 4.14% was designed. These specifications were chosen to
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Figure 2.10: An image of the third-order cavity-resonator filter

balance a low passband ripple with strong out-of-band rejection. When the filter order is
kept consistent, out-of-band rejection decreased as the filter ripple decreased. The fractional
bandwidth encompasses the entire CBRS band. It was initially designed as a simple cavity
resonator filter without accounting for the final cascaded-filtering antenna design, since the
goal is to match the finished horn antenna to the finished filter with minimal post-cascade
tuning. The filter was designed with cubic cavities to support dual-mode operation and cross
slots to facilitate magnetic coupling in both x- and y-polarizations. The third-order filter
structure can be seen in Fig. 2.10. Due to the symmetry of the cubic cavities and cross-slot
magnetic coupling, the modes give identical filter responses with low cross-polarization
coupling. The first and last cavities were fed using a dual-coaxial probe setup. It was desired
to set the coaxial probe length so that Amphenol 132147 candlestick connector probes can
be used without significant modification. The tuned filter response can be seen in Fig. 2.11.
An average insertion loss ripple of 0.6 dB was achieved with a fractional bandwidth of
3.78%. The filter demonstrated 30 dB of attenuation at 3.45 GHz and 15 dB attenuation was

seen at 3.8 GHz.
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Figure 2.11: The filter response of the third-order filter
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Figure 2.12: An image of the fifth-order cavity-resonator filter

2.7 Fifth Order Chebyshev Filter

A fifth-order Chebysheyv filter with a 20 dB return-loss ripple and an F'BW of 4.14% was
also designed using the method detailed above. These filter specifications were chosen to
increase the return-loss ripple, yielding a flatter passband. With higher orders, out-of-band
rejection also increases. The filter topology is shown in Fig. 2.12, and the tuned filter
response is shown in Fig. 2.13. An average insertion loss ripple of 19.3 dB was achieved
with a fractional bandwidth of 4.01%. The fifth-order filter will be used to validate the

matching method proposed in Chapter 4 across different filter orders.
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2.8 Conclusion

This chapter described the cavity resonator design and time-domain tuning methods. They
were then applied to the design and tuning of a third-order and a fifth-order Chebyshev

cavity filter. Tuned results for both filters were presented.
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Chapter 3

Horn Design

Horn antennas are a popular choice for communications operations due to their wide
bandwidth [43]. A wider bandwidth than the filter’s will ensure the antenna acts as a load
rather than a pole of the filter [S]. This chapter introduces the design of three different types
of dual-polarized horn antennas. First, the design of conical, corrugated, and pyramidal
horns fed through traditional waveguides (WG) is presented. A strategy is then presented for
feeding both polarizations of all three horns by coupling the horn to a cavity feed through a

cross-slot iris to create a method for tuning the (),..q of the horn.

3.1 Conical Horn with Circular Waveguide

There are a variety of design methods to optimize different characteristics of conical horn
antennas, such as bandwidth [44], directivity [43], and radiation pattern [45]. This work
focuses on optimizing the conical horn antenna to later support optimal corrugation for
spatial filtering. The design procedure in [46] was used to design the conical horn antenna
that can be seen in Fig. 3.1 where a is the radius of the horn aperture, b is the radius of the
feed waveguide, and c is the length of the horn.

The waveguide and conical horn were designed to have a return loss greater than 25 dB

throughout the band of interest, indicating low power reflected back to the source as seen in
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?:gure 3.1: Conical horn ante(:ria fed with circular waveguide shown from an (a) isometric view,
and (b) side view

Fig. 3.2a. The investigations carried out in Chapter 4 found that in order to achieve low Q).
for matching the horns to the filters, it was advantageous to keep the input reactance of the
horn as low as possible throughout the band of the desired filter. For all three horn antennas,
this meant keeping the waveguide cutoff frequency as far from the operating frequency of
the horn as possible without allowing the propagation of higher-order modes. The cutoff
frequency was adjusted by changing the waveguide size. The input impedance for all three
horn antennas is shown in Figs. 3.2b, 3.7b, and 3.11b. It is shown that the cutoff frequency
occurs around 2.5 GHz, and that within the CBRS band, the input reactance remains near
ZEero.

The realized gain of the conical horn can be seen in Fig. 3.3 with a max gain at boresight
of 14.73 dB with a peak side-lobe level of -2.8 dB at 52° off of boresight in RGy at ¢ = 90°.
It can also be seen that there is low cross-polarization, which is ideal for horns that support
dual-polarization, as it prevents the two polarizations from interfering. Asymmetry in the
radiation pattern can be seen between RGy at ¢ = 90° and RG; at ¢ = 0° even though the

conical horn is circularly symmetric. This occurs because the 7'E';; mode that the conical
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Figure 3.2: The (a) S-Parameters, and (b) Z-Parameters of a conical horn antenna fed with a circular
waveguide, excited by a single polarization

horn is fed with is not symmetric in both x and y-coordinates as shown in Fig. 3.5.

3.2 Corrugated Conical Horn with Circular

The sidelobe levels of the conical horn are only 16 dB lower than the main beam. High
sidelobes in the horn’s radiation pattern increase interference from surrounding transmitters
in the same frequency band. An example of a high-sidelobe radiation pattern, compared
with a lower-sidelobe pattern, in a physically congested environment is shown in Fig. 3.4.
Circumferentially corrugated conical horns are a popular choice for reducing sidelobe levels
and generating a rotationally symmetric main beam [47]. A corrugated horn was designed
using the design curves for a narrowband corrugated horn antenna given in [46] and can
be seen in Fig. 3.6. Sidelobe and backlobe radiation from horn antennas is largely caused
by currents on the outside of the horn antenna [48]. Corrugations reduce sidelobe levels
by varying the reactance along the length of the horn, which will induce the hybrid H F,

and the combined electric and magnetic modes reinforce in the center of the cavity and
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Figure 3.3: The realized gain of a conical horn antenna fed with a circular waveguide with a single
polarization in (a) polar, and (b) Cartesian format with a maximum gain of 14.73 dB at boresight

cancel around the perimeter of the horn aperture as shown in Fig. 3.5 [49]. This reduces the
currents that travel from the aperture down the sides of the horn. Due to the transition from
the 7'F/4; mode to the hybrid H E1, the radiation pattern is circularly symmetric because
the H E'1; mode is symmetric in E- and H-planes [49].

The waveguide and corrugated horn were matched to give a return loss greater than 24
dB, shown in Fig. 3.7a, across the band of interest. The same waveguide used for the conical
horn was used for the corrugated horn to ensure low input reactance in the CBRS band, seen
in Fig. 3.7b.

The realized gain for this corrugated horn can be seen in Fig. 3.8 with a max gain of
13.23 dB at boresight with peak sidelobe levels of -26.64 dB at 92 degrees off of boresight.
There is a 1.5 dB reduction in peak gain of the main beam at boresight. This is due to the
beamwidth widening slightly compared to the conical horn. A comparison between the
normalized realized gain of the conical and the corrugated horns can be seen in Fig. 3.9.

It can be seen that the 3 dB beamwidth increases from 16° in 6 to about 24° in 6 when
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Figure 3.4: Diagram of spatial filtering through reduced sidelobes where the yellow radiation pattern
demonstrates a traditional horn and the red radiation pattern demonstrates a horn with spatial filtering
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Figure 3.5: Comparison of the electric field distributions for a conical horn antenna compared to a
corrugated horn antenna
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Figure 3.6: Corrugated horn antenna fed with circular waveguide shown from an (a) isometric view,
and (b) side view
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Figure 3.7: The (a) S-Parameters, and (b) Z-Parameters of a corrugated conical horn antenna fed
with a circular waveguide, excited by a single polarization
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Figure 3.8: The realized gain of a corrugated conical horn antenna fed with a circular waveguide
with a single polarization in (a) polar plot, and (b) Cartesian format with a maximum gain of 13.23
dB at boresight

corrugations are introduced. It can also be seen that the separation between the sidelobe and
the main beam is 39 dB for the corrugated case and only 17 dB for the high-sidelobe plane of

the conical horn. It can also be noted that the corrugated horn successfully introduces circular

symmetry, giving both E- and H-planes low sidelobes and identical radiation patterns.

3.3 Pyramidal Horn with Square Waveguide Design

A pyramidal horn fed by a square waveguide was designed with [49] as a starting point and
optimized for an ideal radiation pattern in Ansys HFSS. It was designed with a return loss
greater than 20 dB across the band, shown in Fig. 3.11a. The waveguide was once again
designed to ensure cutoff was well below the filtering band, giving low input reactance,
shown in Fig. 3.11b.

The realized gain for the waveguide-fed pyramidal horn can be seen in Fig. 3.12 with a

max realized gain of 12.62 dB at boresight and a peak sidelobe level of -7.4 dB at about 86°
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Figure 3.10: Pyramidal horn antenna fed with circular waveguide shown from an (a) isometric view,
and (b) side view
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Figure 3.11: The (a) S-Parameters, and (b) Z-Parameters of a pyramidal horn antenna fed with a
square waveguide, excited by a single polarization

off of boresight.

3.4 Iris-Fed Horns

It was necessary to design a method to control the coupling between a cavity feed and the
previously discussed horns. For this, the cross-slot iris design was chosen for its ability to
magnetically couple orthogonal polarizations with low cross-coupling. It was important that
the iris-coupled horn maintained the same radiation pattern and achieved the same gain at
boresight as the waveguide-fed horn. Fig. 3.13 compares a dual-polarized conical horn fed
with a traditional circular waveguide with the same conical horn fed with a cavity excited
by a coaxial probe and coupled to the horn via the cross-slot iris. The realized gain and
radiation patterns are nearly identical aside from the waveguide-fed horn having slightly
deeper nulls at the edges of the main beam and some slight changes in the side and back
lobes. The main beam gain remains identical.

The iris-coupled conical horn antenna, shown in Fig. 3.14, exhibited narrow-band
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Figure 3.12: The realized gain of a pyramidal horn antenna fed with a square waveguide with a
single polarization in (a) polar plot, and (b) Cartesian format with a maximum gain of 12.62 dB at
boresight
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;ili)gure 3.14: The (a) full conical h(()?r)l fed by an iris coupled cavity, and (b) a close-up of the coaxial
feed, cavity, and iris for the conical horn

behavior in the reflection coefficient due to the resonance of the cavity feed, and the conical
horn was matched at the center frequency to achieve a return loss of approximately 20 dB,
as shown in Fig. 3.15.

The radiation patterns for both E- and H- planes for both feeds are shown in Fig. 3.16.
The maximum gain at boresight for both feeds is 14.57 dB. With a separation between
co-polarized and cross-polarized gain of 21 dB.

The iris-coupled corrugated conical horn antenna, shown in Fig. 3.17, exhibited narrow-
band behavior in the reflection coefficient due to the resonance of the cavity feed, and the
conical horn was matched at the center frequency to achieve a return loss of approximately
20 dB, as shown in Fig. 3.18.

The radiation patterns for both E- and H- planes for both feeds are shown in Fig. 3.19.

The maximum gain at boresight is 13.04 dB. With a separation between co-polarized and
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Figure 3.15: Return loss of the conical horn fed by the iris-coupled cavity

cross-polarized gain of 20.58 dB. The minimum separation between the main beam and the
peak sidelobe for either polarization is 37.1 dB.

The iris-coupled pyramidal horn antenna, shown in Fig. 3.20, exhibited narrow-band
behavior in the reflection coefficient due to the resonance of the cavity feed, and the conical
horn was matched at the center frequency to achieve a return loss of approximately 20 dB,
as shown in Fig. 3.21.

The radiation patterns for both E- and H- planes for both feeds are shown in Fig. 3.22.
The maximum gain at boresight for both feeds is 12.44 dB. With a separation between
co-polarized and cross-polarized gain of 23.23 dB. This is higher than the waveguide-fed

pyramidal horn because of the strict polarization separation of the cross-slot coupled feed.
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(a) (b)
Figure 3.17: The (a) full corrugated conical horn fed by an iris coupled cavity, and (b) a close-up of
the coaxial feed, cavity, and iris for the corrugated conical horn
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Figure 3.18: Return loss of the corrugated conical horn fed by the iris-coupled cavity
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(a) (b)
Figure 3.20: The (a) full pyramidal horn fed by an iris coupled cavity, and (b) a close-up of the
coaxial feed, cavity, and iris for the pyramidal horn
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Figure 3.21: Return loss of the pyramidal horn fed by the iris-coupled cavity
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Figure 3.22: The realized gain of the pyramidal horn for the x-polarized feed in (a) polar and (b)
cartesian and for the y-polarized feed in (c) polar and (d) Cartesian, with a maximum boresight gain
of 12.44 dB
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3.5 Conclusion

The design of a conical, a corrugated, and a pyramidal horn was demonstrated. A method
for creating a tunable ()., of the horns was presented and validated. It is implemented
without impacting the horn’s performance. In Chapter 4, this tunable ()., method will be
used to design the ()., of the horns to match the ()., of the tuned cavity resonator filters

discussed in Chapter 2.
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Chapter 4

Analyzing ().,; of a horn for matching to filter

Horn antennas are not designed to be resonant at their center frequency. Instead, they
present a complex load impedance where they attach to the feed structure. Some narrowband
behavior can be introduced through the use of an iris to couple between the last cavity of the
filter and the antenna; however, this is the resonance of the cavity, not the resonance of the
horn antenna. A circuit diagram of a horn antenna serving as a complex load at the output
of a third-order cavity resonator filter is shown in Fig. 4.1, while the circuit diagram of a
resonant antenna, in this example, it is a slot antenna acting as a parallel resonator, can be
seen in Fig. 4.2. It should be noted that the complex load introduced by the horn will have
both reactance and resistance, but it cannot be represented by a single RLC tank at f,. This
behavior is shown in the input impedance behavior comparison in Fig. 4.3. An example of
the impedance behavior of a resonant structure adapted from [50], shown in Fig. 4.3a, will
have a reactance that crosses zero at the resonant frequency and that will coincide with a
peak in the resistance. The horn antenna does not exhibit this same resonant behavior as
shown in Fig. 4.3b.

As the (), [32] [31] and RLC representations [33] both operate under the assumption
that the radiator is resonant at the center frequency of the filter, fj, these methods cannot be
used to derive the ()., that a horn antenna presents at the load of the filter.

This chapter details a proposed matching method for matching a dual-polarized horn
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parallel resonator, and (b) the input impedance behavior of the conical horn antenna
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antenna to a dual-channel cavity filter. It was necessary first to determine the ().,; value
needed for the tuned filter, then design an iris-coupled horn antenna to match this necessary
value. Properly matching a dual-polarized horn antenna to a filter with ()., matching
reduces computational power and time needed for tuning. It will enable the widespread
implementation of cascaded filtering horn antennas with reduced design time. A conical
horn attached directly to a cavity filter can be seen in Fig. 4.4a. The iris between the last
cavity and the base of the horn is simply a circle that is the diameter of the width of the
cavity, as shown in Fig. 4.4b. The frequency domain filter response, time domain group
delay magnitude, and time domain magnitude can be seen in Fig. 4.5a, 4.5b, and 4.5c,
respectively. It can be seen that the passband of the filter/horn is narrower than the original
filter, and there are only two apparent nulls. There is also a decrease in the return loss ripple
of more than 15 dB within the passband. This filter/horn requires a long, involved tuning
process to return to match the initial filter response. A method of matching the horn to the

filter by matching the ()., of the horn and the filter greatly hastens this process.

4.1 Q. of filter

Chapter 2 discussed how to calculate the ().,; necessary for the synthesis of a cavity
resonator filter from the lowpass prototype g-coefficients. However, those were a starting
point, and the tuned filter likely has a slightly different tuned ()., than calculated. Therefore,
it is first necessary to extract what the ()., of the tuned filter is.

The group delay method discussed in Chapter 2 for extracting the group delay of a
singly-terminated cavity from EM full-wave simulation can be used to extract the (..o of
the tuned filter when the simulation is run using identical dimensions as the last cavity/port
of the tuned filter. This, however, can pose problems when the group-delay peak is not

centered at f; in the dual-channel case. The author of [33] discusses the need to de-embed
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(a) (b)
Figure 4.4: The (a) full filter cascaded with the conical horn without a designed iris, and (b) a
close-up of the feed between the filter and the conical horn
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Figure 4.5: The (a) frequency-domain filter response, (b) time-domain group delay magnitude, and
(c) time-domain magnitude of a dual-polarized, conical horn antenna directly attached to a third-order
filter without matching or a specific iris
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the feed to keep the group-delay peak/phase shift at the center frequency. In the case of a
dual-channel cubic cavity, de-embedding would affect only a single polarization. Ansys
HESS also treats waveport simulations as a waveguide. It becomes necessary to use a coaxial
probe feed (or a similar coupled feed) to simulate the required cavity modes, making it
impossible to de-embed into the cavity to center the peak at f, since the waveport is placed
outside the cavity to simulate a transmission line. The cavity size then needs to be adjusted
to center the group-delay peak at f,. When adjusting the cavity size, the coaxial feed’s
location relative to the cavity’s magnetic fields also changes, which can affect coupling into
the mode. Different methods for extracting the ()., of the tuned horn were investigated
using the group delay extraction method and using a method of analyzing coax coupling
into resonators by plotting the reflection coefficient on the Smith chart discussed in [51].
A resonator operating near resonance will demonstrate a circle when the reflection
coefficient is plotted across frequency [51]. The diameter (d) of this circle corresponds to the

coupling coefficient (k) as kK = ﬁ [51]. Then the loaded quality factor can be determined

from @ = ﬁ—‘; orQp = flf_L 7, tan ¢, where fr is the center frequency of the loaded cavity,
¢, 1s the arbitrary angle chosen for calculating diameter, and f; and f; are the frequencies
corresponding to +¢ . For all assumptions and derivations, refer to [51]. However, upon
application of this method in the ()., extraction of a coaxial probe coupled filter, the values
obtained for ().,; were not logical for a cavity resonator coupled using a coaxial probe.
Upon further investigation, it was found that [51] does not hold when coupling is strong
[52], and the horn required strong coupling into the cavity for proper coupling to the horn

for excitation. Therefore, the best method available for this structure is the extraction of

(Qest using the group delay method described in [41].
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4.2 Extracting ()..; of a Horn Antenna

The next challenge is in extracting the ()., of the horn antenna. There are a few established
methods for extracting the ().,; of an antenna [33] [31], however, they rely on the antenna
itself being a resonant structure and cannot be applied to ()., extraction of a horn. However,
with some considerations, the group delay method used to find the ()., of the coaxial fed
cavities can be applied to extract the ()., of the iris-coupled horn antenna.

The simulation for extracting the ().,; of the horn antenna using group delay needs to
operate with the proper cavity modes, so it needs to be excited with a coaxial probe. This
structure can be seen in Fig. 4.6a. It should be noted that the ()., of the horn was extracted
using a single coax feed, but the full cross-slot was simulated as the off-polarization slot
will still affect the overall coupling of the horn slightly. Through symmetry, the dimensions
were later applied to the dual-polarized filter/horns. The diagram of dimensions used for
matching can be seen in Fig. 4.6b. The cavity size also has to be adjusted to keep the group
delay centered at fy. There is also the challenge of extracting the ()., of the horn only,
without the effects of the coupling of the coaxial probe being included in this value. The
effects of the coaxial feed were extracted using group delay in a separate simulation of a
singly-excited cavity in an attempt to remove the effects of the coaxial feed to the horn

simulation from the final values for horn Q..

4.3 Matching Methods

Five methods were tested to extract the ().,; from the filter. The simulated structure can
be seen in Fig. 4.7. The first method was to extract the group delay at f; without shifting
the cavity size (C'avW). This means the peak group delay did not occur at f,. The
second method was to adjust the peak group delay to fj, keeping the coaxial probe distance

(CoaxOffset) from the cavity wall constant as the cavity size changed. The third method
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Figure 4.6: The (a) full view, and (b) the zoomed view of a conical horn antenna fed by an iris-
coupled cavity.

48



Filter Q_ . Extraction

ext

AAE)

Figure 4.7: Diagram of the filter J.,; extraction

was to take the peak group delay at the frequency it occurs f,e.r and match the horn to
this group delay at that frequency. The fourth method was to shift the peak group delay to
fo by changing (CavW) and adjusting (CoaxOffset) in proportion to the new cavity size
relative to the old cavity size. This may be an iterative process if the group-delay peak shifts
as the coaxial probe position is changed. Finally, the fifth method was to shift the peak
group delay to f, using C'avWW and keeping the coaxial probe distance from the center of
the cavity consistent as the cavity size changed. This keeps the coaxial probe, an inductive
feed structure, in a consistent location relative to the magnetic field distribution in the cavity.

It was also necessary to test the methods for accounting for the ().,; of the coaxial
feed of the cavity-fed iris-coupled horn simulation. This was accomplished by extracting
the group delay of the single cavity fed with the coaxial probe, with the probe size and
location, and the cavity size matching those of the cavity-fed iris-coupled horn simulation.
A diagram of the simulation used to find the effects of the coaxial feed can be seen in Fig.

4.9. For all methods except for Method 3, an attempt was made to de-embed the ().,; of
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the coaxial probe feed. Cavity size (C'avW) began as the size of the cavity-fed iris-coupled
horn simulation. The coaxial probe location began with the same location as the cavity-fed

iris-coupled horn simulation. The effects of the coaxial probe feed were calculated using

1 1 1

= +
Qprobe,iris,horn Qprobe Qhorn

(4.1)

where ) ope 15 the ()., found when simulating the singly-terminated cavity with the coaxial
feed, Qpnorn 1s the Qc,¢ presented by the horn, and Q) probe iris,horn 18 the Qcy: presented by the
group delay of the cavity-fed iris-coupled horn antenna simulation. By setting ()}, equal
to the ()., of the tuned filter, the necessary group delay of the cavity-fed iris-coupled horn
simulation can be found that accounts for the ().,; of the coaxial probe. This coaxial probe
de-embedding process can be iterative. When matching the cavity-fed iris-coupled horn
simulation to the new group delay, it may be necessary to change the cavity dimensions, and
the entire process may need to be repeated.

Extracting the coaxial feed effects using the group delay method required the same
considerations as those applied to extracting the ()., of the tuned filter. The coaxial probe,
simulated as a single feed to a cavity with the same dimensions as the cavity-fed iris-coupled
horn simulation, had a peak centered at 3.775 GHz, as shown in Fig. 4.8. Method 1 was
tested without accounting for the coaxial feed effects and with the coaxial probes accounted
for, using group-delay shifted with C'avW to get the peak at f,. Method 2 was tested both
without accounting for the coaxial probe effects and with them accounted for using group
delay shifted using CavW to get the peak at f,. Method 3 was tested without accounting
for the effects of the coaxial probe feed. Method 4 was tested without taking coaxial feed
effects into account and by taking the effects into account using group delay peak shifted

to be at f; using C'avWW and adjusting coaxial probe location (CoaxO f f set) by ratio of

CavWyew

Caol Method 5 was tested without taking coaxial feed effects into account and with
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Figure 4.8: Group delay of initial coaxial probe feed

them accounted for, using a peak group delay shifted by C'avW to occur at f;, and keeping
the coaxial probe location (Center Distance) at a consistent distance from the center of the

cavity.

4.4 Method Comparisons

* Method 1: Filter group delay is extracted at f, without shifting peak using CavW

— Method 1.1: Coaxial probe effects were not calculated

— Method 1.2: Coaxial probes effects were calculated by peak group delay centered

at fo using CavWW

* Method 2: Filter group delay is extracted at f, after shifting group delay peak using

CavW

— Method 2.1: Coaxial probe effects were not calculated
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Figure 4.9: Diagram of the coaxial feed ()., extraction

— Method 2.2: Coaxial probes effects were calculated by peak group delay centered

at fo using CavWW

* Method 3: Filter group delay is extracted at f,.q; and horn is matched to that group

delay at fieax

— Method 3.1: Coaxial probe effects were not calculated

* Method 4: Filter group delay is extracted at f, after shifting group delay peak using

CavWpew

Cavl¥V and then adjusting coax position by = p”

— Method 4.1: Coaxial probe effects were not calculated
— Method 4.2: Coaxial probes effects were calculated by peak group delay centered

CavWhew

at fo using CavW and then adjusting coax position by Z* e -

* Method 5: Filter group delay is extracted at f, after shifting group delay peak using

CavW and coaxial Center Distance is kept consistent
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Figure 4.10: Example of the mesh of a cavity filter

— Method 5.1: Coaxial probe effects were not calculated

— Method 5.2: Coaxial probes effects were calculated by peak group delay centered

at fo using CavW and coaxial Center Distance is kept consistent

The matching methods were compared by analyzing the time-domain responses of the
filter/horns relative to the tuned filter without the horn, to better understand the behavior
of each iris and cavity. The structures were simulated using Ansys HFSS, a mesh-based
solver. This means the structure is meshed for field analysis, with a tighter mesh yielding
more accurate results but taking longer. The default mesh settings are based on the solution
frequency. It is generally advisable to set this to the highest frequency in the band, as the
mesh size is based on the wavelength at that frequency. The field analysis varies with mesh
size, so it is necessary to mesh as finely as time allows. It was found that setting the same
solution frequency yields the best match between the horn and filter simulations. It was set
to the top of the filter band, 3.8 GHz, for the matching case comparisons, and to 6 GHz for
the final matching between the different horns and the filter, as well as for the conical horn

matched to the fifth-order filter. An example of the cavity mesh is shown in Fig. 4.10.
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(Fi)gure 4.11: The (a) group delay magnitude, and (lg) )the magnitude of the time-domain response for
the matching using Method 1.1 of a conical horn antenna to a third-order filter.

Fig. 4.11 shows the time-domain group delay magnitude and the time-domain magnitude
of the filter/horn matched using Method 1.1 compared to that of the original third-order
filter. It can be seen in Fig. 4.11a that the resonant frequencies of the first two cavities differ
from the original filter. In Fig. 4.11b, it can be seen that ()., is tuned well but that the % -
is over-coupled. The rest of the couplings appear to be close to what they need to be. It is
important to remember, however, that detuning in preceding cavities affects later cavities,
but the full time-domain response still provides some insight into the tuning of the filter/horn
relative to the original filter.

Fig. 4.12 shows the time-domain group delay magnitude and the time-domain magnitude
of the filter/horn matched using Method 1.2 compared to that of the original third-order
filter. Fig. 4.12a shows that the first and second resonator sizes are again detuned. It can
also be seen in Fig. 4.12b that k; 5 is so strongly coupled that the hump of the coupling
almost completely disappears. ks 3 appears to be under-coupled based upon the location of

the null representing the third cavity.
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Figure 4.12: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 1.2 of a conical horn antenna to a third-order filter.

Fig. 4.13 shows the time-domain group delay magnitude and the time-domain magnitude
of the filter/horn matched using Method 2.1 compared to that of the original third-order filter.
It can be seen in Fig. 4.13a that the first and second resonator frequencies are detuned, and
the third resonator is detuned enough that the resonance is not even visible in the group delay
plot. Fig. 4.13b shows that £, 5 is extremely over-coupled and £, 3 appears under-coupled.

Fig. 4.14 shows the time-domain response of the conical horn antenna matched to the
third-order filter using matching method 2.2. Fig. 4.14a demonstrates that the first and
second resonators are detuned. Fig. 4.14b shows that ()., is tuned but £ 5 is over-coupled
and k, 3 is slightly under-coupled.

Fig. 4.15 shows the time-domain response of the conical horn antenna matched to the
third-order filter using matching method 3.1. Fig. 4.15a shows that all three resonances are
de-tuned in frequency and Fig. 4.15b shows that all couplings aside from ().,;; are de-tuned.
Given how detuned the resonances are, it is unclear in which direction the couplings are

detuned.
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Figure 4.13: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 2.1 of a conical horn antenna to a third-order filter.
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Figure 4.14: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 2.2 of a conical horn antenna to a third-order filter.
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Figure 4.15: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 3.1 of a conical horn antenna to a third-order filter.

Fig. 4.16 shows the time-domain response of the conical horn antenna matched to the
third-order filter using matching method 4.1. All of the resonances are well tuned with the
exception of the first, as seen in Fig. 4.16a. However, Fig. 4.16b shows that ()., is too
high. k; » and k3 are off as well although that could be due to ()., being de-tuned.

Fig. 4.17 shows the time-domain response of the conical horn matched to the third-order
filter using Method 4.2. The group delay magnitude, seen in Fig. 4.17a, shows that the first
and second resonators are detuned. It can be seen in Fig. 4.17b that ()., is well tuned and
k1 o is over-coupled.

Fig. 4.18 shows the time-domain response of the conical horn matched to the third-order
cavity filter using method 5.1. As shown in Fig. 4.18a, the resonances are all tuned close
to those of the original filter. It can be seen in Fig. 4.18b that ().,;; matches the original
filter well. k; » is over-coupled, but the humps representing ks 3 and ()., appear to end at
roughly the same points in time as the original filter.

The time-domain response for the conical horn matched to the third-order filter is seen

57



-20
40
% -60
2
g )
g Z 0
= 3
S S-100¢
E =
4
G -10 ] 120
-15 1
-140
-20 ] riginal Filter
Filter/Horn
25 ‘ ‘ . . ‘ ‘ ‘ 160 ‘ ‘ . . ‘ : :
-1 -10 -5 0 5 10 15 20 25 -1 -10 -5 0 5 10 15 20 25
Time [ns] Time [ns]
(a) (b)

Figure 4.16: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 4.1 of a conical horn antenna to a third-order filter.
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Figure 4.17: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for

the matching using Method 4.2 of a conical horn antenna to a third-order filter.
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Figure 4.18: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 5.1 of a conical horn antenna to a third-order filter.

in Fig. 4.19. It can be seen in Fig. 4.19a that the first and second resonators are detuned,
and in Fig. 4.19b it can be seen that k; > and k3 3 are detuned.

Looking at the time-domain plots for all matching methods, the coaxial de-embedding
method did not yield significantly improved results and is complicated and iterative. The
lack of improvement in matching with coaxial de-embedding is because, as shown in Fig.
4.8, the coaxial feed of the cavity-fed iris-coupled horn simulation was designed in such a
way that the group delay of the response is much higher in frequency than f, and is outside
of the filter band of interest. It would then be expected that the coaxial probe would not
have a significant impact on the overall ().,; of the cavity-fed iris-coupled horn simulation
when the group delay is analyzed at f,. The ()., extracted using (),..q in [32] also does not

calculate the effects of the feed and still achieves solid filtenna synthesis.
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Figure 4.19: The (a) group delay magnitude, and (b) the magnitude of the time-domain response for
the matching using Method 5.2 of a conical horn antenna to a third-order filter.

4.5 Varying Horns

The method that gave the most satisfactory results was Method 5.1, as the first resonator is
well matched and all subsequent resonances are identifiable in the time-domain response.
The couplings were fairly well-tuned aside from £; 5, which was detuned for all methods.
Method 5.1 was then applied to match the corrugated horn and pyramidal horn designed
in the previous chapter to the third-order Chebysheyv filter, to test its replicability and versa-
tility across different dual-polarized horn antennas. The method was applied to matching the
conical horn antenna, the corrugated conical horn antenna, and the pyramidal horn antenna
to the third-order filter. Even with the solution frequency set to the same value across all
simulations, the large size differences between the horns led to uneven meshing among
filters/horns, making comparisons difficult. Therefore, a mesh operation was forced to define
exactly the mesh size in the filter structure. The mesh length in the slots was set to 1.5 mm,

and the mesh inside the cavities was set to 10 mm. The filter simulated with this updated
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Figure 4.20: Final tuned third-order filter response simulated with a solution frequency of 6 GHz
and set mesh length
mesh is shown in Fig. 4.20.

The initial match for the conical horn coupled to the third-order filter can be seen in Fig.
4.21a, and the frequency domain filter response can be seen in Fig. 4.21b. The time-domain
group delay and magnitude responses are shown in Fig. 4.21c and 4.21d, respectively.
All three resonances are visible in the frequency response and occur at approximately the
same location as the original filter resonances. The average return loss ripple is 4.55 dB
lower for the filter/horn, and the bandwidth is narrower by 0.006 GHz. Looking at the
time-domain group-delay response, the resonators appear to be approximately tuned to the
proper frequency. However, it can be seen in the time-domain magnitude that while the Q).
appears to be tuned, k; » appear over-coupled.

The initial match for the corrugated conical horn matched to the third-order filter can
be seen in Fig. 4.22a. The frequency-domain filter response is shown in Fig. 4.22b, and
it can be seen that all three resonances are visible in the frequency response and occur at
approximately the same location as the original filter resonances. The average return loss

ripple is 4.24 dB lower, and the bandwidth of the filter/horn is 0.0074 GHz narrower than
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Figure 4.21: The (a) conical horn coupled to the third-order filter with a cross-slot iris, (b) frequency-
domain filter response, (c) time-domain group delay magnitude, and (d) time-domain magnitude of a
dual-polarized, conical horn antenna directly attached to a third-order filter using a singly-polarized

matching method
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that of the original filter. The time-domain group delay magnitude is shown in Fig. 4.22c,
and it can be seen that the resonator frequencies are tuned close to those of the original filter.
Fig. 4.22d shows that the coupling is well-tuned aside from k; ; being over-coupled.

The initial match for the pyramidal horn coupled to the third-order filter can be seen in
Fig. 4.23a. The frequency-domain filter response is shown in Fig. 4.23b, and it can be seen
that all three resonances are visible in the frequency response and occur at approximately
the same location as the original filter resonances. The average return loss ripple is 5.13
dB lower than that of the original filter, and the bandwidth of the filter/horn is 0.0087 GHz
narrower. The time-domain group delay magnitude is shown in Fig. 4.23c. It can be seen
that the first and second resonators’ resonant frequencies differ from those of the original
filter. Fig. 4.23d shows that ()., is lower than the original filter and % » is over-coupled.

The method was similarly successful across all three horns it was tested with. The
proposed matching method yields a much closer match than simply attaching any horn to
the cavity filter. Some time-domain tuning will be required to replicate the original filter

response exactly, but the starting point for that tuning has been greatly improved.

4.6 Varying Filters

It was then necessary to determine if this method is applicable to any cavity resonator filter.
The conical horn antenna was matched to the fifth-order filter using the method proposed.
The conical horn coupled to the fifth-order filter can be seen in Fig. 4.24a and the frequency-
domain filter response can be seen in Fig. 4.24b. It can be seen that all five nulls in the
return loss are present in the filter/horn and occur at approximately the same frequencies as
those of the original filter. However, the average return loss ripple is 9.97 dB lower than that
of the original filter. The bandwidth of the filter/horn is 0.0042 GHz wider than the original

fifth-order filter. The time-domain group delay magnitude is shown in Fig. 4.24c. The first
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Figure 4.22: The (a) corrugated conical horn attached to the third-order filter with a cross-slot iris,
(b) frequency-domain filter response, (¢) time-domain group delay magnitude, and (d) time-domain
magnitude of a dual-polarized, corrugated, conical horn antenna directly attached to a third-order

filter using a singly-polarized matching method

64



20 20

CBRS Band

—
=]

10

[}

0

—
=
Realized Gain [dB]

Y
=

S-Parameter Magnitude [dB]|

=30 -30
—X-Pol S11
= -Y-Pol S11
40 e Original Filter S11|7 -40
—X-Pol RG
7 = =Y-Pol RG
-50 ‘ ‘ ‘ : ‘ ‘ -
345 3.5 3.55 3.6 3.65 3.7 3.75 3.8
X Frequency |[GHz|
(a) (b)
40
30¢
20f
<
£ 10} —
W
&1 E-100{
(=9
220 = )
<€) 120 ¢
30 :
40}
-40
-50 ‘ ‘ ‘ ‘ ‘ ‘ ‘ -160 : : : : : : :
(5 100 -5 0 5 10 15 20 25 \5 -10 5 0 5 10 15 20 25
Time [ns] Time [ns]
(©) (d)
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and second resonators are well-tuned, and the third resonator is slightly higher in frequency
than that of the original filter. The fourth and fifth resonators have become so detuned that
they are largely invisible in the group delay magnitude. The time-domain magnitude can be
seen in Fig. 4.24d. ().,1 and k; o couplings match the original filter exactly, but the rest of
the couplings are almost indistinguishable, likely due to the resonances being very detuned.
The matching method provides a strong starting point for further tuning of the fifth-order

filter, which is coupled directly to the conical horn.

4.7 Dual-Polarized Considerations

Up until now, the Q).,; values were extracted from simulations operating with a single
polarization because the isolation between the polarizations was expected to be low based
on the isolation demonstrated by the filter with this same square cavity and cross-slot
iris topology. The isolation between the filter polarizations is shown in Fig. 4.25. The
isolation is 15 dB or greater throughout the filter bandwidth. However, even the small
cross-polarization coupling could affect the values for ()., of the filter and horn antenna, so
this section investigates how the matching success changes when the ()., is extracted from
dual-polarized simulations. The second coaxial probe also has a loading effect on the ().,
of the tuned filter, which should be accounted for to give the most accurate ().,; to match to.
Method 5.1 remains the matching method used in the dual-polarized investigations.

The Q.,: presented by the third- and fifth-order filters was extracted using the single
cavity structure. However, the dual-coaxial feed structure was simulated rather than the
single-coaxial probe feed utilized earlier. This dual-fed structure is shown in Fig. 4.26a.
The cavity-fed iris-coupled horn simulation used to extract the ().,; of the horn antenna was
also simulated with the dual-coaxial feed as shown in Fig. 4.26b.

The values for ()., for the third-order filter were then extracted from group delay as
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Figure 4.24: The (a) conical horn attached to the fifth order filter with a cross-slot iris, (b) frequency-
domain filter response, (c) time-domain group delay magnitude, and (d) time-domain magnitude of a
dual-polarized, conical horn antenna directly attached to a third order filter using a singly-polarized

matching method
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detailed for Method 5.1. The ()., for the tuned third-order filter extracted with the single
feed was 26.76, and the ().,; extracted with the dual feed was 30.29. While these values are
not vastly different, the difference is large enough to be expected to affect the success of the
match for the final cascaded filter/horn. Therefore, the ()., for all three horn antennas was
matched to that of the dual-fed tuned filter ()., to determine how well the dual-polarized
matching performs. The performance of dual-polarized matching was also investigated for
the conical horn coupled to the fifth-order filter.

The frequency response of the initial match for the conical horn antenna coupled to the
third-order filter using the dual-polarized matching method is shown in Fig. 4.27b. The
cascaded conical filter/horn has a bandwidth that is 0.0113 GHz narrower than that of the
original filter and an average return-loss ripple that is 2.16 dB lower. The average return-loss
ripple for the dual-polarized matching method is closer to the original filter than that of the
single-polarized matching method, but the bandwidth of the dual-polarized case differs more
from the original filter than the single-polarized method. However, the time-domain plots
show significant improvement over the single-polarized match. The time-domain group
delay, shown in Fig. 4.27c, shows that the first two resonances of the cascaded filter/horn are
resonant at almost the same frequencies as those of the original filter. The third resonance
differs in frequency from the original filter, likely due to the loading effects of the iris
between the filter and the horn. The time-domain magnitude, shown in Fig. 4.27d, indicates
that (.,1 closely matches that of the original filter. k; o differs slightly from that of the
original filter, and k, 3 differs more from the original filter, likely due to the frequency of
the third resonator differing in frequency. The hump representing ()..:> appears to still end
at the proper point in time, but the magnitude of the hump differs from that of the original
filter.

The frequency response of the initial match for the corrugated conical horn antenna

coupled to the third-order filter using the dual-polarized matching method is shown in Fig.

69



20 w T 20
CBRS Band
10 10
=)
= 0 0
= =
= =
E,-10 10 £
-]
= Q
. 5
‘;"‘: =20 =20 N
g g
& : &
£-30¢ 1-30
7 —X-Pol S11
=o =Y-Pol S11
40 i e Original Filter S11|7 -40
—X-Pol RG
= -Y-Pol RG
_50 L L L 1 L L - 0
345 3.5 3.55 3.6 3.65 3.7 3.75 3.8
X Frequency [GHz|
(a) (b)
20
40|
<
£ 60
¥ g
§ é -80
& 5 5”-100—
5 =
S0
€] -120
-15
-140
20
25 : ; : : ; ; ; -160 : ; : : ; ; ;
15 <10 50 5 10 15 20 25 -5 <10 50 5 10 15 20 25
Time [ns] Time [ns]
(©) )

Figure 4.27: The (a) conical horn coupled to the third-order filter with a cross-slot iris, (b) frequency-
domain filter response, (c) time-domain group delay magnitude, and (d) time-domain magnitude of a

dual-polarized, conical horn antenna directly attached to a third-order filter using a dual-polarized
matching method
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4.28b. The cascaded corrugated filter/horn has a bandwidth that is 0.0084 GHz narrower than
that of the original filter and an average return-loss ripple that is 3.61 dB lower. The average
return-loss ripple for the dual-polarized matching method is closer to the original filter than
that of the single-polarized matching method, but the bandwidth of the dual-polarized case
differs slightly more from the original filter than the single-polarized method. However,
the time-domain plots show significant improvement over the single-polarized match. The
time-domain group delay, shown in Fig. 4.28c, shows that the first resonance of the cascaded
filter/horn is resonant at almost the same frequency as that of the original filter. The second
resonance differs slightly in frequency from that of the original filter. The third resonance
differs in frequency from the original filter more, likely due to the loading effects of the iris
between the filter and the horn. The time-domain magnitude, shown in Fig. 4.28d, indicates
that (.1 and k; 5 closely matches those of the original filter. The ks 3 of the filter/horn
differs from the original filter, likely due to the frequency of the third resonator differing
in frequency. The hump representing ()..:> appears to end slightly later in time, and the
magnitude of the hump differs from that of the original filter.

The frequency response of the initial match for the pyramidal horn antenna coupled to
the third-order filter using the dual-polarized matching method is shown in Fig. 4.29b. The
cascaded pyramidal filter/horn has a bandwidth that is 0.0042 GHz wider than that of the
original filter and an average return-loss ripple that is 5.17 dB lower. The average return-loss
ripple difference for the dual-polarized matching method is about the same as that of the
single-polarized match. The time-domain plots show similar results to the single-polarized
match for the pyramidal filter/horn. The time-domain group delay, shown in Fig. 4.29c,
shows that all three resonances differ slightly from the original filter, with the third resonance
being almost indistinguishable. The time-domain magnitude, shown in Fig. 4.29d, indicates
that ().,1 nearly matches that of the original filter, but %, 5 is overcoupled when compared

to the original filter. The £, 3 of the filter/horn differs from the original filter, likely due to
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Figure 4.28: The (a) corrugated horn coupled to the third-order filter with a cross-slot iris, (b)
frequency-domain filter response, (c) time-domain group delay magnitude, and (d) time-domain
magnitude of a dual-polarized, corrugated horn antenna directly attached to a third-order filter using
a dual-polarized matching method
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the frequency of the third resonator differing in frequency. The hump representing ()2
appears to end slightly later in time, and the magnitude of the hump differs from that of the
original filter.

The frequency response of the initial match for the conical horn antenna coupled to the
fifth-order filter using the dual-polarized matching method is shown in Fig. 4.30b. The
cascaded conical filter/horn has a bandwidth that is 0.0047 GHz wider than that of the
original filter and an average return-loss ripple that is 9.96 dB lower. The average return-
loss ripple difference between the filter/horn and the original filter for the dual-polarized
matching method is similar to that of the single-polarized matching method. The bandwidth
widening of the dual-polarized case differs only 0.0005 GHz from the bandwidth widening
of the single-polarized case more, and the time-domain plots show similar performance
to the single-polarized match. The time-domain group delay, shown in Fig.4.30c, shows
that the first two resonances of the cascaded filter/horn are resonant at almost the same
frequencies as those of the original filter. The rest of the resonance differs in frequency
from the original filter, likely due to the loading effects of the iris between the filter and
the horn. The time-domain magnitude, shown in Fig. 4.30d, indicates that ()., and % o
closely matches that of the original filter. The inter-resonator couplings ks 3, k3 4, k45, and

(Qer12 are largely indistinguishable in the time-domain magnitude response.

4.8 Tuned Conical Horn Cascaded with the Third-Order Filter

The conical horn cascaded with the third-order filter was fine-tuned slightly using the
time-domain tuning method described in Chapter 2. The tuned frequency response of the
third-order conical filtering horn can be seen in Fig. 4.31a, and the radiation patterns for
both the x- and y-polarized feeds can be seen in Figs. 4.31b and 4.3 1c, respectively. The

tuned filter/horn was tuned to a fractional bandwidth of 3.47% with an average realized gain
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Figure 4.29: The (a) pyramidal horn coupled to the third-order filter with a cross-slot iris, (b)
frequency-domain filter response, (c) time-domain group delay magnitude, and (d) time-domain
magnitude of a dual-polarized, pyramidal horn antenna directly attached to a third-order filter using a

dual-polarized matching method
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ripple of 0.33 dB in the passband.

One important factor in designing filtering antenna systems is the group delay introduced
by the filter/horn. The group delay through a filter is also known as the envelope delay [41].
A flat group-delay response within the passband is ideal because it reduces distortion of the
transmitted signal [41]. The envelope delay of a filter would traditionally be calculated from

the transmission coefficient of the two-port filter system, as [41]

don
dw

Td =

4.2)

where 7, is the envelop delay and ¢, is the phase of the transmission coefficient, S;.
However, a cascaded filter/horn topology does not follow a traditional two-port system
design, as the second port is replaced with the horn antenna. The three-antenna group delay
method can be adapted to calculate the transmitted group delay of a horn antenna using two
identical horn antennas transmitting to each other at boresight [53] [54]. This allows the
extraction of the envelope delay of the cascaded filter/horn designed in this work. The group

delay of a single filter/horn is calculated from

d

Ttotal — -,
S — 43
T 5 4.3)
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Figure 4.32: The (a) tuned conical horn directly cascaded with the third-order filter, and (b)
transmitted group delay for both x- and y-polarizations

where 7. is the envelop group delay of a single filter/horn, 7,4, 1s the full group delay
between the transmit at one antenna and the receive at the other, d is the distance between
the two identical filter/horns, and c is the speed of light approximately equal to 3 - 10%. The
two horns need to be a sufficient distance apart to be in each other’s far-field region. The
minimum distance for far-field operation is calculated as d = % where D is the diameter
of the horn aperture and A is the wavelength at the highest frequency of the sweep.

The group delay for the tuned conical filter/horn is shown in Fig. 4.32b. Within the
filter’s pass band, it varies between 6.96 ns and 14.36 ns. This significant variance could

lead to signal distortion, which must be accounted for when processing signals received

from the cascaded filter/horn.

77



4.9 Conclusion

Various methods were tested for extracting the ()., of a conical horn antenna and matching
it to a third-order cavity filter. The most successful method was then applied to match a
conical horn, a corrugated conical horn, and a pyramidal horn, thereby validating the method
for different types of horn antennas. A conical horn was then matched to a fifth-order cavity
filter with a different ripple to assess the matching method’s performance across different
filter orders. The proposed synthesis method successfully matched the third-order filter to
multiple horns. The matching method achieved a solid match for the conical horn to the
fifth-order filter. The fifth-order filter/horn has a lower average return loss ripple than the
original filter, but all nulls occur in approximately the same location as the original filter, and
the bandwidth of the filter/horn is only 0.0042 GHz wider than the original filter. Comparing
the third-order matching cases and the fifth-order matching case, the issue likely lies in the
extraction of the (), of the tuned filter to which the horn is then matched. The loading
of the rest of the cavities/irises of the filter on the coaxial feed is not accounted for when
simulating a single, coaxial-fed cavity for ().,; extraction. This loading factor increases as
the number of cavities and irises scales with the filter order. However, the matching method
still provides a much better starting point for the filter’s final tuning than simply attaching
the horn to the filter.

Then, it was investigated how the matching method simulated with dual-polarized
structures compared to the matching method using singly-polarized structures. The time-
domain response showed that the initial match using the dual-polarized method for the
conical and corrugated horn coupled to the third-order filter gave a closer match to the
original filter than the single-polarized matching method. The matching for the pyramidal
horn coupled to the third-order filter and the conical horn coupled to the fifth-order filter did

not show any significant changes between the single- and dual-polarized methods.

78



Finally, the conical horn coupled to the third-order filter was tuned in the time domain.
The radiation patterns and filter response were shown. The group delay through the filter/horn
was also investigated to understand how the cascaded filtering horn affects the transmitted

group delay, since group-delay variance within the passband will distort the signal.
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Chapter 5

Coupling Screw Mode Polarizer

The idea of using the cavity’s orthonormal modes to create a dual-mode, dual-channel filter
capable of exciting a circularly polarized pyramidal horn antenna was explored. This would
allow for easier deployment to remote locations by requiring only a single feed structure to
the circularly polarized filter/horn. Mode polarizers have been well-studied, and there are
many existing methods for mode polarization, such as septum polarizers [55], iris polarizers
[56], corrugated polarizers [57], ridge polarizers [58], and post polarizers [59]. However,
these mode polarizers require two separate feeds or a single feed oriented at 45° to the two
orthogonal modes. Dual-mode filter theory was introduced by [60] in 1948 and proposes
that a capacitive screw inserted at 45° induces equal coupling between existing orthonormal
modes in a square/circular cavity. The length of the screw affects the amount of coupling
between the modes. This idea has been applied to the design of compact RF filters, as the use
of orthogonal degenerate modes reduces the number of cavities needed by a factor of two
compared to single-mode resonators [61], which is shown in Fig. 5.1. Screws inserted into
waveguides are also used to tune wave impedance by introducing capacitance or inductance,
thereby introducing phase shifts [60]. The goal was to leverage the dual-mode operation
of filters to equally excite both modes in a dual-channel filter and reduce the filter size by
half. The careful design of the screw inserted would introduce a phase shift, leading to the

generation of a dual-mode, dual-channel filter that outputs a circularly polarized wave to be
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Figure 5.1: Example of the implementation of modal coupling screws in a dual-mode cavity filter

radiated by the pyramidal horn antenna.

5.1 45° Coupling Screw as Mode Polarizer

The ability of a single coupling screw to be used as a mode polarizer in a square cavity was
investigated. The cavity was excited using a coaxial probe feed, and a screw was introduced
at a 45° angle to the coaxial probe, as shown in Fig. 5.2a. The simulation structure used
for this analysis can be seen in Fig. 5.2b. The screw position is set to % as that corresponds
to the peak in the magnetic field of the waveguide, seen in Fig. 5.3, inducing maximum
induced current on the coupling screw. Circular polarization is achieved when orthogonal
polarizations have equal magnitude and a phase difference of 90° [43].

The magnitude of the two polarizations produced by the coupling screw was found from
the transmission scattering parameter, So;, for the T'Fo and T'Ej; modes and the absolute
phase difference between the two modes is ¢a = |¢rro1 — ¢rE10| Where ¢rror and Prgig
are the unwrapped phase for the modes defined in Fig. 5.2b. The screw length was varied to
determine the resulting phase shift. The results can be seen in Fig. 5.4. It was found that the

phase difference between polarizations can be tuned with different screw lengths, and that a
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Figure 5.2: The (a) top view, and (b) isometric view of the coaxial probe-fed waveguide with a
coupling screw inserted at 45°
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Figure 5.3: The (a) isometric view, and (b) side view of the magnetic fields in the coaxial probe-fed
waveguide
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Figure 5.4: Plot of phase difference across frequency as coupling screw length varies

90° phase shift between polarizations is also possible.

Screw length was then varied to achieve a 90° phase difference between polarizations
seen in Fig. 5.5a. Screw position was also varied within about 5 millimeters around % It
was found that at a phase difference of 90°, the magnitudes of the two polarizations were
not equal. It was expected that if all power is transferred, power will be split equally, and
the S5; magnitude should be around -3 dB for both polarizations. It can be seen in Fig. 5.5b
that this did not occur when the screw was tuned to give a 90° phase shift. It can be seen
in Fig. 5.6 that the power is equally split between the two polarizations when the phase
difference is 180°. As there is only one tuning mechanism, it is impossible to achieve both a
90° phase shift and equal power coupled between modes with a single tuning screw using a
traveling wave structure.

The waveguide was then used to feed a pyramidal horn antenna. It was found that
through designing the waveguide to operate close to cutoff, the wave impedance can be

kept sufficiently high to induce a cavity-like mode in the waveguide. The waveguide
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Figure 5.5: The (a) phase difference, and (b) magnitude of the orthogonal polarizations with a 90°
phase difference in a coaxial probe-fed waveguide with a coupling screw inserted at 45°
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magnitudes in a coaxial probe-fed waveguide with a coupling screw inserted at 45°
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operating frequency was set to occur right on the curve following the asymptote at cutoff
at a normalized operating frequency of 1.12, which can be seen in Fig. 5.7. Utilizing this
cavity mode, circular polarization can be achieved in the waveguide as the feed between the
horn and the waveguide acts as an iris, and the coupling screw induces a phase shift, giving
two separate mechanisms acting on the fields. The horn and feed structure can be seen in
Fig. 5.8a and the field distribution can be seen in Fig. 5.8b.

Circular polarization is seen in the 31.64 dB separation in the main beam between
right-hand circularly polarized and left-hand circularly polarized realized gain plotted in Fig.
5.9a. This separation indicates that the power is adequately converted to one polarization.
There would be much less separation between RHCP and LHCP if the polarization were
elliptical. An example of the realized gain of an elliptically polarized horn can be seen in
Fig. 5.9b. The separation between LHCP and RHCP was 9.76 dB. It was designed with the
coupling screw polarizer as well, but with a waveguide designed much farther from cutoff.
Another method for analyzing circular polarization is the axial ratio. An axial ratio of one
indicates circular polarization. The axial ratio of the circularly polarized horn is shown in
Fig. 5.10a. It varies around 1 by about 0.5 from § = —50 to # = 50 and varies by about 0.8

around 1 within the CBRS band, being right at about 1 at f,. It can be seen in Fig.5.10b
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Figure 5.8: The (a) horn structure with coupling screw polarizer in square waveguide feed, and (b)
the field distribution within the square waveguide feed
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Figure 5.9: The LHCP and RHCP realized gain radiation pattern of an (a) circularly polarized horn

antenna, and (b) elliptically polarized horn antenna

that the axial ratio for the elliptically polarized horn is farther from 1 than the circularly

polarized horn.
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5.2 Conclusion

A single coupling screw per cavity can be utilized to excite orthogonal degenerate modes
for the design of a dual-channel filter. When the filter is attached to a horn antenna, dual-
polarization is possible with a single coaxial probe feed. However, to achieve the 90°
phase shift required for circular polarization, another mode-polarizing method is needed.
Successful implementation could significantly impact the deployment of the remote filtering
horn antenna by reducing feed complexity. This idea was not further investigated, as it fell
outside the scope of the project. Further investigation into how a precise 90° phase shift
method between the filter and horn would be implemented while not hindering the tunability

of Qe 1s needed.
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Chapter 6

Fabrication and Measurements

The conical horn cascaded with the third-order filter was prototyped to validate the proposed
design. The tuned third-order Chebyshev filter, directly cascaded with the conical horn,
was fabricated using stereolithographic additive manufacturing and plated with copper.
Stereolithography is a method of additive manufacturing that has increasingly been used to
fabricate radio-frequency (RF) components for its ability to produce complex geometries
that traditional fabrication methods may struggle to achieve [62]. It operates by curing a
thin layer of resin layer by layer using ultraviolet (UV) light [63]. The most typical material
used in SLA is polymer, but ceramic and metallic photo-reactive materials have also been
developed. SLA pieces need to be metallicized for RF components if they are not printed
using metal. The common method for metalizing the structure is to deposit a conductive
seed layer on the plastic and then electroplate to obtain a uniform copper layer [64] [65].
This chapter details the fabrication and measurement of the cascaded filter/horn antenna.
The tuned filter/horn was additively manufactured via stereolithography (SLA) using the
Formlabs Form 4 printer and Formlabs resin. Prototypes I-III were printed using the
Formlabs grey V5 resin. For Prototype IV, the resin type was switched to Formlabs High
Temp V2 resin in the hope that it would off-gas less during the electroless plating process
and that the connectors could be soldered on. The structure then had a copper “seed”

layer deposited by electroless copper plating to create a conductive surface for subsequent
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copper electroplating. The filter/horn radiation pattern was measured in a far-field anechoic
chamber, and the filter response of the reflection coefficient will be measured using a Field

Fox vector network analyzer.

6.1 SLA Printing - Dividing Structure

The tuned conical horn cascaded with the third-order Chebyshev filter is 173.41 mm long
and 56.48 mm wide at the largest points. The filter was attached directly to a conical horn
300 mm long, with an upper radius of 154 mm. The Formlabs Form 4 has a maximum
build volume of 200 mm by 125 mm by 210 mm. Therefore, to print the filter/horn, it was
necessary to divide the piece into parts that would be joined together using a flange structure.

One of the natural divide points is between the horn antenna and the end of the filter,
with the iris being printed as part of the filter. However, the conical horn itself was still
too large and had to be divided into four parts. As the overall length of the horn antenna
was too large to fit in any orientation, it was decided to divide the horn in half horizontally,
and then each half was split in half vertically. This left the conical horn broken down
into four semicircular sections as seen in Fig. 6.1. The filter also needed to be split into
parts due to its closed-square-cavity structure, as printing in one piece can result in internal
supports that cannot be removed and improper curing. It also limits the flow of the copper
plating solutions throughout the piece. By dividing the filter lengthwise, as shown in Fig.
6.2, the structures can be SLA-printed without failures, and the copper plating process is
improved, as both electroless plating and electroplating require fluid movement throughout
the structure.

Dividing radio-frequency structures into pieces requires careful consideration to avoid
affecting performance. There will be surface currents that run along the walls of the cavity,

and it is desirable to avoid cutting across the path of these currents whenever possible
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Figure 6.1: Electroplated horn sections
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[66]. In dual-polarized/dual-channel devices, it is also necessary to avoid disrupting the
physical symmetry that maintains identical polarizations. There also needs to be a method
for connecting the separate parts after fabrication. A flange structure does not produce a
perfectly seamless result, but the impacts of flange gaps can be minimized through careful
design. The exact location for splitting the structure was investigated by splitting the iris-
coupled cavity feed of the horn to gauge how the splits affect the antenna’s dual-polarization
performance. The cavity feed was initially split straight down the x-axis as seen in Fig.
6.3. An air gap thickness of 0.2 mm was introduced to simulate the effects of a flange
split. A gap size of 0.2 mm for a flange connection is on the optimistic side, given the
tolerances of the SLA printer and the likelihood of warping during printing. Looking at the
scattering parameters of the cavity-fed horn in both polarizations, it can be seen that adding
a flange down the center of one polarization shifts the affected polarization in frequency
and magnitude relative to the cavity without the gap. However, when the flange is added
diagonally, as seen in Fig. 6.4, it shifts the response of both polarizations, but they stay
identical. The return loss of both polarizations of a cavity feed with a straight split and no
split can be seen in Fig. 6.5a and Fig. 6.5b shows the results of the diagonal split compared
to having no split. To avoid differences in the two polarizations, it was necessary to split the
cavity diagonally.

Another challenge posed by dividing the design into pieces is how the flange connection
gap affects filter performance. The effects of gap size and material were investigated. The
results of the gap size investigation can be seen in Fig. 6.6. The gap was simulated as
vacuum for this analysis, and the filter was placed in a radiation box to effectively model
the power escaping the filter. Performance increases as the gap size decreases, as expected.
However, there are limits to how small the achievable gap size for a resin-printed flange
can be. Experiments in printing demonstrated a typical gap size of about 0.5 mm. It did

not remain consistent across the filter, especially in sensitive areas such as the irises, which
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Figure 6.3: An image of the cavity feed to a conical horn split straight through one feed
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Figure 6.4: An image of the cavity feed to a conical horn split diagonally
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were prone to warping.

Conductive epoxies were explored to fill these gaps when they could not be completely
minimized. Silicone Solutions offers a range of conductive epoxies. The epoxy had to be
carefully chosen because the polymer pieces are heat-sensitive. Even slight heat can cause
off-gassing, and extreme heat can cause melting and warping. It was important that the
chosen epoxy was curable at room temperature, had good electrical conductivity, and was
not prohibitively expensive. The conductive epoxy chosen was the SS26-S silver epoxy.
Although Silicone Solutions did not provide exact conductivities for their epoxies, silver has
a conductivity of 6.32107 [67]. The flange and gap were simulated in Ansys HFSS, with the
gap material modeled as vacuum and silver, and the results were compared with the filter
performance without a gap, as shown in Fig. 6.7. Due to silver’s superior performance over
the vacuum gap, silver epoxy was chosen to form a gasket between the two flange halves.

The final analysis investigated the effect of surface roughness on the filter’s performance.

Surface roughness was found to vary between about 0.1 gm and 0.4 pm for SLA prints
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with a surface roughness of 1.8 ym achievable with copper plating [63]. It was found that
surface roughnesses of this magnitude had little effect within the CBRS band. The filter
response as surface roughness changes is shown in Fig. 6.8. Higher frequencies are more
sensitive to surface roughness because the roughness is larger relative to the wavelength, but
the wavelength at f; of the CBRS band is 82.7 millimeters, so the design is not particularly

sensitive to surface roughness.

6.2 SLA Printing - Printing, Cleaning, and Curing

The models to be SLA-printed were designed in Ansys HFSS and exported as .obj files for
import into Preform, Formlabs’ slicing software for the Formlabs printers. The printing
files can be uploaded directly from Preform to the printer of choice. Following printing, the
support structures were removed, and the pieces were thoroughly cleaned with isopropyl
alcohol to remove any uncured resin before undergoing a final UV cure at 60°C for the
grey V5 resin, 80°C for the High Temp resin. The pieces were then wet-sanded to remove

sharp peaks and roughness from the supports, as shown in Fig. 6.9, which can impede
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Figure 6.9: An image of the roughness of an SLA print before wet-sanding

plating. They then received a final cleaning using isopropyl alcohol to ensure the surface is
completely clean. Any oils from fingers can leave fingerprints in the final plating, so it is

best to always wear gloves when handling.

6.3 Electroless Plating

Electroless plating was conducted using a catalyst bath followed by a copper solution bath.
The first step in the electroless plating process is to immerse the structure in the catalyst
tank for 5 minutes. However, this was best practice for printed circuit boards (PCBs), not
resin. A trade-off was observed: less catalyst time reduced the risk of delamination but also
resulted in a thinner layer of copper coverage from the electroless plating. This variable
can be adjusted to suit the needs of the specific piece. The catalyst tank is kept at 105°F
with a pump circulating the liquid. Following the dip in the catalyst, the piece is thoroughly
cleaned with de-ionized (DI) water. This is a crucial step, as any liquid catalyst introduced

into the plating bath will cause the bath to fail. This is typically indicated by the formation
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of copper flakes that sink to the bottom of the bath or copper beginning to plate the sides
of the glass bath. The wire and support structure used to dip the structure into the catalyst
should also be changed to avoid cross-contamination.

The piece is then dipped in the copper bath. The copper bath, shown in Fig. 6.10,
is heated to 115°F with a pump or stirring, keeping the solution moving throughout the
plating process. It is vital that the plastic not remain in the copper bath long enough to
heat up and begin off-gassing. It was found best to remove the bath from the heat source
and stir thoroughly before dipping the polymer piece to avoid the bottom of the bath being
warmer than the top. It was also found that the best success was achieved by being closer
to 105 — 110°F, giving more leeway before off-gassing. Trial and error found the highest
success with short dips of about 30 seconds followed by 30-45 seconds outside of the tank
to allow the piece to cool before dipping again. This dipping process will be repeated until a
solid copper layer covers the entire structure or delamination is observed. The piece is then
cleaned thoroughly with DI water again.

There is some risk of electroless plating delamination, even with care to avoid overheat-
ing the piece, especially in complex areas such as corners and irises. An example of this

delamination is shown in Fig. 6.12.

6.4 Electroplating

After the piece is electroless plated, a 6-mil layer of copper is applied via electroplating. It
is likely there are gaps in the electroless plating that will not electroplate as they are non-
conductive. These will be dealt with later. A current is chosen based on the set electroplating
time and the surface area of the piece to be plated. The current is run throughout the
conductive electroless plating layer while the piece is submerged in the electroplating bath.

The metal rack and tank for electroplating are shown in Fig. 6.13. For larger pieces, it was
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Figure 6.11: An example image of a piece following the electroless plating process
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Figure 6.12: An example image of delamination of copper during the electroless plating process

most successful to have at least two points where the current is introduced to the piece. It is
best practice to change the piece’s orientation a few times to ensure even plating. The piece
will come out of this first electroplating process looking like Fig. 6.14. The piece is then
rinsed thoroughly.

Where gaps may be present due to insufficient electroless plating, SPI conductive silver
paint was applied by brush to provide a conductive surface across the entire piece. The
silver paint was chosen to be curable at room temperature and also capable of being used
as a base for plating. This requires that the paint not be washed away by the water-based
solution in the electroplating tank. The silver paint applied to the structure is shown in Fig.
6.15. The piece was then electroplated again with a 6-mil uniform copper layer across the
piece, as shown in Fig. 6.16.

The silver paint was applied using both an airbrush and the brush that comes with it.
The airbrush struggled to apply the paint smoothly, without clogging or producing large
bumps, due to the paint’s viscosity and texture. It also required a hood setup and the cleaning

of the airbrush. The brush that comes with the paint was found to be convenient. Some
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(b)
Figure 6.14: Example images of the (a) outside of a resin print, and (b) inside of the piece after the
first electroplating cycle
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(a) (b)
Figure 6.16: Example images of the even copper plating after the final plating stage on (a) a quarter
of the conical horn, and (b) half of the filter
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brushstrokes remain in the final piece, but the paint dries fairly smooth. While the exact
surface roughness could not be calculated for the final plated structure, the HFSS analysis
indicated that the piece is not significantly affected by surface roughness at these frequencies.
If the design operates at higher frequencies, it may become necessary to improve the paint
application process. It was also tested whether the paint is better applied immediately
following the electroless or after an initial electroplate. Applying the paint after an initial
electroplating stage was found to yield the best results because it makes it much clearer
which spots did not receive sufficient coverage. After the electroless plating process, it can
be heard to determine exactly where coverage is lacking, as seen in Fig. 6.11. When the
paint was applied between electroless plating and initial electroplating, gaps remained after
electroplating, so more silver paint had to be applied, and the piece had to be electroplated

again anyway.

6.5 Finishing Structure

The coaxial probes were attached after the electroplating process, while the piece was still
open, as shown in Fig. 6.17, allowing the probes to be tested for connectivity and adjusted as
needed to match the simulation as closely as possible. A thin layer of the silver conductive
epoxy was then applied around the edge of each flange, shown in Fig. 6.18, and along the
areas where the irises meet. This was done to attempt to fill the gaps due to the flange. This
is an imperfect process, as care has to be taken to apply the epoxy carefully along the irises,
such that enough is deposited to fill the gaps, but not so much that it fills the iris. There is
no sufficient way to clean or adjust this epoxy in the interior irises after these two pieces
are pressed together. At the CBRS band, better performance is seen by risking a slight
overflow of the epoxy onto the walls of the iris (as long as it is not within the iris) than by

not completely filling the gaps in the iris walls. After applying the epoxy, the two sides of
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Figure 6.17: An image of the coaxial probe inserted into half of the cavity structure

the filter are bolted together at the flanges using M2 Phillips pan-head bolts with washers
and nuts on the other side. This can be seen in Fig. 6.19. This process needs to be completed
quickly to avoid disrupting the epoxy as it begins to dry. Once the two pieces of the filter

are connected, the filter is then connected to the horn as shown in Fig. 6.20.

6.6 Measurements

Measurements of the filter/horn were taken in a far-field anechoic chamber capable of
measuring from 300 MHz to 18 GHz. The horn under test (HUT) was connected to the
bulkhead of the chamber, and the bulkhead was connected to a Field Fox N9917B Microwave
Analyzer to take scattering parameter measurements and was switched to the Agilent
Technologies N5222A PNA Network Analyzer to take radiation pattern measurements. The
HUT was set as a receive (RX) horn, and a dual-ridge horn was used as the transmit (TX)
horn. Both antennas were raised on pedestals above the chamber’s noise floor (about 14 feet

in the air).
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Figure 6.19: An image of the two halves of the filter Prototype II bolted together using M2 pan head
bolts, washers, and nuts
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Figure 6.20: An image of the filter bolted to the conical horn
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Figure 6.21: An image of the HUT mounted on the anechoic chamber pedestal

A mount for the filter/horn was additive manufactured for measurements using a Bambu
Labs X1 Pro Carbon. This custom structure allowed the horn under test (HUT) to be
securely attached to the anechoic chamber pedestal at a fixed location and to remain level.
It needed to be sufficient to remain stable as the horn was rotated for full radiation pattern
measurement. The horn was then mounted on the pedestal in the anechoic chamber as seen

in Fig. 6.21.

6.7 Prototypes

It took four full filter iterations to achieve an acceptable filtering response. The horn antenna
is a fairly basic structure and was successfully achieved with a single prototype. The four
iterations of the filter will be explained in this section. There is a discussion of the issues

with each and what was adjusted before the next prototype.

6.7.1 Prototypel

The first filter prototype is shown in Fig. 6.22. This prototype had just a hole in which the
coaxial probe feed was inserted. The two halves of the filter structure were joined with

conductive epoxy in the flange before the coaxial probes were inserted. This left no room
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Figure 6.22: An image of the first filter prototype with the copper tape covered crack visible

to adjust how the probe was inserted, and upon attempting to insert it, one side of the filter
cracked significantly. This crack was covered with copper tape, but it ran directly through
the hole where the probe needed to be inserted. The two feed probes were then attached
with silver conductive epoxy to secure the connector wings to the outside of the filter. This
prototype also had a significant warp in both halves of the filter, preventing them from
fitting together tightly. This is particularly problematic in the flange gaps on the iris walls
of the filter. This essentially caused a third diagonal slot in the iris. The feed failures were
catastrophic for the operation of this prototype, so the only measurements possible were the
return loss of the filter’s polarization in the semi-successful feed. This filter performance can
be seen in Fig. 6.23. All three poles of the filter are demonstrated, but they are very weakly
coupled, and there is 5 dB of return loss even outside of the passband. There is also a pretty
significant resonance seen at a higher frequency. Later, it was found that the thickness of the
wall at the feed was incorrectly calculated and that the feed insertion into the cavity was at
least 0.5 mm shorter than simulated. The significant impact of a shortened probe compared

to the tuned length probe can be seen in Fig. 6.24.
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Figure 6.23: Filter response of Prototype I
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Figure 6.24: Simulated filter response with probe length shortened from tuned filter probe length
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(a) (b)
Figure 6.25: Image of the feed of the second prototype with (a) holes drilled for the bolts, and (b)
the connector attached

6.7.2 Prototype II

A few things needed to be addressed in the second prototype. The most important of which
was the attachment of the coaxial probe feed. A pad, seen in Fig. 6.25a, was added to the
outside of the filter to adequately thicken the wall of the filter to allow short M2 Phillips pan
head bolts to be inserted to hold the coaxial feed in place. These bolts had to be screwed
into the filter walls without penetrating. The coaxial feed was then screwed into the pad
with conductive epoxy between the wings of the outside of the connector and the pad it was
being screwed into. This feed structure can be seen in Fig. 6.25b. This was done while the
two halves of the filter were separate, allowing for the coaxial probe insertion to be checked
on the inside.

The warp in the SLA print was reduced by using a different print orientation. Multiple
attempts were made, and the warp was reduced but not completely eliminated in Prototype
II. The warp was largely in one corner of the flange, so the gap was filled with epoxy as
seen in Fig. 6.26. A thin line of conductive epoxy was applied around the entire filter, and

on the edges where the iris walls will meet. A thicker layer was applied where the warp
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Figure 6.26: An image of the gap in the flange due to print warping that has been filled with
conductive epoxy

was present in the flange to fill the gap with a conductive material and reduce its impact on
performance. The flanges were then bolted together. Looking into the top slot of the filter, it
was found that the corners of the flange gaps in the iris walls were filled, but not enough
epoxy was applied to fully fill the gaps. The flange gaps in the exterior cavity walls were
completely filled, though.

The filter/horn was measured, and the frequency response of the filter/horn for the two
horn polarizations, compared with the simulation, is shown in Fig. 6.27. The anechoic
chamber facilities used for measurement did not support true dual-polarized measurements,
so for each polarization feed (x-polarized and y-polarized), the copol and crosspol patterns
were measured and compared to the simulated. These can be seen in Fig. 6.28a and 6.28b.
The filter response for the x-polarized case is much worse than for the y-polarized case, and
the loss is higher outside the passband because the connector was loose and did not make
good connection. Later, it was also found that the wall thickness had been miscalculated,
so the probe was one millimeter shorter than simulated. Another prototype was fabricated
to improve epoxy coverage of the flange gaps, match the coaxial probe to the simulation
as closely as possible, and ensure a sufficiently strong attachment of the coaxial probes to

withstand the mechanical stresses of attaching cords for measurements.
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Figure 6.27: Measured frequency filter response for Prototype II compared to simulated
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Figure 6.28: Measured radiation patterns for Prototype II compared to simulated at 3.625 GHz for
the (a) x-polarized, and (b) y-polarized feed
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Figure 6.29: An image of the feed for Prototype 111

6.7.3 Prototype III

To improve the coaxial probe feed strength, the filter was printed with an inset section that
completely surrounds the wings of the coaxial connector, providing a pressure fit that keeps
the coaxial probe inserted tightly and reduces movement during measurements. The coaxial
probe inside the filter cavity was also carefully measured using calipers to ensure it was
exactly the length simulated. The wings of the coaxial probe connector were then super-
glued to the filter inside of the fitting, and copper tape was used to ensure a good electrical
connection between the outside of the filter and the outside of the coaxial connector, as
shown in Fig. 6.29. Conductive epoxy was applied to the two sides of the filter flange and in
the gaps in the iris walls before it was bolted together.

The filter in this prototype was printed in an entirely different orientation than the
previous filters. It was oriented so that the long sides were more vertical than horizontal
when printing. This reduced the load on the supports and resolved the warping issue
observed in earlier prototypes. The flanges achieved a close fit through the entire filter.

Prototype II indicated possible detuning in the resonant frequencies of the cavities, so
Prototype III was designed so that tuning screws could be inserted into the cavities for

frequency tuning as needed using the method discussed in [61] [60]. Holes were drilled
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before the filter halves were attached, and the halves were covered with copper tape for
the initial measurements to observe the filter response without screws inserted, with the
option to insert them later. They could not be drilled once the halves were attached because
the conductive shavings would be trapped in the cavities, and drilling from the outside in
could cause a blowout of the surface inside the cavity. Threads for M2 bolts were attempted.
However, the polymer structure was too soft to support threading. The holes remained tight
enough that screw insertion could be adjusted with caution.

The filter response of the x- and y-polarized feeds was measured and plotted in Fig. 6.30.
The filter couplings are improved by using the proper feed probe length. The entire filter
response is shifted down in frequency by about how much did it shift GHz. However, the
couplings all seem well-tuned, and the filter’s bandwidth is correct. There is a lower-than-
expected return-loss ripple of about 6 dB, and around 4 dB of loss across the entire measured
frequency range. This indicated a loss in the feed, likely due to the coaxial probe being
super-glued to non-conductive plastic on the outside of the filter, reducing the shielding
at the feed insertion. The ground connection to the filter was made through copper tape,
which is also lossy. It can also be seen in Fig. 6.31 that the sidelobe levels, the number of
sidelobes, and the backlobe levels increased. This is due to improper shielding around the

coaxial feed, allowing currents to travel along the outside of the horn and radiate.

6.7.4 Prototype IV

The fourth prototype was fabricated in much the same way as Prototype 11, except it was
printed using Formlabs’ High Temp resin and the probe feed connector was soldered directly
to the metallicized outside of the filter structure, shown in Fig. 6.32, in an attempt to reduce
losses at the feed. The tuning screws were also removed because, without the ability to create

threads in the plastic, they could not be kept at consistent lengths inside the filter. Prototype
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Figure 6.30: Measured frequency filter response for Prototype III compared to simulated
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Figure 6.32: An image of the feed for Prototype IV

III also indicated that the frequency tuning is close to simulation, with the coupling issues
addressed. Electroless plating was unsuccessful on the Formlabs High Temp V2 resin. This
is likely due to material breakdown. The manufacturer recommends limiting isopropyl
exposure to less than 6 minutes due to surface breakdown. The catalyst bath is acidic, which
likely broke down the resin surface and prevented successful adhesion.

Prototype IV was first measured without conductive epoxy between the gaps in the filter
flanges. Analyzing the filter response in Fig. 6.33, it can be seen that the coupling was
significantly degraded. The horn radiation patterns plotted at 3.625 GHz in Fig. 6.35 also
have very little separation between the co- and cross-polarized gain. Looking at the time-
domain plots in Fig. 6.34, it was difficult to determine exactly what coupling was incorrect,
as the humps indicating ().,41 and k; 2 were so far off they could not be distinguished.
However, when the radiation patterns were analyzed, it became clear that the diagonal
gaps across the iris, due to the way the filter was split, introduced mixed electric-magnetic
coupling and coupled the two polarizations. This is indicated by the low separation between
co- and cross-polarizations.

The conductive epoxy was then applied between the flanges and the gaps in the iris walls.

The filter response, shown in Fig. 6.36, was significantly improved. The x-polarized filter
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Figure 6.33: Measured frequency filter response for Prototype IV without conductive epoxy com-
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Figure 6.34: The (a) group delay, and (b) magnitude of the time-domain response for Prototype IV
without conductive epoxy compared to simulated
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Figure 6.35: Measured radiation patterns for Prototype IV without conductive epoxy compared to
simulated at 3.625 for the (a) x-polarized, and (b) y-polarized feed

response matches the simulated response, except that the nulls are not quite as deep. The
y-polarized filter response is close to simulated, but the bandwidth is slightly wider. Also,
the filter coupling is not quite right, as indicated by the wider frequency-domain humps. It
appears that the y-polarized response is closer to that of the filter without epoxy, suggesting
a gap that may not be completely filled with epoxy. However, even the highest return-loss
ripple is still lower than the 8.89 dB ripple corresponding to the 0.6 dB insertion-loss
ripple for which the filter was designed. Therefore, the fabricated filter response meets
specifications, except for a slightly wider bandwidth in the y-polarization. The radiation
patterns for the conical horn compared to simulated are plotted at 3.625 GHz in Fig. 6.37.
The main-beam gain of the fabricated filtering horn is less than 0.9 dB below the simulated
case for both x- and y-polarization and both orientations, at 13.6 dB. There are some
differences in the side and backlobes between the simulated and fabricated filtering horns.
This is due to the way the flanges on the outside of the conical horn re-radiate the currents

that travel down the outside of the horn from the aperture.

118



20 T — T T 20
CBRS Band

110

=)

—
=)

o
=}
Realized Gain [dB]

—Y-Pol Measured
- - -X-Pol Measured
30 e Y-Pol Simulated |7 -
—--—=-X-Pol Simulated
—Y-Pol Measured
40 - - -X-Pol Measured ||
--------- Y-Pol Simulated
—----X-Pol Simulated

S11 Magnitude [dB]

123
=)

-40

-50 ' ' ' ' -50
3.45 3.5 3.55 3.6 3.65 3.7 3.75 3.8

Frequency [GHz]

Figure 6.36: Measured frequency filter response for Prototype IV with conductive epoxy compared
to simulated

The radiation patterns were also analyzed at the edges of the passband to ensure adequate
radiation performance throughout the band. Analyzing the filter response in Fig. 6.36, it can
be seen that the gain of the horn is lower than the simulated horn by approximately 2 dB at
the bottom of the passband. Looking at the radiation patterns plotted at 3.56 GHz in Fig.
6.38, it can be seen that the radiation patterns also show a 2.67 dB reduction relative to the
simulated gain, with a peak gain of 11.93 dB. It can also be seen that the cross-polarized
gain is much higher than the simulated and demonstrated values at the center frequency.
This mirrors the behavior of Prototype IV without epoxy in the flange gap, plotted in Fig.
6.35. It is likely, based on the higher cross-polarization, that the loss at the bottom of the
band in the filter response is due to power being coupled to the cross-polarization appearing
as loss in the co-polarized gain plotted for the filter response. This could be caused by a
few factors, such as gaps in the conductive epoxy application around the flange/irises or
shape deviations in the slot that affect polarization separation. Due to slight warping during
SLA printing, the long edges of the magnetic coupling slots exhibited bowing in the middle,

which could facilitate mixed coupling.
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Figure 6.37: Measured radiation patterns for Prototype IV with conductive epoxy compared to
simulated at 3.625 GHz for the (a) x-polarized vertically oriented, (b) x-polarized horizontally
oriented, (c) y-polarized vertically oriented, and (d) y-polarized horizontally oriented
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Figure 6.38: Measured radiation patterns for Prototype IV with conductive epoxy compared to
simulated at 3.56 GHz with the (a) x-polarized vertically oriented, (b) x-polarized horizontally
oriented, (c) y-polarized vertically oriented, and (d) y-polarized horizontally oriented



The radiation patterns of the filtering horn were also plotted at the upper end of the
band at 3.68 GHz in Fig. 6.39. The gain is 0.46 dB below that of the simulated filtering
horn, which has a peak gain of 14.13 dB, as expected from the filtering response. The
cross-polarization gain is also lower than that observed at the lower or middle of the band,
about half a dB below the simulation, indicating that little power was coupled between

polarizations at 3.68 GHz.
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Figure 6.39: Measured radiation patterns for Prototype IV with conductive epoxy compared to
simulated at 3.68 GHz with the (a) x-polarized vertically oriented, (b) x-polarized horizontally
oriented, (c) y-polarized vertically oriented, and (d) y-polarized horizontally oriented
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6.8 Conclusion

In this chapter, additive manufacturing and copper plating of a cavity filter and a horn
antenna were thoroughly investigated. Four prototypes were fabricated and measured. A
final successful filter prototype was fabricated and measured in-house. There is some
reduction in gain at the lower end of the filtering band due to cross-polarization coupling
from fabrication limitations. However, the prototype’s filtering horn performance largely
meets the specifications set during filter design, and the horn radiation pattern matches that

of the simulated conical filtering horn antenna at the center frequency.
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Chapter 7

Conclusions and Future Work

7.1 Conclusion

The goal of this thesis was to design a filtering horn antenna with increased sensitivity
through the implementation of a direct cascaded filtering horn architecture with spatial and
frequency filtering. Two bandpass cavity resonator filters, a third-order and a fifth-order,
were synthesized using traditional cavity resonator design theory [36]. A conical horn, a
corrugated conical horn, and a pyramidal horn were then designed. The goal was to create a
horn that implements a method to reduce sidelobe levels, thereby creating a spatial filter
by reducing power transmitted outside the main beam. This was accomplished by applying
circumferential corrugations to a conical horn antenna. A conical horn antenna was designed
to provide a direct comparison with the corrugated horn antenna. Then, a pyramidal horn
was designed to provide a dual-polarized antenna to further validate the proposed design
method. A design method was proposed to define and extract the ().,; of a dual-polarized
3D horn antenna using group delay for improved matching to the filter, reducing the tuning
necessary after the cascade. The design method was applied to match the conical, corrugated,
and pyramidal horn antennas to the third-order filter, validating the matching method using
horn antennas with different complex load impedances acting on the filter. To validate the

design method using different cavity resonator filters, the matching method was applied to
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match the conical horn to the fifth-order filter. The conical horn structure cascaded with the
third-order cavity resonator filter was fabricated and measured in-house. The results of these

measurements are consistent with the simulated results.

7.2 Scientific Contributions

A novel design method is introduced for matching dual-polarized 3D horn antennas to cavity
resonator filters. By defining a method for extracting the ().,; of a horn antenna, the horn
antenna can be matched to the ().,; needed for the filter. This significantly reduces the

tuning necessary when directly cascading horn antennas with cavity resonator filters.

7.3 Future Work

The matching method proposed could be improved by deriving a better method for de-
embedding the effects of the coaxial probe feed from the ()., extraction of the iris-fed horn.
There has been some work done for extracting this value for weakly coupled feed structures
[51]. However, the work that has been done for de-embedding this value for strongly
coupled structures circumvents the calculation of ().,; completely [52]. If a method for
de-embedding the ()., of a strongly coupled coaxial probe is created, the extracted ()., of
the horn will be more accurate, and the coaxial probe excitation will not need to be designed
as carefully. The matching method could also be improved, especially for higher-order
cavity filters, by defining a method to extract the loaded ()., from the filter to then match the
horn. Another way to improve the matching method would be to account for the frequency
loading of the iris-coupled horn antenna. The authors of [33] demonstrated this concept
by representing the slot antenna as a K-inverter with a transmission line on either side,
allowing for the length of cavity compensation for the final cavity to be calculated. Adapting

this process to calculate the cavity-size compensation needed due to the iris-coupled horn
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antenna would reduce some of the mismatch between the horn and the filter caused by the

horn loading the filter.
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