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ABSTRACT 

 

 Antenna systems for direction finding (DF) and spectrum sensing remain vital for 

engineering challenges faced in the modern day. The challenges of both civilian and defense 

beamforming and sensing require wideband antennas and passive components that can meet 

rigourous requirements in all regions of the spectrum. To achieve wideband sensing, antenna 

systems for wideband DF can be split into two categories, wide absolute bandwidth sensing at 

mm-wave frequencies, and wide relative bandwidth sensing at lower microwave frequencies. The 

challenges posed by each category of design require different approaches to achieve high 

performance. In mm-wave frequencies, the primary challenge is posed by the large impact of small 

mechanical features, and the need to carefully control pattern shape over >30GHz bandwidths. At 

lower microwave frequencies, the challenge is rather due to the difficulty of establishing wideband, 

ripple-free beam shape over >3:1 bandwidths. Typical means of performing DF at high frequencies 

allow for poorly controlled pattern shape that limits performance, while at low frequencies 

typically allow low efficiencies, low gain, and strong pattern ripple, reducing accuracy and system 

range.  Meeting more rigourous goals requires establishing analytical means of evaluating antennas 

for DF, and applying careful pattern and mode control to enable wideband operation.  

 A theoretical framework is developed through the analysis of direction finding with two 

squinted antennas with identical cosine, sinc, or gaussian ideal radiation patterns. The proposed 

framework allowing for the direct modelling of a wide variety of realistic antenna beam shapes for 

DF, and shows a fundamental link, and tradeoff, between three parameters of interest: system field 

of view (FOV), minimum gain inside the FOV, and minimum direction finding function (DFF) 
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slope. The interaction of these parameters is controlled by antenna beam shape and the pointing 

angle off from system boresight. Utilizing this framework, realistic system goals can be 

established, antennas can be better evaluated to meet those goals, and antenna design can be guided 

for good DF operation. This analysis is validated and guides the design of three antennas. A 

cylindrical curved aperture horn for wide absolute bandwidth sensing at W-band, a miniaturized 

dual polarized TEM horn for wide relative bandwidth sensing at microwave frequencies, and a log 

periodic dipole array for wide relative bandwidth sensing at microwave frequencies.  

 The cylindrical curved aperture horn is designed to achieve a high degree of pattern control 

over frequency, enabling near frequency independent direction finding operation. The curved 

aperture horn is manufactured in single horn, 40o FOV 2-element array, 40o FOV 8-element array, 

and 360o FOV sensor configurations, and shows good agreement with simulation.  

 The dual polarized TEM horn is developed from basics, and miniaturized using spherical 

modes engineering to combine the basic TEM horn with a collocated loop and bowtie antenna 

located within the footprint of the TEM horn. These added features excite low-order TE and TM 

spherical modes coherently to extend low-frequency performance. The miniaturized design is 

recessed into an absorbing cavity to effect good pattern shape over a >5:1 bandwidth. High 

efficiency, dual polarization, and low dispersion are obtained, alongside good spectrum sensing 

and DF operation. Manufactured results show good agreement of pattern shape and validate the 

design process, but are impacted by the poor agreement of modeled and actual absorber losses and 

permittivity. 

 A low profile LPDA antenna is designed for operation with consistent gain and match over 

a >5:1 bandwidth. The development is guided by design for 3D printing, allowing for a high level 

of fabrication integration of complex structural features difficult to replicate with traditional 

machining, including a tapered line matching network integrated into the LPDA boom. The 

performance impact of variable growth rate, miniaturization strategies, and other features are 
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discussed, and the feasibility of monolithic manufacture with 3D printing is reviewed. 

Additionally, the design is extended in simulation to dual polarization.  

 Finally, the support of these and future designs through Ka-band through 3D printing of 

coaxial components is studied in depth, and a family of components is constructed. The 

performance of modern DMLS and SLA processes is investigated for self-supporting, low-loss 

coaxial line manufacture. A High Q resonator is designed to investigate the impact of DMLS and 

SLA roughness. Wideband bandpass filters and diplexer devices are demonstrated, and incorporate 

a novel coaxial cross-junction geometry to compensate for parasitic loading. Manufactured devices 

achieve a high degree of miniaturization, and good agreement with simulation. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 Background 

 Radio direction finding remains a vital part of the engineering landscape. It is also among 

the oldest disciplines of radio frequency engineering. Passive direction finding techniques evolved 

alongside radar and other technologies primarily beginning in the 1920s [1], with one of the earliest 

patents for direction finding using an array being published in 1919, describing the use of the sum 

and difference signals of four monopoles for direction finding. [2] There are many applications of 

passive radio direction finding, including classical radio navigation, spectrum use enforcement,  

electronic support measures, and in more recent years supporting active communications 

beamforming [3]. These applications have sustained the growth of radio direction finding as a field 

of active study for many decades.  

 Antennas used for direction finding (DF) have evolved dramatically over the past 100 

years. The pursuit of wider bandwidths has introduced the use of frequency independent antennas 

like planar spiral antennas [1, 4], conical spiral antennas [5, 6], and sinuous antennas [7]. While 

pursuit of higher frequencies has embraced the use of horn antennas [1, 8] and Vivaldi antennas 

[9], among others. The techniques for DF have also evolved, and broadly speaking can be grouped 

into a few categories. Amplitude only direction finding (AODF) is the analysis of the received 

power of signals incident on an antenna system of two or more antennas, mapping the ratio of the 

received power to a function of angle of arrival (AoA) called the direction finding function (DFF). 

Reaching back to the earliest works like that seen in [2], this is a simple, fast method requiring 

only simple receiver architectures, but requires careful design of antenna beams to ensure 

reliability. Interferometric or phase based techniques, or combined phase and amplitude 

techniques, make use of the time delay between antennas to identify the AoA. These systems can 

improve accuracy through the use of large distances between antennas, but can be limited by 
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ambiguities based on the frequency and the distance between receivers [1, 6]. As digital technology 

has developed, so too have digital systems that can make use of multi-snapshot techniques like the 

MUSIC algorithm, or other superresolution processing algorithms [10-12]. These techniques can 

be highly accurate, but require additional time and processing requirements. In recent years, new 

techniques have also been brought into being utilizing machine learning to great effect [13], and 

have done so using variations on the original Adcock antenna [2]. 

 In spite of perceived limitations of amplitude only direction finding in the face of more 

modern techniques, AODF remains essential to many systems, as it has capabilities for extremely 

wideband operation, extremely rapid signal resolution, and relatively low cost. In particular, the 

development of wideband and ultrawideband recievers has refocused attention on achieving high 

quality AODF over bandwidths as wide as 40GHz [14]. Pursuit of this goal is a nontrivial task, 

and requires examining AODF goals at different frequencies in different contexts. At lower 

microwave frequencies, up to approximately K-Ka band, wideband antennas can be expected to 

cover wide relative bandwidths, greater than 3:1 operation. While this is a feasible goal, covering 

many common bands of operation, it becomes infeasible when examining bands like W-band and 

above, where a 3:1 bandwidth would be prohibitive, covering possibly hundreds of GHz in 

bandwidth. When examining mm-wave operation, a designation of wideband design can be 

reconsidered, to examine absolute bandwidths greater than ~30GHz. As will be discussed, to 

achieve wideband AODF at microwave or mm-wave bands, the selection and design of antennas 

has many impacts on the final capabilities of the receiver systems systems they supply. 

 Beyond questions of the approach to design for modern receiver systems for AODF and 

spectrum sensing, another critical question for the design of future RF systems is how best to feed 

the antennas in use. Modern, complicated commercial and defense systems require increasingly 

complex RF components to deal with increasingly strict electrical requirements. In recent years, 

increases in cost of machining, rapid development cycles, and other factors have driven widespread 

examination of additive manufacturing as a tool for design, prototyping, and possible future mass 



3 

 

production. The full monolithic integration of 3D printed microwave passive systems and antennas 

is a goal that has only become feasible in recent years, waveguide components in particular have 

seen successful monolithic systems for a few years [15, 16]. In coaxial technology, successful 

monolithic integration of antennas and passive components has seen only very recent success [17], 

and capabilities of this technology remain largely unexplored.  

 

1.2 Motivation 

 1.2.1 Wideband Amplitude Only Direction Finding 

 The theory of direction finding put forward in the literature takes pains to detail the analysis 

of existing antennas for their system accuracy as AODF antennas [1, 6, 19-22]. Starting from 

existing systems, and in limited analyses from theoretical beam shapes similar to those discussed 

later [1, 6, 19, 20], the works discuss the impact of parameter variation with respect to the change 

to the DFF slope (a measure of the system noise invariance discussed later), the induced system 

error by pointing accuracy and antenna gain imbalance [1, 6, 20, 21], the impact of thermal noise 

and SNR [1, 6], changing beamwidth [1, 21], and elevation impacts [22]. The analyses put forward 

provide detailed analytical examinations of the vast majority of sources of error. However, what 

these analyses neglect to discuss are a variety of very practical considerations. When designing an 

AODF system, these sources neglect to discuss features like the realistic performance limits of a 

system, in terms of features like detection range, angular coverage, and the desired accuracy of the 

DFF. In particular, the theory lacks a detailed explaination of how to systematically analyze new 

antennas for DF operation, how the selection of an antenna archetype, and the subsequent design 

of that antenna, impact the expected system level performance. For example, while planar spiral 

antennas are one clear and popular means of achieving wideband operation in microwave 

frequencies [1, 19], they lock in the particular frequency independent beam characteristics that a 

DF system can utilize. One alternate example of a wideband architecture to achieve >3:1 BW 

would be dual ridged horns like [18]. While the literature can describe whether this specific 
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antenna is good for DF, it is unclear what antenna level design goals should be pursued to achieve 

specific system-level requirements. This provides an opportunity for a rigourous analysis of 

mathematical beam functions, their behaviors for DF, and the link between antenna parameters 

like gain and beamwidth, and DF system parameters like angular coverage and DFF slope.  

 

 1.2.2 Wide Absolute Bandwidth AODF and Spectrum Sensing 

 Important features for direction finding in any band are to obtain near frequency 

independent behaviors in the shape of a radiation pattern, to exhibit bilateral or circular symmetry, 

to have consistent monotonic behavior off boresight, and for the radiation pattern to be free of tight 

spacial rippling [1, 6]. There are a variety of antenna types that can satisfy some or all of these 

design goals, at varying frequency ranges. These include planar log-periodic antennas [23], Log-

periodic dipole arrays (LPDA) [23, 24], spiral antennas [25], corrugated horns [26, 27], ridged 

horns [28], polyrod antennas [29-31], and sectoral horns [8, 32], to name a few. At lower frequency 

ranges, LPDAs, planar log-periodic antennas and spiral antennas are all commonly used for DF, 

however manufacturing them at high frequencies often requires micromachining methods [23-25]. 

These micromachined antennas feature large exterior support structures which can result in 

scattering and pattern ripple. The result of this pattern ripple is commonly to exclude 

micromachined frequency independent antennas. Of the remaining antennas, the antenna family 

with the greatest utility for DF at these frequencies will be aperture antennas, due to the ability to 

control gain and beamwidth. Pattern ripple is still a concern for these designs, due to the small 

wavelengths and fine build details that can degrade operation, however for carefully constructed 

DMLS or split block designs, this source of error can be minimized. However, horn antennas 

commonly do not satisfy the goal of having nearly frequency independent behaviors in their 

radiation pattern. As such, there is a need in the literature to examine the impact of tightly pattern 

controlled horn antennas at W-band. While some of the sources listed [8, 27, 28, 32] do pursue 

some pattern control through minimizing beamwidth variation, they still exhibit not only >10o 
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10dB beamwidth variation, but subtler pattern shape variations that are more challenging to 

control. This is still sufficient to result in substantially varying DFF behavior. Achieving extremely 

consistent behavior over frequency at mm-wave frequencies is a substantial challenge.  

  

 1.2.3 Wide relative bandwidth antennas for AODF and spectrum sensing 

 While in mm-wave frequencies, wide absolute bandwidth requires careful control of device 

dimensions and construction, at microwave frequencies, the challenges of direction finding are of 

a different nature. In addition to wide bandwidth, desirable characteristics are dual polarized 

spectrum sensing with DF capabilities in both planes, low dispersion for good fidelity of received 

signals, and low profile. Operating over wide relative bandwidths brings in the additional design 

problem that in parts of the operating band, the antenna will be electrically much larger than in 

other bands. Not only can this be a significant issue for retaining reasonably self-consistent 

behavior over frequency, but the higher order spherical modes that can be generated by an 

electrically large antenna can result in substantial pattern rippling if they are not carefully 

controlled [33-35]. These higher order modes can be generated by both the primary radiating body 

of the antenna, as well as near field and scattering interactions with support structures and other 

objects. Construction of frequency independent antennas is substantially more feasible by 

conventional means at these frequencies, and they make up a significant number of spectrum 

sensing and DF devices [4, 33, 34] due to their multiple possible polarizations and extremely wide 

achievable bandwidths. However, limited design choices are available to achieve dual polarized 

operation, and as is clear in [33] the rippling in frequency independent patterns can be a substantial 

issue. In addition, as will be shown in chapters 2 and 4 and in the appendix, overall low gain of 

planar frequency independent antennas results in low DF accuracy (low DFF slope). Other 

drawbacks to these frequency independent antenna architectures are their nominal low efficiency 

due to bidirectional radiation and absorbing cavity integration, and their dispersive operation. One 

alternate means of achieving wideband, dual polarized, low dispersion signals is the quad-ridge 
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horn, either with or without antenna walls [35, 36]. These horn antennas have numerous extremely 

attractive features, including low dispersion and the potential for consistent 10dB beamwidth, 

however their high gain can be detrimental for good direction finding angular coverage, and their 

size and weight can be substantial. In addition, there is limited capability to miniaturize these 

horns. From all this, it can be seen that there is a potential for creating a novel, dual polarized, low 

profile spectrum sensor with low dispersion, consistently high efficiency, and good beam shape 

over frequency for DF. Achieving these features is nontrivial.  

  

 1.2.4 Additive Manufacturing of Coaxial Components 

 As requirements for antennas such as those suggested here become more stringent, the 

proper feeding of complex antennas will by necessity involve careful construction of matching 

networks and other passive microwave devices. With the growth of 3D printed devices, it is 

essential to look into the literature to examine how to extend the utility and manufacturability of 

these devices to wide bandwidths and numerous frequency bands, as well as to investigate the 

practical behaviors of devices created with varying additive techniques such as SLA and DMLS. 

Over the past few years, the growth of 3D printed waveguide devices in particular has been 

substantial [15, 37-45]. However, these devices are largely narrowband, and the waveguide 

construction is not conducive to all antenna types. While the construction of waveguide 

components seems highly feasible with additive manufacturing, increasing attention is being paid 

to the construction of coaxial components [17, 45-52]. These devices show substantial promise for 

development of low loss, low dispersion, high quality components, which can also be rapidly 

prototyped at extremely low cost. Extending the work in [17, 52], to wider bandwidths, and 

developing a family of air-filled low loss coaxial components can substantially progress the state 

of the art for the additive manufacture of microwave passive feed chain devices. Of particular 

interest are the possibilities for development of components which are structurally impossible to 
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create by traditional methods, taking full advantage of 3D printing to achieve complex internal 

geometry and dense structural packing schemes.  

 

 1.2.5 Antenna Systems for Wideband Direction Finding and Spectrum Sensing 

 The contention of this work is that the challenges posed by the development of wideband 

direction finding and spectrum sensing antennas are tractable. Nearly frequency independent 

AODF and spectrum sensing can be achieved through tight pattern control over a wide absolute 

instantaneous bandwidth, with high accuracy and gain at mm-wave frequencies, and wide relative 

bandwidth AODF and spectrum sensing are achievable through mode and pattern control with dual 

polarization and high efficiencies. Further, 3D printing technologies can be leveraged to support 

wideband, strict antenna requirements and develop diplexers and other devices that are wideband 

and low loss, while achieving substantial internal complexity and miniaturization. 

 

1.3 Thesis Objectives 

 This thesis presents a variety methods by which wideband spectrum sensing and direction 

finding can be achieved, focusing on the differing contexts for high performance over wide 

absolute bandwidth operation at mm-wave frequencies, and wide relative bandwidth operation at 

microwave frequencies, as well as the development of a family of coaxial components in additive 

manufacturing. This is achieved through the construction of an analytical direction finding theory 

using realistic mathematical radiation patterns to model direction finding behaviors, and the 

resulting interactions between three critical parameters: system detection coverage or field of view 

(FOV), system detection range as described through minimum gain within the FOV, and system 

noise tolerance, as described by the direction finding function slope. The analytical theory 

demonstrates the fundamental tradeoff between these three parameters, and shows that there are 

concrete limits on the available performance from AODF systems of any design.  
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 The insights gained from this analytical framework are utilized to develop a curved 

aperture horn antenna operating over W-band, achieving wide absolute bandwidth AODF 

operation in mm-wave frequencies, and validating the analytical framework. The design makes 

use of novel means of minimizing antenna beam variation over frequency and achieves extremely 

low variation and nearly frequency independent direction finding operation. The extention of the 

curved aperture horn to W-band operation also revisits an antenna that has seen little use in the 

literature, and provides concrete parametric information not found in the literature on the proper 

construction of the curved aperture horn.  

 Wide relative bandwidth spectrum sensing and direction finding are achieved at lower 

microwave frequencies through the extention of the spherical mode miniaturized TEM horn to 

dual polarization, and the improvement of the spherical mode miniaturization technique through 

the addition of new current paths to the TEM horn. The miniaturized TEM horn is utilized for 

direction finding by being recessed into a cavity backing, and meets the additional goals of low 

dispersion and higher efficiency than the commonly competing frequency independent antennas, 

without substantially increasing size or weight. A novel balun for the feeding of a dual polarized 

TEM horn is developed. Additional wide relative bandwidth spectrum sensing is achieved through 

the development of a compact LPDA with an integrated impedance transforming feed designed 

for additive manufacture. 

 Further, this work presents the development of a family of coaxial components, including 

coaxial through lines with self-supporting inner conductors, Ka band resonators, and filter and 

diplexer devices with wide contiguous passbands, low loss, and significant structural complexity 

both internally and in external minaturization that cannot be replicated with traditional machining. 

In support of this, this work also presents a novel coaxial cross-junction with geometric 

compensation for circuit parasitics.  
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1.4 Thesis Organization 

 This thesis is organized into chapters as follows: 

 Chapter 2 describes a framework for the analysis of antennas for AODF operation. It 

presents three mathematical beam patterns to describe a variety of antennas, and links 

parameters describing their shape to the three critical system level parameters for AODF 

through the additional factor of mechanical beam squint. The use of this framework is 

demonstrated for an existing spiral antenna from the literature, and suggestions are given 

as to what constitutes a good design for an AODF antenna. Also presented is a framework 

to minimize the radiation pattern variation over frequency. 

 Chapter 3 examines the design of a curved aperture horn antenna at W-band. The 

parametric space describing the design of the curved aperture horn is analyzed in light of 

the radiation pattern variation framework, the average system gain, and the AODF theory 

put forward in chapter 2. The design of the individual element is then extended to a family 

of array configurations for DF, including a pair of 2-element arrays, a pair of 8-element 

arrays, and a 360o detection capable DF system. Measured results are presented for all 

components, comparing favourably with simulation, and good DF operation is 

demonstrated. The ability to use the AODF framework to guide design is shown, and its 

limitations are discussed with respect to the nonidealities of realistic antennas.  

 Chapter 4 presents the design and miniaturization of a novel dual polarized TEM horn. The 

TEM horn is analyzed in isolation to provide design guidelines for more traditional 

fabrications, and the spherical mode miniaturization technique is applied to combine the 

TEM horn with a correctly phased loop antenna and bowtie antenna, to reduce the turn-on 

frequency substantially. The TEM horn is then integrated into an absorbing cavity to 

improve radiation pattern shape for DF. A novel balun is developed to feed the TEM horn 

with two coaxial inputs and simplify the beamforming required for feeding of the TEM 
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horn. Measured results are presented, showing correlation of radiation patterns and DF 

performance. Inaccuracies of absorber models utilized in the antenna tuning are discussed.  

 Chapter 5 presents the design of a dual polarized LPDA. The design features extremely 

low spacing factor to achieve small size. The characteristics of the LPDA are contrasted 

with that of the classical LPDA literature. Integration of an impedance transforming feed 

is discussed and implemented. Further miniaturization strategies from the literature are 

discussed, both to achieve shorter antenna length, as well as to alter the self-similarity 

characteristics to achieve greater high frequency gain. A second polarization is added to 

the LPDA, and individual means of tuning each polarization are discussed. The single 

polarization device is manufactured, and measured results compare favourably with 

simulation. Wide-angle but low-accuracy DF operation is observed.  

 Chapter 6 presents the design and fabrication of a family of 3D printed coaxial devices. 

The first devices discussed are coaxial through-line devices intended for mechanical 

support of inner conductors and very wide bandwidths. Manufacturing of the device is 

presented in DMLS, and fabrication errors are discussed, leading to good agreement of the 

measured parameters with simulation. Following this a high Q0 resonator is designed for 

operation at 30GHz, the device is printed in both DMLS and SLA processes, and the 

differences between the process results are discussed. Third to be designed is a set of 

standalone bandpass filter devices, which are designed for both DMLS and SLA 

fabrication. Multiple devices fabricated show good agreement with simulation. The 

optimization of the novel coaxial cross-junction is presented, and utilized to reduce 

paracitic loading within the bandpass filters. Finally, three diplexer devices are presented, 

one with a planar configuration, and two variations achieving different levels of 

miniaturization. The measured results of all three diplexers are presented, showing 

agreement with simulation.  
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 Chapter 7 provides a summary of the work and the contributions to the scientific 

community. Possibilities for future extention of the subjects presented are outlined.  
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CHAPTER 2 

 

 

THEORY OF DIRECTION FINDING ANTENNA DESIGN 
 

 

2.1 Introduction 

 Direction finding is a consistent and historically prominent application of antennas, 

whether for active radar techniques, or passive signal interception [1]. As digital technology has 

developed, so too has direction finding been driven to utilize computationally expensive but highly 

accurate processing strategies like MUSIC and bayesian estimation methods. [10-12]. These 

techniques are highly accurate, but often require large numbers of samples and digital post-

processing, inevitably slowing down their implementation. Even with the widespread use of these 

digital techniques, amplitude only direction finding (AODF) remains popular for its rapid 

resolution of signals and typically low cost of implementation [6]. For AODF operation, a 

minimum of two beams from the antenna front-end is required, and the angle of arrival (AoA) is 

determined by comparing the voltage/power magnitudes processed by each receiver channel [1, 6, 

19]. These can be formed by a planar array with a beamformer, or by using physically squinted 

antennas [1, 9, 21]. The latter configuration is preferred for wide instantaneous bandwidth 

operation since it can reduce beam variations with frequency due to the associated beam shape and 

pointing dispersion [6, 9, 21]. This allows for separate design of antenna elements with the focus 

on their pattern stability with frequency [9, 21]. A simplified diagram illustrating a 2-antenna 

AODF system can be seen in Fig. 2.1, showing two adjacent antennas, squinted by an angle α off 

from the system boresight. Fig. 2.1 also illustrates the field beam patterns F(θ ± α), and the 

positions of two critical system level requirements that will be discussed, the field of view (FOV) 

and minimum gain in the field of view, Gmin.  

 For a typical two-antenna AODF system, identical antennas squinted off each other along 

the scanning plane are ideally used [6]. Unambiguous direction finding (DF) is feasible by  
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Fig. 2.1. Idealized diagram of a 2-antenna AODF system, illustrating patterns for left and right 

antennas, each squinted off from boresight by the angle α. 

correlating the AoA with the ratio between signals received by each antenna. Assuming symmetry 

around boresight, the direction-finding function (DFF) can be written as  

DFF [linear] =
|F(θ − α)|

|F(θ + α)|
  (2.1) 

where α is the squint angle off boresight, and F is the field pattern. In dB scale, DFF is expressed 

as 

DFF [dB] = 20 log10

|F(θ − α)|

|F(θ + α)|
= G(θ − α) − G(θ + α) (2.2) 

where G is the gain pattern of the standalone antenna in dB. Three antenna DFF functions can be 

used [53], however, limited accuracy near boresight is seen. Utilizing the DFF as stated above 

gives rise to the DFF slope (also called error slope [20]), which is a convenient metric for judging 

system performance in terms of sensitivity to magnitude errors. This is simply the first derivative 

of the DFF, and can be considered to be a system level requirement for the design of a DF front-

end. The higher the DFF slope, the more resilient the direction estimates will be to a decrease in 

signal-to-noise ratio (SNR) [6]. Within a specific field of view (FOV), increasing the DFF slope 
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comes at the expense of reducing the minimum gain, which affects receiver’s sensitivity and thus 

DF range. Alternatively, increasing a specific DFF slope without reducing the minimum gain 

means that the FOV has to be reduced. It is apparent that these performance aspects are of 

conflicting nature. This chapter provides a guideline for evaluating antenna suitability to achieve 

specific AODF operating goals. Moreover, an approach to directly connect system level 

requirements to antenna requirements is demonstrated. Accordingly, a suitable tradeoff is defined 

to provide guidance prior to design of an antenna front end. 

 While AODF may be commonly considered to be outdated compared with multi-sample 

correlation techniques, modern ultrawideband, low latency receivers [54, 55] have brought AODF 

and thus carefully designed antennas into a new limelight. Wideband AODF performance is best 

facilitated by consistent radiation patterns over frequency . Analysis of wideband antenna systems 

inclusive of design of antenna elements with smooth or constant beamwidth patterns is reported in 

the literature [32, 56, 57]. There are a variety of antennas which can achieve good pattern control 

for this purpose including pyramidal log periodics [57], spirals [4], pin-wall ridged horns, polyrods 

[30], cylindrical [27] and rectangular [58] corrugated horns, and sectoral horns [56, 59], to name 

a few.  

 The literature often details the analysis of existing antennas for AODF accuracy [1, 6, 19-

22]. Starting from an existing system, the works discuss impact of parameter variation with respect 

to change to the DFF slope, induced system error by pointing accuracy and antenna gain imbalance 

[1, 6, 20, 21], thermal noise and SNR [1, 6], changing beamwidth [1, 21], or elevation impacts 

[22]. Other works examine the means of refining existing antenna systems to achieve pattern 

smoothness or constant beamwidth for DF operation [32, 56, 57]. In [32], pattern control is 

achieved with 10dB beamwidth and the non-standard metric of ‘pattern concavity beamwidth’ is 

defined, as will be discussed later. In [56] and [57] pattern control is achieved through 3dB 

beamwidth. By contrast, this work expands the direction finding theory by taking common 

functions used to represent radiation patterns [1, 60] and linking their parameters directly to system 
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level requirements of DFF slope, system FOV, and minimum gain. The framework presented 

works for both system design, and for evaluation of individual antennas for DF suitability. For 

practical demonstration, chapter 3 examines the use of a W-band curved aperture horn to achieve 

a high level of radiation pattern control by using a fitness function taking into account pattern 

behavior at multiple points, rather than solely at a particular beamwidth.  

 This chapter is organized as follows: in Section 2.2, the design constraints of a DF system 

are approached analytically, focusing on the system requirements: the FOV, the DFF slope within 

the FOV, and the minimum gain within the FOV. These requirements are related to each other 

theoretically for any antenna beam. The developed formulas assume idealized beam functions, 

enabling researchers to find the combination of required beam and squint angle to achieve desired 

DF performance. Section 2.3 shows an example of the application of the framework to an existing 

spiral design in the literature to illustrate the impact of wide bandwidth in a typical DF antenna 

and to illustrate the design and analysis process. Section 2.4 presents a multi-point method of 

pattern control which will be utilized in chapter 3. Section 2.5 concludes, and discusses possible 

areas for future expansion of this analysis. 

 

2.2 Analytical Approach 

 2.2.1 System Level Metrics 

 To analyze the two-channel AODF system theoretically, the following assumptions are 

made. First, the DF aperture consists of two identical antennas, one for each channel. They are 

squinted in the scanning plane, symmetrically around the symmetry axis. Second, the radiation 

pattern of a standalone antenna is evenly symmetric with the main lobe directed towards antennas’ 

boresight directions (θ = −α and θ = +α). This makes the DF front end (i.e. with squinted 

antennas) evenly symmetric around system’s boresight (θ = 0). Finally, all losses including 

polarization mismatch are assumed to be equal in both channels, which yields an AoA estimation 

based on antenna gain patterns solely. This is a reasonable assumption in practical systems if 
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linearly polarized antennas are utilized, and symmetrical design and fabrication of all subsystems 

is ensured. Since imperfections are unavoidable in practice, high accuracy systems call for high 

DFF slope (error slope). 

 The AODF system requirements are specified with minimum gain, Gmin, and minimum 

DFF slope, SLOPEmin, maintained within a desired FOV. Satisfying these performance 

parameters, if achievable, depends on the antenna pattern F(θ) as well as the squint angle α. The 

minimum gain requirement is  

|F (
−FOV

2
− α)|

2

= |F (
FOV

2
+ α)|

2

≥ Gmin [linear] (2.3) 

whereas the minimum DFF slope requirement is  

∂

∂θ
|
F(θ − α)

F(θ + α)
|

θ=[−
FOV

2
,
FOV

2
]

≥ SLOPEmin  [/°] (2.4) 

in dB scale, the relations (2.3) and (2.4) can be re-written as  

G (
FOV

2
+ α) ≥ Gmin [dBi] (2.5) 

∂

∂θ
|G(θ − α) − G(θ + α)|

θ=[−
FOV

2
,
FOV

2
]

≥ SLOPEmin [dB/°] (2.6) 

where G = 20 log10|F| is the gain pattern in dBi. These two relations are contradictory in terms of 

not being able to satisfy higher Gmin (over a specific FOV) without sacrificing a lower SLOPEmin, 

and vice versa. Alternatively, both aspects can be improved together if a required FOV is reduced. 

To better understand this, a thorough investigation with idealized radiation patterns is conducted 

next. 

 

 2.2.2 Cosine Beam Analysis 

 A cosine pattern function is often used to model an antenna beam [60]. To obtain beam 

variations and control directivity the cosine function is raised to a positive power number n. Thus, 

a non-squinted beam pattern of a lossless antenna is 
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F(θ) = A cosn(θ) (2.7) 

and, hence, the gain pattern can be written as  

G(θ) = D0 + 20 n log10 cos θ (2.8) 

where D0 = 20 log10 A is the directivity in dB. For convenience during the following analysis, 

the pattern in the non-scanning principal cut (i.e., perpendicular to the scanning plane) is assumed 

to be A cos0.5(θ). The need to have a wider beam in the perpendicular cut without sidelobes is 

often desired in practical systems and is therefore utilized here.  

 Two cosine beams are squinted to obtain the mathematical model of the AODF system that 

ties FOV, DFF slope, and antenna minimum gain (receiver sensitivity). Squinted patterns are 

substituted in relations (2.5) and (2.6) to yield  

D0 + 20 n log10 cos (
FOV

2
+ α) ≥ Gmin (2.9) 

∂

∂θ
{20 n log10

cos(θ − α)

cos(θ + α)
} ≥ SLOPEmin (2.10) 

 Relation (2.10) can be further simplified by only ensuring that the minimum of the left-

hand side is higher than SLOPEmin. Following double differentiations to determine minima, it is 

proven that the minimum DFF slope occurs at θ = 0, which leads to a simplified version of the 

relation as 

−40 n

ln 10
 
sin(−α)

cos(−α)
≥ SLOPEmin (2.11) 

 When designing an AODF front-end for a specific Gmin and SLOPEmin over a required 

FOV, the only design parameters that can be controlled are the antenna pattern n and the squint 

angle α. Therefore, the evaluation of DF performance requirements in terms of α and n that satisfy 

(2.9) and (2.11) is needed. Initially, α is made the subject in both relations as  

α ≤ cos−1 [10 
Gmin−D0

20n ] −
FOV

2
 (2.12) 
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α ≥ tan−1 [
3.3  SLOPEmin

n
] (2.13) 

Then α is sketched against n for a specific set of DF performance parameters (Gmin, SLOPEmin, 

and FOV). Relations are represented as regions of satisfaction, which means that satisfying both 

relations occurs only if there is an overlapping region. In this case, choosing a point (α and n) 

within that overlapping region should satisfy both relations and, hence, all preset DF performance 

parameters.  

 A demonstration of this analysis methodology is shown in Fig. 2.2. The required DF 

performance parameters are Gmin = −12 dBi, SLOPEmin = 0.5 dB/°, and FOV = ±20°. Relation 

(2.12) is satisfied at any point below the solid line, whereas relation (2.13) is satisfied at any point 

above the dotted line. All points within the overlap region between these two lines represent 

antenna patterns (related to n) and squint angles (α) that meet all required DF performance 

parameters. On the other hand, (α,n) pair outside this region will not lead to satisfaction of all 

requirements. This is evident in Fig. 2.3, which shows the patterns and DFF functions of the AODF 

 

Fig. 2.2. Regions of satisfaction for relations (2.12) and (2.13). DF performance requirements are 

Gmin = −12 dBi, SLOPEmin = 0.5 dB/°, and FOV = ±20°. All points (n,α) within the overlap 

region satisfies these requirements. 
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Fig. 2.3. Radiation patterns and corresponding DFF curves using four different design parameter 

sets of n and α. Two sets (a and b) are chosen to within the overlap region in Fig. 2. The other sets 

(c and d) are not chosen within the overlap region. Required performance parameters are Gmin =
−12 dBi, SLOPEmin = 0.5 dB/° , and FOV = ±20°. 

assuming several design parameters (α and n).  

 Let us now assume that a better DF performance is required such as higher Gmin, a higher 

SLOPEmin, a wider FOV, or any combination of these improvements. Interestingly, any of these 

improvements causes the overlap region to shrink or even disappear, forcing the designer into 

limited choices or none. Fig. 2.4 illustrates this behavior. Each case shows the reduction in the 

region of satisfaction resulting from increased performance goals, in all cases, the overlap region 

shrinks, indicating a more challenging antenna design, if feasible. 

 The 10-dB beamwidth is examined and found to be a legitimate, practical, replacement of 

the parameter n. Consequently, it is possible to draw the regions of satisfaction (such as in Fig.  
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                                          (a)                                                                        (b) 

 

                                                                                (c) 

Fig. 2.4. Regions of satisfaction for relations (12) and (13) based on three sets of DF performance 

parameters: (a) Gmin = −6 dBi, SLOPEmin = 0.5 dB/°, and FOV = ±20°, (b) Gmin = −12 dBi, 
SLOPEmin = 1 dB/°, and FOV = ±20°, and (c) Gmin = −12 dBi, SLOPEmin = 0.5 dB/°, and 

FOV = ±30°.  

2.2) by substituting the x-axis n values with their equivalent 10-dB beamwidth values. The 10-dB 

beamwidth (denoted as Beamwidth) of the theoretical cosine pattern defined in (2.7) can be 

expressed as 

Beamwidth = 2 cos−1 [10 
−1
2n] . (2.14) 

Accordingly, the relations that define regions of DF performance satisfaction are the same as those 

in (2.12) and (2.13) but with n replaced as  

n = [2 log10 sec (
Beamwidth

2
)]

−1

. (2.15) 
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Fig. 2.5 shows a replication of the chart in Fig. 2.2 but with the x axis being the 10-dB beamwidth 

instead of n. The same DF performance parameters are used here (Gmin = −12 dBi, SLOPEmin =

0.5 dB/°, and FOV = ±20°). The antenna design set (α = 30°, n = 4), which satisfies all 

performance requirements, is now (α = 30°, Beamwidth = 83°). From the viewpoint of 

standalone-antenna design, obtaining the required 10-dB beamwidth encapsulates a great deal of 

the desired pattern information, assuming that the overall shape of the pattern is cosine-like. Such 

assumption is adequate in simple design cases where a narrow frequency bandwidth is targeted, 

which induces less challenge on achieving the required ‘cosine’ pattern. However, in systems with 

wideband operation, antenna pattern may be expected to vary significantly, and the presumption 

that all patterns resemble cosine shapes is questionable. Therefore, the above proposed theoretical 

analysis should expand to examine a variety of patterns.  

  

 

Fig. 2.5. Regions of satisfaction for relations (2.12) and (2.13) with n replaced by the 10-dB 

beamwidth per equations (2.14) and (2.15). DF performance requirements are Gmin = -12dBi, 

Slopemin = 0.5 dB/°, and FOV = ±20°. This figure is equivalent to that in Fig. 2.2; however, the x-

axis has a parameter of greater utility for visualizing the antenna far-field. 
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 2.2.3 Other Pattern Functions 

 Variations of the cosine pattern itself can be obtained by merely adding a control parameter 

to the argument; i.e., 

F(θ) = A cosn(kθ), (2.16) 

where k is positive real number. Note that this holds for the main beam, within |θ| <
π

2k
, and that 

F(θ) is held to be 0 outside of the main beam. In the previous subsection, k is set to one, but 

selecting a non-unity value of k is expected to slightly change the overall beam shape, especially 

at high elevation angles. Fig. 2.6 shows the normalized antenna patterns for the cosine pattern with 

various k values but same 10-dB beamwidth (arbitrarily 80° for the sake of illustration). The effect 

of varying k does not look significant, but in fact a closer look to the slope of the patterns reveals 

quite some difference. This is explored next. 

 By following the same analysis procedure from the previous subsection, relations for 

satisfying DF performance requirements can be derived as  
 

 

Fig. 2.6. Normalized radiation patterns of the cosine function in (2.16) with various k values (0.5, 

1, and 1.5) but the same 10-dB beamwidth of 80o. The power number n is adjusted in each case to 

maintain equal 10dB beamwidth for all. 
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α ≤
1

k
cos−1 [10 

Gmin−D0
20n ] −

FOV

2
 , and (2.17) 

α ≥
1

k
tan−1 [

3.3  SLOPEmin

nk
] , (2.18) 

where 

n = [2 log10 sec (
Beamwidth

2/k
)]

−1

. (2.19) 

 Fig. 2.7 shows the chart of α vs 10-dB beamwidth illustrating borderlines of satisfaction 

conditions in relations (2.16) and (2.18) for various k values. The same DF performance 

parameters are used here (Gmin = −12 dBi, SLOPEmin = 0.5 dB/°, and FOV = ±20°). It is seen 

that the region of satisfaction does vary with k. Although it might appear minimal, the practical 

beam shape does not often follow a specific theoretical pattern, especially for wideband operations. 

Therefore, it is favorable to select the design point (i.e., α and beamwidth) located within a broad 

range of overlap regions regardless of k. From the chart in Fig. 2.8, many design points belonging 

to 10° ≤ α ≤ 30° and 50° ≤ Beamwidth ≤ 90° can be chosen within all satisfaction regions.  

 

Fig. 2.7. Regions of satisfaction for (2.17), (2.18), with n replaced with 10-dB beamwidth per 

(2.19). Three values of k are assumed (0.5, 1, and 1.5). Required DF performance parameters are 

Gmin = -12dBi, Slopemin = 0.5 dB/o, and FOV = ±20o. 
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Fig. 2.8. Regions of satisfaction for variety of pattern functions, assuming required DF 

performance parameters of Gmin = -12dBi, Slopemin = 0.5dB/o, and FOV = ±20o. E-plane 3dB 

beamwidth held constant at 60o 

 To demonstrate the applicability of this analysis to other pattern shapes, Sinc and Gaussian 

patterns are considered next, i.e: 

 For Sinc patterns 

F(θ) = sincn(kθ) = (
sin(kθ)

kθ
)

n

(2.20) 

sinc (k (
FOV

2
+ α)) ≥ 10

Gmin−D0
20n (2.21) 

1

kα
− cot(kα) ≥

3.3 SLOPEmin

kn
(2.22) 

 For Gaussian patterns 

F(θ) = exp(−n θ2) (2.23) 

α ≤ √
D0 − Gmin

8.7 n
−

FOV

2
(2.24) 

α ≥
SLOPEmin

34.7 n
(2.25) 
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 For sinc patterns, the function F(θ) is utilized for the main beam, |θ| <
π

k
, and 0 elsewhere. For 

each of these relations, the 10-dB beamwidth can be calculated, then a chart of α vs 10-dB beamwidth 

can be plotted. Fig. 2.8 shows the borderlines of satisfaction conditions for variety of functions 

with the same DF parameters as before (Gmin = −12 dBi, SLOPEmin = 0.5 dB/°, and FOV =

±20°).  

 

 2.2.4 Strategy for Wideband Operation 

 Targeting DF system design for wideband operation adds an inevitable challenge due to pattern 

variations. Ideally, the goal is to design the antenna pattern to be stable in maximum gain, 10-dB 

beamwidth, and smoothness, up to high elevation angles. However, in reality, all these parameters do 

vary to some extent when frequency is varied over ~1.5:1 bandwidth or more. To alleviate the delicacy 

of such challenge, it is helpful to start the design knowing the allowed range of acceptable performance 

parameter. For example, it would be reasonable if the 10-dB beamwidth can vary by 20° instead of 5°. 

To maximize such allowance, a suitable squint angle must be selected first. 

 It is established that the squint angle 𝛼 does not change much with frequency because it is fixed 

physically and antenna is well balanced. Once 𝛼 is set, the range of allowed 10-dB beamwidths is set 

as well. This range can be approximated by referring to Fig. 2.7 and Fig. 2.8 and measuring allowed 

horizontal movement for a specific 𝛼 under varying shape parameters and funcitons. For example, 

if 𝛼 is set to 30°, in Fig. 2.7, to satisfy the range of shape parameters examined, beamwidth variations 

from 74° to 95° are acceptable without violating all DF performance requirements specified for this 

figure. In other words, the standalone antenna should be designed so that the radiation pattern is 

controlled in terms of smoothness within a 10-dB beamwidth of not less than 65° and not more than 

95°. It can also be seen that depending on the expected range of shape parameters in a designed antenna, 

it may be more applicable to select a squint near 20o rather than 30o for the widest range of allowed 

beamwidths. In later chapters, the squint angle is set to 30°, thus setting the design focus on controlling 

the pattern stability in terms of beamwidth and smoothness. 
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2.3 Example of Framework Applicability 

 To illustrate the utility and use of this framework as a design tool, a hypothetical antenna can 

be examined as an example. Similar to that in [57], the example used here is a simulated ring-loaded 

archimedian spiral antenna designed with DF operation in mind. Taking a representative radiation 

pattern from the design, a variety of similar theoretical patterns can be calculated. These are found by 

minimizing difference between the idealized beam pattern and the simulated full-wave patterns  over 

a particular angular sweep. In this case, the beam pattern differences are minimized over ±75o. As can 

be seen in Fig. 2.9(a),  this results in some variance between the three pattern shape models, as 

expected. The three patterns have somewhat different beamwidths, and subtly different behaviors 

throughout the beam shape. The cosine pattern concentrates more energy towards boresight, starting 

higher than the archimedian spiral, but with behavior tapering off faster once approaching the horizon. 

The gaussian beam is the reverse, with more energy being distributed throughout the pattern. Starting 

off with a faster roll-off than the archimedian pattern, before visibly widening. The sinc pattern 

operates similarly, but the behavior near horizon more closely matches the simulated spiral behavior.  

 From this the range of squint angles over which the design can be expected to operate can be 

calculated. This can be seen in Fig. 2.9(b), with the 10dB beamwidth of the pattern highlighted with 

 

                                       (a)                                                                            (b) 

Fig. 2.9. Simulated single frequency archimedian spiral antenna pattern, plotted with near matches 

to ideal patterns (a) and detoted single-frequency pattern plotted against cosine, sinc, and gaussian 

DF models (b).  
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 the black line. For this calculation, Bi-directional, rotationally symmetric patterns (as with a spiral 

antenna in free space) were assumed. As can be seen, this pattern can be expected to satisfy both 

requirements for a range of angles over approximately 51-67° of squint. Noticeably however, the three 

different pattern approximations yield slightly different behavior. Most of this difference is seen in the 

gain requirement, as the pattern roll-off of each numerical pattern occurs at different rates, with the 

gaussian beam being widest and the cosine beam being narrowest. This results in nearly 10° of 

difference between the estimated requirements. The slope variation is less extreme, with the variation 

being only approximately 2° for the pattern in question. The actual simulated pattern meets the 

requirements for a range of squint values between 52-61°, a bound slightly tighter than the sinc beam 

analysis. 

 The complexities of the true simulated or measured pattern of an antenna are not fully captured 

by this model. In particular, the model does a poor job of capturing the impact of pattern spacial rippling 

and the impact of sidelobes or non-monotonic behaviors far from boresight. This is, for practical 

purposes, captured by the nonstandard metric of ‘pattern concavity beamwidth’, introduced in [55]. 

The pattern concavity beamwidth is the range of angles over which the second derivative of the 

radiation pattern – in dB – remains below some small limiting value. Listed anecdotally in [55] as 

<0.02 dB/degree2. The pattern concavity beamwidth describes the range over which the theory put 

forward here holds accurately. The concavity beamwidth of this example spiral is ≈160o, meeting the 

<0.02 dB/degree2 bound for frequencies between 5-20 GHz, and meeting a looser bound of <0.05 

dB/degree2 from 20-25 GHz. For best DF operation, the range over which an antenna should maintain 

pattern concavity beamwidth is as shown in (2.26). It is worth noting that if the boresight of the antenna 

is outside of the system FOV, there will be a range of angles near the antenna boresight where 

concavity is not strictly required. Similarly, if the antenna patterns are allowed to be asymmetrical, 

there may only be an angular range of equal width to the FOV where good concavity must be 

maintained. These features of the concavity beamwidth may potentially be of use in the design of 

synthesized beams from array sources. 
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𝐶𝑜𝑛𝑐𝑎𝑣𝑖𝑡𝑦 𝐵𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ ≥ 2 ⋅ (𝛼 +
𝐹𝑂𝑉

2
)  (2.26) 

 Specifically, while the ideal patterns should operate between approximately 51-67° squint, they 

would require pattern concavity beamwidth of ~142-174o. As the concavity beamwidth is only ~160o, 

in practice the design only operates as desired below ~60° squint, getting both the DFF slope and FOV 

as required. While higher squint values could allow for better slopes the FOV is limited by the change 

in concavity. With a 160o concavity beamwidth and 60o squint, the point where the pattern deviates 

from theory is in the vicinity of ±20o, in the DFF slope, this can be clearly seen as the point when the 

DFF slope transitions from steadily increasing in the FOV, to steadily decreasing.  

 From this example, the guidelines for a requirements-oriented design begin to take shape. This 

design has certain limitations that should be overcome in an ideal DF oriented antenna design. In 

particular, while the mathematical theory and real operation are highly similar for this antenna, it can 

be seen that for such a low directivity design, achieving high slope is challenging, and while the system 

may still operate above a gain cutoff, neither receivers beam will be pointed near to boresight due to 

high squint. The sensor FOV is far from the individual antennas peak directivity, and as such not only 

is this inefficient, but this leaves a system more susceptible to reception of spurious signals and 

reflections. Meanwhile if this analysis were applied to a highly directive antnenna, it can be reasoned 

that higher slope values would be possible, but the gain fall-off, or positioning of sidelobes, would 

limit the usable FOV. 

 It is clear from the theory that better performance can be obtained for designs which operate 

with moderate, consistent gain, showing beamwidths in the range of 60-100° in the detection plane, 

with a squint of 20-40°. An antenna system with this characteristic has the widest range of possible 

squint angles, and would be tolerant of variation. This centered range of squints and beamwidths 

provides the largest window wherein an antenna could operate fulfilling all requirements. This is of 

particular importance when one considers antennas with wide bandwidths. For a spiral design, this is 

less significant due to their frequency independent nature, leading to their wide use in DF operations 

[6]. Continuing the example from before, in [57] the spiral in question operates over an extremely wide 
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bandwidth. In simulation, the design put forth varies only between 127-133° 10dB beamwidth between 

6 and 25GHz. Using the sinc-beam with n and k shape factors as a good match to the spiral operation, 

as you move across the simulated bandwidth, the best k value used to simulate the radiation pattern 

changes between approximately 1.7-1.98. The radiation pattern cuts over frequency, and the slope and 

gain requirement inequalities for k = 1.7, 1.98, are plotted in Fig. 2.10(a), and Fig 2.10(b), respectively. 

The highlighted region in Fig. 2.10(b) shows the variation in 10dB beamwidth over frequency for the 

simulated archimedian spiral. As seen, the highlighted band can theoretically satisfy the requirements 

for all different beam shapes with any squint value between approximately 53-60°. Plotted in Fig. 

2.10(c) and Fig. 2.10(d) is the DF behavior for a 58o squint, meeting the requirements of 0.5 dB/degree  

 

                                       (a)                                                                            (b) 

 
                                       (c)                                                                            (d) 

Fig. 2.10. (a) Simulated 6-25 GHz pattern cuts in 1 GHz steps for a ring-loaded archimedian spiral. 

(b) slope and gain requirements with minimum and maximum shape factor, and archimedian spiral 

10dB beamwidth over frequency highlighted. (c) squinted antenna patterns (black) and DFF (blue) 

at 58o squint. (d) DFF slope for 58o squint, showing 41o FOV with slope > 0.5dB/degree. 
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DFF slope and >-12dBi gain in the 40o FOV. Worth noting is that these extreme squint values bring 

 the antenna close to the boundaries of it’s pattern concavity beamwidth, as seen in the behavior of the 

DFF slope past approximately ±20o.  

  

2.4 Pattern Control Methodology 

 From the gain and slope requirements, the desired radiation patterns produced by a variety 

of antennas can be considered. This facilitates analysis of their behavior in an AODF system. A 

natural extension of this investigation is in extending the bandwidth. Within this framework, as 

seen when the beam continues to narrow (presumably as frequency increases), the minimum gain 

within a specified FOV requirement may fail. Conversely, if the beam widens, or pattern nulls 

intrude within the desired FOV, the minimum slope requirement will not be met. To maintain 

wideband behavior, these modes of failure must be addressed. Two possible, low-complexity 

approaches are controlling the directivity through arraying and improving the radiation pattern 

control of a single element. Arraying is feasible for systems which have single-plane detection, or 

when detecting azimuth and elevation with separate front-ends. By arraying the elements 

perpendicular to the plane of detection, the directivity can be manipulated substantially without 

significantly affecting detection plane pattern shape. This will be discussed further in Chapter 3. 

However, improving the allowed band using the gain requirement is still limited by the pattern 

concavity beamwidth [32], nulls in the pattern, and deviation from idealized beam shapes. 

Therefore, controlling the shape of the beam is critical for wideband DF operation. Not only does 

pattern control make wideband operation easier to accomplish, but with modern systems requiring 

minimal processing times, consistent pattern shape over frequency offers the possibility of AoA 

estimation without wasting processing time on frequency determination. If all DFF calculations 

are the same across the band of interest, estimations with low error can be achieved in a very short 

time.  
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 To that end, approaches seen in literature for pattern control can be revisited. In many 

cases, pattern control is achieved through parametric optimization of the antenna’s geometry, 

predominantly tuning to minimize variation in the 10dB or 3dB beamwidth [32, 35, 56, 57, 61, 62] 

or beam level at a particular angle [61]. In [32, 62] pattern control is achieved by maximizing the 

pattern concavity beamwidth. While these works are all successful for their application, a higher 

degree of pattern control is desired herein, to attempt to obtain nearly frequency independent DF 

operation from an antenna that is not necessarily frequency independent by nature. Minimizing the 

variation only of one control point like 10dB beamwidth or 45o gain, neglects to control the pattern 

shape far from that point.  

 Thus, a metric for pattern control is developed to work over multiple points [63]. The 

function is shown below in (2.27). The metric S measures the total change in the radiation pattern 

slope at a particular point in theta, and allows for a generalized average of this change over selected 

points of interest in a pattern.  

S =
1

N
∑ ∫ |

∂

∂f

∂

∂θ

G(θ, f)

max [
∂

∂θ
G(θ, f)]

| ∂f
fmax

fmin

θN

θ1

(2.27) 

θi = 10°, 20°, 30°, 40°, 50°; N = 5 

 In (2.27), the function G represents the 2D linear gain pattern in the detection plane, that is 

to say some particular presupposed ϕ-cut, fully described by θ and 𝑓, with the assumption that θ = 

0o at the pattern boresight. The function G is normalized by the term 𝑚𝑎𝑥 [𝜕/𝜕𝜃 𝐺(𝜃, 𝑓)] such that 

the maximum radiation pattern slope seen is set to 1. This allows for patterns of substantially 

different beamwidth and gain to be compared without biasing towards low-gain, wide beam 

antennas which otherwise result in lower values of S due to shallower slope. The partial derivatives 

are taken over θ and 𝑓, to obtain a function of the change over frequency of the radiation pattern 

slope. By then taking the absolute value and integrating over the frequency band of interest, we 

arrive at a function in θ representing the total change (over the band of interest) of the radiation 

pattern slope at each point in θ. By then taking an average over this change at critical points, a 
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single valued, minimizable metric describing the variation of a radiation pattern is found. This 

calculation can be performed for each geometry of a parametric sweep or optimization, allowing 

for the minimization of the change in the radiation pattern slope over frequency, to effect pattern 

control over selected theta points of interest. This could also be taken further, changing the 

summation to an integral over theta, but this was not deemed necessary, due to the risk of ‘over-

averaging’ the pattern shape. Instead, knowing that the direction finding theory suggests the widest 

range of usable beams fall near a squint angle of 30o, a sampling of theta points representing a 

±20o
 FOV about 30o is utilized.  

 Worth noting, though not examined in substantial depth, is the possibility of using a family 

of similar metrics. Specifically, rather than focusing on the beam slope, the focus could be placed 

on the beam level, taking instead the formulation in (2.28) for minimizing change in beam level, 

or the formulation in (2.29), minimizing difference between an obtained antenna pattern, and some 

hypothetical desired pattern. Due to the critical nature of the DFF slope, and the vulnerability of 

good DF performance to subtle pattern rippling that may not be captured in (2.28), the metric S 

utilized for the design work in chapter 3 is (2.27). (2.29) is also rejected for use in the design work 

in chapter 3, as it is not a-priori clear what beam shapes can be reasonably expected from the 

antenna family in use.  

S2 =
1

N
∑ ∫ |

∂

∂f

G(θ, f)

max[G(θ, f)]
| ∂f

fmax

fmin

θN

θ1

(2.28) 

θi = 10°, 20°, 30°, 40°, 50°; N = 5 

S3 =
1

N
∑ ∫ |

∂

∂f
(

G(θ, f)

max[G(θ, f)]
− Gdesired(θ, f))| ∂f

fmax

fmin

θN

θ1

(2.29) 

θi = 10°, 20°, 30°, 40°, 50°; N = 5 

 

2.5 Conclusion 

 This chapter presents the characterization of three of the most common families of 

hypothetical beam shapes for system requirements oriented direction finding. The shape 
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parameters of the idealized beams are linked directly to physical system squint, and to realistic 

system requirements, the DFF slope and minimum gain in the field of view, that impose limits on 

system error and maximum range. Manipulation of the system requirements with these ideal 

patterns is shown to impose fundamental tradeoffs on the FOV, the minimum gain in the FOV, 

and the DFF slope, requiring a system to either be designed for moderate performance in all three 

categories, or accept a loss in at least one metric, in exchange for a substantial gain in another. In 

addition, the impact of realistic radiation patterns disagreement with idealized patterns is discussed 

through the lens of the pattern concavity beamwidth. An example is presented, illustrating the use 

of these DF metrics, and examining how they apply to wideband systems. Finally, a brief 

discussion is put forward of methods to achieve pattern control for DF over specific angular 

regions of an antenna beam. These sections provide a novel guideline on the future design of 

AODF antennas, and provide concrete theoretical grounding to guide design. Future work in this 

analysis must examine in greater detail the impact of two sources of error in the analysis. First, the 

limitations posed by the ‘pattern concavity beamwidth.’ This metric, while useful on a practical 

level, does not provide the precision in analysis that may be desired. Future extentions of this 

framework should include compound functions, i.e. additional terms in the expression representing 

the antenna beam, such that the cosine, sinc, and gaussian beam are augmented to more accurately 

display a noise floor or backlobe of a pattern. As it stands, the functions of the main beam decay 

to 0 outside of the main beam, resulting in negative concavity throughout the dB gain pattern. 

Additional terms to represent accurately the behavior of antennas outside their main beam may 

allow for a more concrete analysis of the DFF slope, giving a tighter bound to acceptable squint 

angles. The second extention to the analysis is also through the use of additional terms in the main 

beam expression, however to express the impact of high spatial frequency rippling in the antenna 

pattern, as often results from system integration in the presence of scattering structures, or 

wideband antennas radiating many modes in a less than controlled manner. Limits on the 



34 

 

acceptable magnitude or frequency of this rippling could provide further design information to 

future AODF works. 
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CHAPTER 3 

 

 

MM-WAVE SPECTRUM SENSING AND DIRECTION FINDING 
 

 

3.1 Introduction 

 Direction finding and spectrum sensing technologies over wide bandwidths have become 

an essential tool for both military and civilian applications. In particular, decoy and detection 

applications increasingly require ultra-wide bandwidth operation, and 5G networks are projected 

to operate over numerous different operating bands, and feature technologies like active 

beamforming. To support these technologies, direction finding over wide and ultra-wide 

bandwidths is an essential tool. Naturally, direction finding front end antennas have pushed into 

both increasingly high frequencies, and increasingly wide and ultrawide bandwidths to match the 

demand for these technologies [21]. Receivers have been developed that can allow for up to 40GHz 

instantaneous bandwidth spectrum sensing. [14, 54, 55, 64-68]. These systems enable and motivate 

the design of antenna front-ends to meet these extremely wide bandwidths. The design of new 

systems to meet new requirements necessitates splitting desired bandwidths into manageable sub-

bands, or utilizing frequency independent antennas with sufficient size and feed region detail [6]. 

Even when using frequency independent antennas, the high and low frequency limits of 

manufacturing methods will necessitate splitting antenna front ends into smaller operating groups 

as higher frequencies are reached, and different manufacturing regimes are entered. Near V and 

W-band in particular, common frequency independent direction finding and spectrum sensing 

antenna designs like spiral antennas and log-periodic antennas [6] run into prohibitive size and 

integration requirements due to tight tolerances and millimeter wavelengths. To account for this, 

direction finding designs at W-band typically make use of techniques like slotline feeds to tapered 

slot antennas [21] and waveguide fed horn antenans [8]. Some critical features for direction 

finding, as noted in the previous chapter, are to obtain near frequency independent behavior in the 

normalized radiation pattern of an antenna, and antenna patterns that exhibit bilateral symmetry 
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over the detection plane, and have smooth, monotonic behavior off boresight [6]. To achieve wide 

absolute bandwidth operation for DF at W-band, There are a variety of antenna types that may fit 

these design goals. These include planar log periodic antennas [23], Log-periodic Dipole arrays 

[23, 24], spirals [25], corrugated horns [26, 27], ridged horns [28], polyrods [29-31], and sectoral 

horns [8, 32], to name a few.  

 To achieve operation over the W-band, this chapter will focus on a purely azimuth-only 

direction finding front end with linearly polarized radiators. One design that can achieve these 

direction finding goals, and particularly designing for DF system invariance over frequency, is a 

carefully designed horn antenna. Specifically, a curved-aperture rectangular horn, as described by 

Dewey and Hill [61, 67]. With this design, stable patterns over a wide band are achieved through 

consistant phase of the aperture fields across a cylindrical aperture, and limited interference from 

higher order modes [61]. Non-cylindrical apertures have been investigated to a limited extent but 

show beam splitting not conducive for DF [68]. The curved aperture horn antenna has seen little 

use in the open literature, [30, 59, 61, 67, 68], and as such there is limited practical information 

available to utilize in designing such a horn for use at W-band. The design shown in [61] utilizes 

first a transition from coaxial feed to double ridged waveguide, followed by an exponential taper 

to rectangular waveguide, with a deliberate discontinuity to excite a TE30 mode, phased to reduce 

the TE30 mode generated by the waveguide to horn transition, thus reducing 45o beam level 

variation and extending the frequency range of an existing curved aperture horn, the dimensions 

of which are not discussed clearly in [61]. The design discussed in [67] utilizes an angularly wider 

horn than the horn in [61], consisting essentially of an exponential upper and lower horn wall taper, 

swept through a 180o space, fed from the center by a coaxial feed with a rear matching cavity. The 

fields from the symmetrical coaxial feed are expected to spread out in a primarily symmetrical 

manner. However, neither approach is appropriate for the design of such a system at W-band. 

While coax can be, and is manufactured into the W-band range, the associated connectorization 

tolerances and required chain of transitions and connectors to build and feed an appropriate system 



37 

 

are prohibitive. In addition, use of a coaxial feed in this manner would significantly reduce 

integration capabilities of such horns, preventing good integration into an array or other multi-

beam system. Feeding horns directly with WR-10 waveguide enables reliable integration strategies 

and ensures repeatability.  

 Due to the infeasibility of a coaxial feed, and the challenging nature of machining a thin 

mode controlling iris or a dual ridge waveguide system to operate over the band of interest, these 

features are removed from the design presented in this chapter. Instead, horn geometry is 

investigated to maintain wide absolute bandwidth operation with a high degree of self-similiarity 

over frequency. Utilizing the slope metric described in chapter 2, the horn antenna is evaluated for 

a wide range of geometric parameters, and a design is arrived at showing high self-similarity over 

frequency in the H-plane. Following this, the system is examined in the context of a linear array 

construction, to effect higher gain without damaging DF performance, and separately in the context 

of a circular array, to effect a full 360o DF system. Measured performance is found to be in good 

agreement with simulation. Fig. 3.1 shows the family of components to be discussed.  

 

 
Fig. 3.1. Family of demonstrated curved aperture horn antennas. Left to right from top: single 

element (CNC and DMLS), 2 element array (DMLS), 8 element array (CNC) and circular array 

(CNC) configurations.  
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 This chapter is organized as follows: Section 3.2 discusses the design of the curved aperture 

horn element, and examines the behavior of a range of geometries in terms of gain and pattern 

consistency over frequency. Section 3.3 examines the simulated DF performance of the system, 

and how to extend the minimum gain in the FOV by arraying without altering the DFF. Section 

3.4 shows measured results for all systems, and discusses system level performance. 

 

3.2 Design of a Curved Aperture Horn Antenna 

 The curved aperture horn has limited design information available through the open 

literature. As such, studies of the practical design must be carried out. The ideal case of the aperture 

described would be a cylindrical arc in free space described by three parameters. The radius of the 

arc ‘LHorn,’ The E-plane aperture width ‘BAp,’ and the H-plane angular width ‘WAng.’ These 

parameters can be seen labeled in Fig. 3.2(a). In the case of a low frequency horn, this aperture 

could be constructed, as with a standard pyramidal horn, using relatively thin conducting walls, as 

is done in [61]. However, for a design operating at W-band, with any significant quantity of  

 
                                 (a)                                                                                   (b) 

Fig. 3.2. Illustration of idealized horn with critical parameters labeled (a) and illustration of final 

design for single W-band horn (b). 
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waveguide feeding, the ‘free space’ construction of a system is impractical. Instead, the designs 

pursued here look at cutting away material from a solid structure, with a continuous surface of 

radius Lhorn forming a cylindrical block into which the horn is built. Additionally, the greatest 

departure from the ‘idealized’ horn design of Fig. 3.2(a) is the flat plate visible behind the curved 

surface in Fig. 3.2(b). This flat plate is the minimum dimension to allow integration of a WR10 

waveguide flange located behind the horn. This has an impact on the final construced design, 

however is not included in the parametric studies of the horn geometry to be discussed. In the case 

of small values of LHorn, the impact of this flange is expected to be nontrivial as it would form a 

large rear groundplane relatively close behind the horn aperture, however in the final design, the 

flange section does not protrude much beyond the cylindrical block, and does not have a substantial 

impact on the radiated fields.  

 The theory put forward in [68] describes a limited approximation of the curved aperture 

horn antenna, and puts forward formulations for the far field patterns of narrow angular width 

sectoral curved aperture horns under the assumption that there is no reflection from the aperture, 

and that the horn only supports the primary TE mode. These assumptions are not found to be 

supported by the full-wave simulations outside of an extremely narrow region of geometries, as 

can be seen in the appendix. As a result, design information for the curved aperture horn must be 

found through simulation. To that end, not knowing a-priori the pattern shape of a well-designed 

curved aperture horn, the slope metric described in chapter 2 is developed to minimize radiation 

pattern change over frequency, without enforcing a beam shape that may be unrealistic. To fully 

evaluate the pattern behavior, two metrics are utilized, the slope metric described in chapter 2, and 

the average boresight gain. Average change in beamwidth is also examined, but does not provide 

significant additional information. A collection of parametric studies is undertaken over the three 

parameters previously described, and over the additional structural parameter of the taper style 

between the waveguide E-plane height b and BAp. Three taper styles are investigated: linear, 

exponential, and sinusoidal tapers. Marginally superior performance in terms of pattern variability 
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is found for the sinusoidal tapering of the upper and lower walls. The parametric study of the three 

primary geometric parameters is conducted over first a broad, sparse parametric space spanning 

horn radial length of 2-30mm, E-plane aperture width of  2-10mm, and 60-180o angular width. 

Poor performance for particularly large horns leads this to be refined to a narrower, more 

thouroughly investigated span covering 2-9mm (0.5-2.25λ at 75 GHz) LHorn, 2-5mm (0.5-1.25λ at 

75 GHz) BAp, and 60-180o WAng. Fig. 3.3 shows four plots, Fig. 3.3(a) and Fig. 3.3(b) show an 

overview of the 3D design space, with (a) showing the average slope change metric, in units of 

degrees-1, and (b) showing the average boresight gain over frequency in dB. Fig. 3.3(c) shows a 

detail plot of the average slope change, foused on the plane through E-plane aperture width of 

4mm. Finally, Fig. 3.3(d) shows a detail plot of the average boresight gain, through the same plane.  

 
                                 (a)                                                                           (b) 

 
                                  (c)                                                                         (d) 

Fig. 3.3. Visualizations of the 3D parametric space with respect to the average slope change metric 

S (a), and average gain (b). Detail views of the plane at BAp = 4mm, showing average slope change 

(c) and average gain (d).  
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What these design plots show is a region of poor behavior (high values of S) for long, angularly 

wide horns, with reasonable behavior for a broad range of antennas throughout the design space. 

This makes intuitive sense, as the abrupt transition from the WR-10 guided mode to an effectively 

radial parallel plate transmission region is not conducive to a good match between modes. The 

best (i.e. lowest average slope change) performance is concentrated in a relatively narrow band 

geometric parameters, forming a curved path near the diagonal of the parametric space, stretching 

between 2mm length horns with 180o  angular width, down to 9mm length horns with 60o angular 

width. Examining the average boresight gain behavior, we see that the region of poor behavior in 

the average slope change corresponds to a region of moderate to low gain, even for relatively large 

apertures. The region of the highest gain corresponds well to an area of relatively narrow angular 

width, long horn designs, which also shows notably consistent radiation patterns over frequency. 

Parametric sweeps with finer granularity in that high gain, low variation region arrive at a design 

which satisfies both low variation and high gain. The parameters for the design seen in Fig. 3.2(b), 

with angular width 70o, E-plane aperture width 3.8mm, and horn radial length 9.2mm. Fig. 3.4(a) 

shows the simulated normalized linear-gain H-plane behavior in 1GHz steps from 75-110 GHz, 

and Fig. 3.4(b) shows the un-normalized H-plane behavior in dB. Fig. 3.4(c) shows E-plane dB 

gain, not controlled for pattern shape. As is plain to see, the overall shape of the H-plane is 

extremely consistent over the band of interest, as desired. E-plane demosntrates primarily broad 

beam front, with side-lobes appearing after 90 GHz. Boresight gain varies from 12.8-15 GHz over 

the band of interest, with aperture efficiency of 46-60%, using the flat projection of the aperture 

viewed at boresight. 10dB beamwidth varies from 58.8-62.5o. Simulated |S11| is better than -15 dB 

across the band.  
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                                 (a)                                                                           (b) 

 
(c) 

Fig. 3.4. Plots of H-plane gain from a single curved aperture horn antenna as (a) normalized linear 

gain and (b) standard dB gain. And plot of E-plane gain in dB (c). All plots contain 36 curves, in 

1GHz steps from 75-110 GHz.  

 

3.3 Simulated Direction Finding and Arraying 

 3.3.1 Direction Finding with Curved Aperture Horns 

  Relating this system back to the design principles for good DF operation, we can find a 

good match to the H-plane behavior for cosine pattern shape parameters k = 0.5, n ≈30. This 

operating point can be plotted on the squint vs 10dB beamwidth graphs introduced in chapter 2, 

seen as the red indicator in Fig. 3.5. The DF system parameters utilized throughout chapter 2 as 

example parameters, 0.5 dB/degree DFF slope, -12dBi minimum gain, and 40o FOV, are here 

taken to be the system level requirements to be met with this design. As can be seen in Fig. 3.5,  
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Fig. 3.5. Plot of curved aperture horn squint angle vs 10dB beamwidth. Red indicated location is 

the 10dB beamwidth of the curved aperture horn over frequency, indicated at 30o squint. 

there is a wide range of angles, approximately 12-27o according to the theory, over which these 

requirements should be met for this design, however, as noted in chapter 2, there is some 

inaccuracy to that range, related to the pattern concavity beamwidth. 

 The theoretical analysis must be taken in conjuction with a detailed discussion of the 

concavity beamwidth, which for this deisgn is 80o for concavity less than 0.02 dB/degree2, 

meaning the maximum squint possible maintaining good agreement with theory for a 40o FOV is, 

according to [32], approximiately 20o. Clearly, while the operating squint angle could be adjusted 

down to 20o to obtain the desired behavior, it is desirable to both be able to operate the system in 

a full 360o DF configuration, and to obtain the greatest possible DFF slope (via the maximum 

permissable squint), to minimize error. To obtain a full 360o DF system built as a circular array, 

the primary squint angles we should concern ourselves with are those used to construct a 6 or 8 

element circular array, namely squint of 30o or 22.5o. Under ideal circumstances, to maintain high 

DFF slope over the entire FOV measured between antenna boresights, for these two squints a 
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pattern concavity beamwidth of 90o and 120o should be maintained respectively for full boresight-

to-boresight FOV, or 85o and 100o concavity beamwidth for the more limited 40o FOV. Clearly, 

the design in question does not meet the pattern concavity beamwidths put forward in [32]. 

However, when the DFF is plotted for 22.5o and 30o squint, as can be seen in Fig. 3.6, the patterns 

still display greater than 0.5 dB/degree slope over the FOV of interest. Re-examining the 

recommendation put forward in [32] of 0.02 dB/degree2 as the limit for pattern concavity 

beamwidth, we can see that this bound appears too strict. The actual limit, at least for 0.5dB/degree 

DFF slope operation, appears closer to approximately 0.05 dB/degree2, over which the design put 

forward here has a pattern concavity beamwidth of 100o, in line with what is expected to be 

necessary for 40o FOV with high slope. What is worth noting in both of these squint cases is the 

capabilities for full 360o operation. In the case of a hypothetical 8 element circular array, it can be 

seen that for a 22.5o squint, this design maintains high DFF slope out to approximately 22.5o, equal 

to the squint angle. Due to this, the system can be replicated about the 8 element circular array, 

and maintain high accuracy over the entire 360o detection area. For a hypothetical 6-element array 

with 30o squint, it can be seen that while the DFF slope does not remain above 0.5dB/degree out 

to ±30o, it does remain above 0. The range over which the slope is nonzero represents the full 

possible range over which detection can be performed, referred to as the ‘unambiguous FOV’. In 

cases where the SNR is of lesser concern, or if fewer recievers are desired, this system can be  

 
                                     (a)                                                                          (b) 

Fig. 3.6. Plots of simulated DFF slope for (a) 22.5o squint, and (b) 30o squint, individual traces are 

1GHz steps from 75-110 GHz, dashed line demarcates 0.5dB/degree DFF requirement.  
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utilized to perform 360o DF, and will still maintain high slope over large portions of the overall 

detection area. Additionally, the unambiguous FOV can be linked to the pattern concavity 

beamwidth. As previously mentioned, the required concavity beamwidth to cover a squint of 30o, 

and a FOV of 60o, is 120o. Over this range, the pattern concavity beamwidth of the curved aperture 

horn remains below 0.08 dB/degree2. As such, it is the recommendation of this thesis to revise the 

limits put forward in [32] to match. That to achieve a high-slope DFF in a certain FOV, the pattern 

concavity beamwidth be examined limited to less than 0.05 dB/degree2, rather than 0.02 

dB/degree2, and for an unambiguous (i.e. 0 slope minimum) FOV, the pattern concavity 

beamwidth be limited to less than 0.08 dB/degree2. 

 

 3.3.2 Arraying, Feed Design, and Direction Finding 

 Putting aside the nuances of the pattern concavity relationship to the FOV, it is desired for 

this particular system to achieve the highest DFF slope possible within 40o FOV. As such, 30o is 

selected for the squint angle for system integration. As can be seen from Fig. 3.5, this places the 

device slightly beyond the boundary of the gain requirement. In cases of detection over both 

azimuth and elevation, this would not be permissable, however for this system operating over a 

single detection plane, E-plane arraying may be exploited to raise the gain without damaging the 

H-plane DF operation. The theoretical impact of this arraying can be seen in the different gain 

requirement curves shown in Fig. 3.5. As an initial test of system operation, the design is extended 

to an E-plane linear array of 2 elements, before being extended to a full 8 elements. Due to the 

3.8mm E-plane aperture width, grating lobes cannot be avoided in the E-plane radiation pattern, 

however they do not have a significant impact on overall system performance as a single-plane DF 

sensor. Utilizing the slope change metric, studies of the spacing of the horn apertures are 

undertaken. The spacing of the apertures is made as tight as possible, while maintaining low pattern 

variation and manufacturability. The final value for the center to center separation is 4.2mm, a 

0.4mm thickness E-plane wall separating the individual apertures. To feed the adjacent elements, 
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internal waveguide 3dB splitters are implemented, studies are undertaken with a primary focus on 

the maximum |S11| within the band of interest. Given a fixed 4.2mm aperture separation, splitter 

geometry is parametrically analyzed with splitter length as the primary parameter, with splitter 

output bend radius as a fraction of splitter length as a secondary parameter. Successive sections 

are analyzed independantly. Splitter geometries are found to show superior performance for length 

and output bend radius such that the angle between splitter arms is near 40-50o. Splitter section 

maximum |S11| plots can be seen in Fig. 3.7. The waveguide inputs are placed on the rear of the 

antenna system, such that two adjacent standard W-band waveguide flanges can be connected flush 

to the system. An internal 30o H-plane bend with radius 5.5mm prior to the splitter network  

 
                                 (a)                                                                          (b) 

 
(c) 

Fig. 3.7. Maximum |S11| for successive splitter sections, plotted against splitter horizontal length, 

and radius of splitter output bend. (a) Section 1, showing |S11| between -7.8 and -19.46 dB, (b) 

section 2, showing values between 0 and -15.5 dB, and (c) section 3, showing values between 0 

and -16.8 dB. 
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mechanically squints the two arrays. The illustration for the 2-element array design, and a 

schematic for the final 8-element array design can be seen in Fig. 3.8(a) and Fig. 3.8(b), 

respectively. Visible within the illustrated 8-element corporate feed are 3 splitters, labeled section 

1, section 2, and section 3. The splitter visible in the design of the 2 element array utilizes the same 

dimensions as that of the section 1 splitter for the 8-element array. All dimensions for the 

waveguide feed structure and the critical array dimensions are listed in Table 3.1.  

 Design of the squinted DF front-end antennas results in additional critical geometry 

choices. Primarily, the profile of the space between the antenna cylindrical surfaces. Studies of the 

correct center mechanical structure examine a variety of different overall profiles. One notable 

design that is found to be detrimental is the natural structure used for squinting rectangular aperture 

horns, like that seen in [32], extending a flat conducting sheet to either side of the half-cylinder 

forming the horns, such that the overall structure is construced from a triangular block with 

cylindrical protrusions. The extended ground plane structure is found to negatively impact the 

radiation patterns significantly, and better agreement with the single element case is instead found 

for placing a flat sheet filling the space between the horn cylinders. This geometry can be seen in 

Fig. 3.8(a). Simulated H-plane remains consistent near beam boresight, however significant pattern 

spacial rippling becomes highly apparent near 50o from antenna boresight. Overall performance  

 
                        (a)                                                                          (b) 

Fig. 3.8. Illustration of 2-element array and picture of DMLS 3D printed implementation (a), and 

illustration of corporate feed with critical elements labeled (b).  



48 

 

TABLE 3.1. DIMENSIONS OF 8-ELEMENT ARRAY DESIGN 

Splitter Section Dimensions 

 Section 1 Section 2 Section 3 

LTaper 8mm 7mm 7mm 

LSplitter 4mm 10mm 18mm 

RBend 2.8mm 4mm 7.2mm 

Common Dimensions 

RInput 5.5mm 

LHorn 9.2mm 

BAperture 3.8mm 

WAngular 70o 

dArray 4.2mm 

of DF remains tolerable, with the 0.5 dB/degree FOV achieving to 51.4o in simulation. Minimum 

gain in the FOV for this system is -5.4dBi, 6.6dB above the -12 dBi limit. The simulated system 

performance for the 2-element array is plotted in Fig. 3.9.  Notably, due to the wider beam shape 

than the cosine beam approximation used in Fig. 3.5, the minimum gain is above -12dBi even for 

the single aperture case, however the demonstration of the arraying technique remains important 

to demonstrate both the ability to maintain DF capabilities with E-plane arraying, and to improve 

the overall detection range of the final constructed system.  

 

 3.3.3 High Gain Array and 360o System 

 With both the single-aperture, and a design for a proof of concept system in place, the final 

design work extends to two systems. One extending the design to even higher system gain using 

an 8-element E-plane array, and one extending the design to a 360o capable set of single horns. 

Due to the length of the 8-element array corporate feed network, the system is substantially larger 

than the design seen in Fig. 3.8. To save on system weight, and further improve agreement with  
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                                     (a)                                                                         (b) 

Fig. 3.9. (a) 2-element array system simulated patterns (black) and DFF (blue) with -12dBi 

marker, and (b) 2-element array system simulated DFF slope, with FOV of high DFF slope 

indicated. Individual traces are 1GHz steps from 75-110 GHz. 

free-space operation, the large flat region located bewteen the horn cylinders is cut away. Various 

profiles for the intervening space including various parabolic and cylindrical profiles are 

investigated. Best performance is found for the removal of material forming a cylindrical section, 

centered between the horn apertures. This model can be seen in the lower left of Fig. 3.1. Simulated 

and measured performance are shown for this model in section 3.4. As remarked previously, due 

to the wide unambiguous FOV for the system, the design is capable of operation in a 360o DF array 

of 6 elements, however will lose some DFF slope, and thus some accuracy, near each antenna 

boresight. This system is also constructed, utilizing the same exterior profile for each element as 

the 8-element array, such that the system could be extended to an 8-element E-plane array without 

altering the system footprint. This system can be seen in the lower right of Fig. 3.1. The simulated 

and measured system behavior is reported in section 3.4. 

 

3.4. Manufacturing and Measured Results 

 3.4.1 Single Horn Manufacture in DMLS and SLA 

 The manufacture and design of the full 8-element array and 360o DF system are performed 

in stages to demonstrate the validity of the simulations and theory behind the design, and to 

demonstrate what manufacturing technique would be most suited to the final system constructions 
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of the 8-element array and the 360o array. The first pieces to be manufactured are two copies of 

the single curved aperture horn, seen as the upper left two items in Fig. 3.1. The two pieces are 

manufactured in different methodologies to examine their different characteristics. One piece is 

manufactured in a traditional split-block approach from aluminum, with the other manufactured 

from DMLS aluminum through a commercial prototyping company. The split block piece is 

manufactured with the split thorugh the H-plane of the system, rather than the preferred E-plane 

split, due to mill tooling limitations. As a result, currents flowing across the H-plane boundary are 

disrupted. Assembly of the CNC horn with a combination of screws and silver epoxy improve 

behavior, but do not fully resolve disagreement with simulation. Simulated and measured VSWR 

for the CNC and DMLS single-horn construction are plotted in Fig. 3.10(a). The CNC 

manufactured piece demonstrates two additional resonance behaviors not present in the DMLS 

and simulated piece, likely due to currents flowing across the cut in the structure. The DMLS 

manufactured piece shows significantly good agreement with both magnitude of match and 

location of resonances. Overall VSWR for all pieces remains good below 1.5. Fig. 3.10(b) shows 

normalized H-plane linear gain radiation patterns, with simulations on the left half of the plot, and 

measured results on the right half of the plot for qualitative comparison.  

 

 
                                     (a)                                                                         (b) 

Fig. 3.10. (a) Simulated (black trace) and measured VSWR performance for the CNC (blue) and 

DMLS (red) single curved aperture horn. (b) Simulated vs measured H-plane linear gain, in 1 

GHz steps from 75-110 GHz. 
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 3.4.2 2-Element Array System Measurements 

 The success of the single-horn manufacture in DMLS prompts the construction of the proof 

of concept 2-element array in the same DMLS aluminum process. The primary test being 

conducted is to examine the capabilities of the DMLS process to accurately reproduce the splitter 

geometry at W-band, and particularly the sharp 45-50o edge separating the upper and lower 

branches of each splitter. This edge is challenging for the DMLS process to reproduce accurately 

at this frequency due to the surface roughness and tendency of the sintered powder to form stray 

nodules which are electrically significant. The additional resonances and reflections caused by 

these discrepancies can have a substantial impact. The results of this can be seen in Fig. 3.11(a),  

 
                                   (a)                                                                         (b) 

 
(c) 

Fig. 3.11. (a) Simulated (black trace) and measured VSWR performance for side 1 (blue) and side 

2 (red) of the DMLS printed two-element array design. (b) Measured gain performance and DFF 

for 2-element array system, traces show 1GHz setps from 75-110 GHz. (c) Measured DFF slope 

for 2-element array system, traces show 1GHz steps from 75-110 GHz. 
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showing the difference between the resulting match of the simulated and measured 2-element 

array. As can be seen, while the VSWR remains below 1.5, there are additional resonances and 

narrowband behaviors not present in simulation due to internal defects. Fig. 3.11(b) shows the 

measured DF and patterns. DMLS construction has a nontrivial impact on manufacturing 

repeatability. Measured gain between the two sides shows an average difference of 0.24 dB 

between the left and right antennas. This results in a small but noticable shift in the position of the 

DFF, as described in [20]. Due to arraying, there is an average measured increase of ~2.6 dB of 

gain overall, this brings the FOV minimum gain to -5.35 dB. Fig. 3.11(c) shows measured DFF 

slope. Desired 40o FOV maintains high DFF slope greater than 0.5dB/degree, and unambiguous 

FOV remains wider than 60o 

 

 3.4.3 8-Element Array System Measurements 

 Successful E-plane arraying of the DF antenna element informs the mechanical design for 

the 8-element array system. Due to sensitivity of repeated equal-power splitters to DMLS 

fabrication, the fabrication of the 8-element array is undertaken with a combination of techniques. 

Manufacture of the bulk of the splitter and horn array is undertaken with a single E-plane split, as 

shown in Fig. 3.12(a). However, to assemble the entire system, a 30o input bend in the H-plane is 

 
                                   (a)                                                                         (b) 

Fig. 3.12. Views of mid-assembly 8 element array system, showing (a) array feed geometry detail, 

and (b) DMLS input pieces prior to surface flattening and assembly. 
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required. The curved surface involved in machining an E-plane split through the H-plane bend is 

challenging to achieve to the accuracy required. Instead, input waveguide flange and connector 

bend pieces are separately DMLS 3D-printed. The machined components can be seen in Fig. 

3.12(b). Clearly evident in Fig. 3.12 is the removed circular section of metal from between the 

horn apertures. Measured and simulated match and DF performance are plotted in Fig. 3.13. As 

can be seen from examining the plotted gain patterns and DFF in Fig. 3.13(a) and Fig. 3.13(b), 

DFF remains a consistent, linear function in the FOV despite the electrically larger system it now 

comprises. Reflections from the opposing arm are minimal and do not significantly corrupt the 

patterns. Some gain difference is present between the two channels; however the most substantial 

difference is below the band of iterest, between approximately 70-72 GHz. The gain requirement 

of -12dBi in the FOV is thoroughly satisfied, with the left and right antnenas higher than the gain 

minimum in the FOV by 13.5dB and 13.8dB, respectively. The measured data compares 

favourably with simulation. Fig. 3.13(c) and Fig. 3.13(d) show the measured and simulated DFF 

slope. This design achieves the desired 40o FOV. Also of note is the unambiguous FOV, which 

remains greater than the 60o angle between the antennas. As a result, a full 360o system can be 

constructed. The VSWR plotted in Fig. 3.13(e) shows reasonable agreement between simulated 

and measured performances. While some resonances are shifted, the overall level of the match 

tracks well with simulation. Differences between the right and left channels and the simulated data 

are expected to be primarily due to the differences between the 3D printed input bends. These 

pieces, shown in Fig. 3.12(b) require further machining to smooth the mating faces due to external 

warping, and it is expected that the dimensional distortion is not limited to the exterior faces. 

overall match remains below 1.5 VSWR for the majority of the band, with an average value of 1.3.  

 As mentioned, one primary use of these designs is in enabling nearly frequency invariant 

high speed detection schemes for AODF. As a basic metric for the performance of this system 

under that paradigm, the minimum error (in the absence of noise) of estimated angle of arrival 

based on a single linear fit to the average DFF can be calculated. This represents the baseline error  
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                                   (a)                                                                         (b) 

 
                                   (c)                                                                         (d) 

 
                                                                         (e) 

Fig. 3.13. Measured and simulated results for 8-element array system. (a) Measured radiation 

patterns (black) and DFF (blue). (b) Simulated radiation patterns (black) and DFF (blue). (c) 

Measured DFF slope. (d) Simulated DFF slope. (e) Measured (blue, red) and simulated (black) 

VSWR. (a)-(d) consist of traces in 1GHz steps from 75-110 GHz. 



55 

 

incurred in a system which discards frequency information in favour of rapid detection. i.e. 

utilizing a single linear function of the received power ratio to approximate the true DFF. Fig. 3.14 

shows the error with respect to the true angle of arrival. Within the 0.5dB/degree FOV, low 

minimum error (<2o) can be maintained due to the good linearity of the DFF. However, as the 

operation is extended, and the unambiguous FOV limits are approached, the error increases to 5o. 

Obviously, by utilizing a more nuanced estimator than a linear fit, or that does not discard 

frequency information, this minimum error can be reduced drastically.  

 

 3.4.4 360o Detection System 

 Finally, the design introduced to enable 360o AODF can be seen in the lower right of Fig. 

3.1. The system consists of the same exterior footprint of the 8-element array, replicated about a 

central axis to form six antennas. Each antenna is constructed in two pieces, split down the E-

plane, then assembled into wedges and screwed down onto a shared mounting plate and waveguide 

 
Fig. 3.14. Minimum error in the FOV, based on a linear fit to the average DFF. Individual traces 

are 1GHz steps from 75-110 GHz.  
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flange. Taken as adjacent pairs, they form six DF subsystems. For the sake of cost, the individual 

antennas are not implemented as 8-element arrays, but only as a single horn per arm. However, 

due to matching the size required for the 8-element array, this system could be built to achieve 

higher levels of gain if desired. Behavior for the 360o system is plotted in Fig. 3.15. As can be seen 

from Fig. 3.15(a)-Fig. 3.15(d), measured and simulated performance remains in good agreement 

for radiation patterns, DFF, and DFF slope. There is some disagreement in the match, likely caused 

by the force of the waveguide mounting screws forcing a small gap between the waveguide flange 

and the body of the horn.  

  

3.5 Conclusions 

 This chapter presents the design and fabrication of a family of high DFF slope direction 

finding front end antennas. The design process illustrates the utility of the AODF theory presented 

in chapter 2, and illustrates the power of pattern control as a method of achieving wide bandwidth 

DF operation in mm-wave frequencies. The horns designed cover a wide absolute bandwidth of 

>75-110 Ghz with high gain, high DFF slope operation, achieving better than 0.5dB/degree slope 

and better than 0dBi minimum gain across a FOV of 40o. The antennas are designed for tight H-

plane pattern control, and achieve <3.8o 10dB beamwidth variation over 75-110 GHz. Multiple 

configurations of the curved aperture horn are manufactured by numerous techniques, and good 

agreement with simulation is obtained. This  design also adaptats the little used curved aperture 

horn to operation at W-band, and supplies design parametric studies that are lacking from the 

literature. This chapter illustrates the methodology of achieving high-gain, pattern controlled DF 

and spectrum sensing at mm-wave frequencies.  
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                                   (a)                                                                         (b) 

 
                                   (c)                                                                         (d) 

 
                                                                         (e) 

Fig. 3.15. Measured and simulated results for 360o DF system. (a) Measured radiation patterns 

(black) and DFF (blue). (b) Simulated radiation patterns (black) and DFF (blue). (c) Measured 

DFF slope. (d) Simulated DFF slope. (e) Measured (blue) and simulated (black) VSWR. (a)-(d) 

consist of traces in 1GHz steps from 75-110 GHz. 
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CHAPTER 4 

 

 

MICROWAVE SPECTRUM SENSING AND DIRECTION FINDING 

 

 

4.1 Introduction 

 Enabling spectrum sensing and direction finding at microwave frequencies requires the 

flexibility to fulfil multiple competing design goals. It is desirable to achieve wide relative 

bandwidth, low-profile, dual polarization, and high efficiency within a single aperture. Systems 

that fulfil most of these goals in the L-K band range frequently make use of frequency independent 

antennas [1, 69], often taking the format of multi-arm sinuous [7, 34, 70] or MAW spirals [71-75]. 

However, these antennas are generally limited to <50% efficiency by their bidirectional nature. 

While some systems achieve higher efficiency, this is generally either in narrow frequency bands 

[76] or makes use of large dielectric loading [77], though this comes at a cost in system weight. 

Other wideband sensors, like log periodic dipole arrays [69] , conical spirals [78], and pyramidal 

log periodic antennas [79], are more challenging to manufacture, and significantly larger. 

Achieving wideband single aperture dual polarized performance puts forward an opportunity to 

redesign a naturally broadband, unidirectional, low dispersion structure, the TEM horn, to achieve 

single aperture dual polarization with naturally high efficiency.  

 The TEM horn is a well known and popular wideband radiating element, developed since 

the mid 70s [80, 81]. They generally have benefits of simple, low-cost construction, and see use 

in a variety of areas, most commonly ground penetrating [82] and other sensing [83] applications. 

The basic horn has a variety of design studies that are well established in the literature [81, 84]. 

Modern design for the TEM horn focuses on adapting it for reduced size through a variety of 

methods. Early miniaturizations began with resistive terminations of the aperture [85, 86] forming 

a loop terminating behind the antenna. This reduces reflected energy from the antenna aperture, 

and the loop structure allows for the low frequency behaviors of the formed loop antenna and the 

TEM horn to be constructed in phase to direct low-frequency radiation forward [85-87]. Further 
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advancements in this area have focused on modifications to the loop section, including removing 

resitive terminations [88] and modifying the geometry of the rear loop [89], and the addition of 

current paths forming additional electric monopoles [90]. Further study of the accurate phasing of 

TE and TM spherical modes [87, 91, 92] enabled the addition of an included bowtie antenna, 

phased correctly for forwards radiation with the low frequency compensation loop by addition of 

a capacitive slot, altering the phase of the currents flowing onto the loop from the TEM horn. 

However, the TEM horn has the drawback of lacking dual polarized radiation. Some examples of 

dual polarized TEM horn arrays exist in the literature [93], however they utilize adjacent, 

orthogonal TEM horns to achieve dual polarization. Constructing a shared aperture, dual polarized 

TEM horn must be achieved by utilizing a 4-conductor system, with opposing conductors excited 

in pairs as TEM horns. Due to utilizing 4 conductors, the familiar wideband means of exciting 

TEM horns [94] are no longer applicable. The most comparable feed systems will be seen in 

designs like the quad-ridge cylindrical horn [35] or double ridge transitions seen in some TEM 

horns [95]. 

 The literature holds no clear sources for this design. As such, this thesis analyzes the dual 

polarized TEM horn in isolation and offers guidelines for is construction. The basic TEM horn can 

be seen in Fig. 4.1 (a). Following this, the design is miniaturized, and simulated results for the 

miniaturized design and baseline case are compared, demonstrating successful miniaturization. 

 
                               (a)                                                            (b) 

 

Fig. 4.1. Dual-polarized TEM horn (a), and miniaturized combined TEM horn, loop antenna (b). 
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 Building on the miniaturized design, the patterns are improved for spectrum sensing and direction 

finding by the addition of a cavity backing. Finally, the design is completed with the design of a 

quad-ridge feed. The designs of the cavity backed TEM horn, with and without the quad-ridge feed 

are shown in Fig. 4.2 and Fig. 4.3. The designs are fabricated and measured. Measured match 

performance shows reasonable agreement with expectation for the bundle-fed device, and 

explainable errors due to arm positioning for balun fed device. Measured directivity shows good 

agreement in both level and pattern shape, however gain is found to be lower than expectation. 

The source of error is greater than expected power losses in the absorber. Potential for re-

optimization with more accurately characterized absorbers is also discussed. 

 This chapter is organized as follows: Section 4.2 discusses the design of a dual-polarized, 

miniaturized TEM horn, from the initial design of a baseline horn to the use of spherical modes 

engineering to reduce the overall horn footprint. Section 4.3 discusses cavity integration and the 

removal of narrowband effects that degrade overall performance. Section 4.4 investigates the 

design and integration of a dual-polarized integrated balun feed. Finally, Section 4.5 reports the 

fabrication and measurements of the bundle fed and balun fed systems, and analyzes their results. 

 

 

 

 
Fig. 4.2 Simulation model of bundle-fed cavity-backed dual-polarized TEM horn, with some 

relevant dimensions indicated. 

55.5mm

24mm
40mm

30.5mm
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Fig. 4.3. Simulation model of quad-ridge feed cavity-backed dual-polarized TEM horn, with some 

relevant dimensions indicated. 

 

4.2 Miniaturized TEM Horn Radiating Element 

4.2.1 Design of a Dual-Polarized TEM Horn 

 Basic studies are needed to obtain a full view of standard operation of the dual-pol TEM 

 horn, as there are not design guidelines for adapting the 2-conductor design to a 4-conductor 

design; TEM horns commonly utilize tapered baluns [71], however for this work that is infeasible 

and the antenna is considered as if fed with a coaxial bundle feed. This design follows the style of 

modern horns [71] and utilizes an impedance taper from the line impedance to free space rather 

than maintaining constant characteristic impedance while physically tapering the horn sides to 

achieve an appropriate ~λ/2 aperture size [96]. In [97], it is shown that better match for a standard 

TEM horn can be obtained for aperture impedance lower than free space, even as low as 120Ω. 
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For a similar study to determine a guideline for dual-pol TEM horns, the characteristic impedance 

of the input four-wire line must first be determined. Two wire parallel plate transmission lines 

have analytical formulas [98] for their characterisitic impedance; however, no such fomulas exist 

for the four wire line proposed here, therefore the characteristic impedance curve must be obtained 

through simulation. A four wire transmission line constructed from PEC sheets is simulated for 

varying line width and distance utilizing Ansys HFSS, and fit to a polynomial curve for design 

purposes. The characteristic impedance of the four wire system can be seen in Fig. 4.4, where it is 

calculated with thin conducting sheets. The inset figure however is an example figure with thick 

conductive sheets, to illustrate better the field behaviors in the expected system. 

 It is possible to create an exponential impedance taper from line impedance (here chosen 

as 100Ω with D=3mm, W=2.57mm, as if fed by a bundle of 50Ω ‘086’ coaxial cables), to an 

arbitrary higher impedance with the characteristic impedance now known. An exponential 

impedance taper is simulated using a basic model of a dual-pol TEM horn with equal aperture 

width and horn length, shown in Fig 4.1 (a). The best match and gain operation occur for aperture  

 
Fig. 4.4. Characteristic impedance of 4-wire line as a function of W/D ratio, calculated with thin 

sheets. Inset figure shows thick conductor model with W and D labeled.  
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impedances in the range of 240-300Ω as seen in Fig. 4.5.  

 The impact of the other two primary parameters, aperture width (W) and horn length (L), 

on the antenna performance is also studied. Using an aperture impedance of 270Ω, the aperture 

width and horn length are varied with permutations of 60, 90, and 120mm in both dimensions. Fig. 

4.6 shows the impedance match and gain operation in these 9 cases. As seen, as the horns length 

to width ratio reduces, the turn-on with respect to match becomes sharper. However, the shorter 

horns show significant deviation from good directional gain performance, as they begin to 

resemble bowtie antennas, limiting the usable gain bandwidth. It can be seen from the figure that 

the turn-on point with respect to impedance match occurs for approximately an aperture width of 

λ/2.4 (illustrated with vertical dashed lines). For the longer horns, it can be seen that this turn-on 

point only corresponds to a significant inflection point in the match, and not to the point where 

|S11| drops to below -10dB.  

 

4.2.2 TEM Horn Miniaturization 

 With impedance and size guidelines in mind, a dual-polarized TEM horn can be designed. 

However, the antenna is relatively large if good gain and impedance match are required at lower  

 
Fig. 4.5. |S11| for varying aperture impedances from 120-377Ω 
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                                       (a)                                                                          (b) 

Fig. 4.6. |S11| (a) and boresight gain (b) vs frequency, for 60mm, 90mm, and 120mm aperture 

horns.  

frequencies; to mitigate this issue, the combined TEM horn and loop antenna design approach in 

[92] is considered. The baseline antenna for comparison with this design has an aperture width of 

60mm and axial length of 30mm resulting in a nominal turn-on of around 2GHz, however the 

baseline case does not reach a consistent match until past 5.75GHz. Utilizing the combined antenna 

technique [92], the fundamental TE and TM, spherical modes can be excited and engineered to 

obtain a lower turn-on frequency and improved gain performance. This is done through the 

addition of a combined square loop section, 60mm wide and 30mm long, phased properly through 

the addition of capacitive slots, and additional bowtie-shaped plates, as depicted in Fig. 4.1(b). The 

dual polarized TEM horn, in it’s original state, emits power primarily in the TM modes, with <20% 

power being emitted in TE modes. Addition of the loop section with capacitive phasing slot pulls 

power at low frequencies into the TE modes at turnon, with the loop section primarily powering 

TE11 and TE-11, and fields bridging the capacitive gap contributing to both the TE11 modes and the 

TE12 modes, while maintaining close to 180o phase difference between TE and TM modes. 

Addition of the bowtie section extends the frequency range over which power enters into the TE11 

and TE-11 modes over the first few GHz of operation by adding an additional current path to the 

main loop antenna, and also pulls power into the TM12 modes while preventing some power 

leakage into the TE12 and TE-12 modes, which do not appear to sum as cleanly with the TM modes 

shortly after turnon. Mode phase and power for the basic radiating element from Fig. 4.1(b) are 

shown in Fig. 4.7, with further plots of these effects located in the appendix. The obtained turn-on  



65 

 

 

                                       (a)                                                                            (b) 

Fig. 4.7. Relative mode phase (a) and power (b) for the radiating element shown in Fig. 4.1(b). TE 

and TM modes are out of phase with one another over turn on region, with power shared between 

TE11 modes and TM11 and TM12 modes. Limited power is put into the TE12 modes. 

frequency with this design is 1.46 GHz as shown in Fig. 4.8(a). The boresight gain is also plotted 

in Fig. 4.8(b) along with that of the baseline TEM horn. As can be seen, the miniaturization 

technique provides a sharp improvement in impedance match and gain at the low frequency end 

over a similarly sized horn.  

 Good behavior is obtained for a radiating element design with a 50mm wide, 30mm long 

horn. This fits within the previously found loop and bowtie section, keeping the overall size of 

6cm × 6cm × 3cm (λ/3.4 × λ/3.4 × λ/6.8) the same. Obtained bandwidth for the final design is 1.55 

GHz up to 13 GHz where there is a large drop in gain for both the final design and baseline horn. 

 

                                       (a)                                                                            (b) 

Fig. 4.8. Comparison of |S11| (a) and boresight gain (b) between final design and baseline case. 

Cross-pol for both is below -35 dBi throughout the band. Miniaturized case includes small 

groundplane.  
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The miniaturized design shows significant improvement over the baseline horn in terms of usable 

bandwidth. Unusual gain behavior near 4 GHz is partially due to the transition between radiating 

from the horn and bowtie sections, to radiating from the horn primarily, but is exacerbated by the 

presense of a small groundplane in the model, and shows smoother operation simulated in 

isolation.  

 

4.3 Cavity Backed Dual Polarized Miniaturized TEM Horn 

 4.3.1 Cavity Integration 

 To utilize the dual-pol TEM horn for spectrum sensing and direction finding, it is important 

to consider not only whether the device has good boresight gain characteristics, but also to consider 

the radiation pattern shape. Fig. 4.9 plots the pattern shape at 1GHz steps through the 2-13 GHz 

band. As can be seen, after 6GHz, the pattern shape shifts abruptly in the E-plane, after which  

 
Fig. 4.9. Pattern cuts in E and H-plane principle planes for single excited pair of TEM horn arms, 

in configuration with small ground plane. 
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point the E-plane radiation pattern shows distinct sidelobes which are undesirable for DF and 

spectrum sensing operation. Prior work [83], [99], [100], [101] has shown that the behavior of 

radiating elements can be improved for sensing applications and DF by recessing the radiating 

element into a cavity. Using the same 60mm wide structure shown in Fig. 4.1, the boresight gain 

after placement into an 80mm wide conducting cavity can be seen in Fig. 4.10. Cavities narrower 

than 80mm reduce low-frequency gain substantially, while negatively impacting match, and wider 

cavities improve low frequency match and gain, but lose high frequency gain, and result in H-

plane beam widening and higher power in sidelobes. The 80mm cavity diameter is selected as a 

compromise to ensure steadily increasing gain in the band of interest. As plotted in Fig. 4.10, 

recession of the radiating body into a fully conductive cylindrical cavity results in substantial 

increase in gain, but shows nontrivial drops due to resonant behaviors near 3.5 and 5 GHz, and 

additional variability at higher frequencies. Addition of absorber lining, as seen in [83], [100] 

reduces radiation efficiency of the system, but removes substantial cavity resonances and enables 

primarily linearly increasing gain operation. Proper selection of absorber is critical to performance. 

Best performance is found in simulation for Eccosorb FGM-125, with cavity depth between 10-

15mm below the TEM horn loop section. Alternate absorbers are investigated and surface current 

absorbers like Eccosorb FGM-125 and Eccosorb GDS show superior match and consistent 

 

Fig. 4.10. Boresight gain for miniaturized TEM horn in free space, miniaturized TEM horn 

recessed into purely conducting cavity, and miniaturized tem horn recessed into simulated FGM-

125 absorber lined cavity 
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efficiency. The combination of 13.5mm cavity depth below the loop section (total cavity depth 

43.5mm) and use of FGM-125 absorber over other absorbers like Eccosorb LS and MAST MF 

absorbers demonstrates good radiation efficiency across the majority of the band of interest with 

the exception of a notable drop near 5.25 GHz, investigated in greater depth in the next section. 

The match, eficiency, and gain of the cavity recessed horn without further radiating element 

modifications can be seen in Fig. 4.11. The unmodified radiating element benefits from insertion 

into a cavity with improved radiation patterns, exhibiting primiarily steadily increasing gain, 

reasonable efficiency primarily >60%, and good match over most of the band. Nevertheless, 

certain elements of undesirable performance must be investigated. These are the cause of poor 

match below 2.5 GHz, and narrowband effects visible near 5.25 GHz. 

 
                                      (a)                                                                          (b) 

 
(c) 

Fig. 4.11. Radiation efficiency (a), boresight gain (b), and differential |S11| (c) for 40mm deep 

cavity with simulated FGM-125 backing and unmodified radiating element. 
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 4.3.2 Cavity TEM Horn Tuning and Narrowband Effects 

 The unmodified cavity backed TEM horn shows many desirable characteristics as a 

spectrum sensing antenna. Addition of the absorber lining results in mostly higher than 60% 

efficiency, creates primarily steadily increasing gain, and good match over a large bandwidth. It 

will be shown that this antenna demonstrates good pattern shape for unambiguous DF. However, 

narrowband effects dominate at certain frequencies that can be improved. Primarily these are the 

low frequency match behavior, and the narrowband drop in gain and efficiency near the middle of 

the band.  

 Here we first investigate the narrowband 5.25 GHz effects. From the far field patterns of 

the standalone radiating element from Fig. 4.9, it is obvious that at 6GHz, the antenna is no longer 

radiating purely in the endfire mode, with large rear lobes occurring near ±120° from boresight. 

Similarly Fig. 4.7(b) shows that power is pulled from the TE11 and TE-11 modes over the same 

band. Investigating the fields on the antenna, it can be seen that a large electric field is being 

generated across the ‘lower’ loop formed by the bowtie antenna and the outer loop antenna. These 

fields are illustrated in Fig. 4.12. These effects can be successfully mitigated by providing two new 

current paths, located directly through the center of the high field strength to either side of the  

 
Fig. 4.12. Illustration of simulated E-field strength within the simulated TEM horn cavity. Regions 

of high field strength can be seen located vertically between the base of the outer loop antenna and 

the bowtie antenna plates. 
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antenna centerline. These ‘shorting posts’ have the effect of creating an additional higher 

frequency loop section, pulling energy back into the TE11 and TE12 modes from the TM11, TM12, 

and TM13 modes, and improve the linearity of the mode phasing at these frequencies. However, 

the shorting posts induce a higher frequency narrowband behavior near 6.75 GHz, which behaves 

in a similar manner, with gain and efficiency dropping over a narrow frequency span. Similarly, 

the higher frequency drop in gain and efficiency is caused by high strength E-fields present now 

in the ‘upper’ loop, formed by the the TEM horn arms and the bowtie antenna. This issue can also 

be solved by the addition of a current path located directly across the point of highest field strength. 

The progressive impact of the added current paths on mode behavior can be seen in the appendix. 

Resulting boresight gain behavior and efficiency are plotted in Fig. 4.13. the modifications to 

include upper and lower shorting posts bring overall efficiency above 57% from turn-on to 2GHz, 

above 63% from 2-3.8GHz, and above 65% thereafter. The narrowband drop in gain is also 

resolved, and gain is increasing after 2GHz. These improvements to gain and efficiency do not 

impact the low-frequency match issues. 

 Resolution of those issues is best accomplished through further modification of the central 

TEM horn. In keeping with the original finding of superior match for shorter horns, a modified 

central horn of 40mm aperture width, 24mm horn length achieves superior match behavior, and  

 
                                     (a)                                                                             (b) 

Fig. 4.13. Boresight Gain (a) and Radiation Efficiency (b) for a cavity backed TEM horn with 

upper and lower ‘shorting posts’ 
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has minimal impact on mid band operation. The loop is also adjusted from 60mm aperture width, 

30mm depth, to 55.5mm length, 30.5mm depth. This reduction in length results in further distance 

to the cavity walls, and superior |S11| performance. Fig. 4.14 plots the change in match from the 

initial TEM horn model to the modified model.  

 One additional narrowband effect occurs in the manufacturing of the capacitive slot, and is 

visible in Fig. 4.13(a) and 4.13(b) as a small, sharp change to the gain and efficiency at 3.9 GHz. 

The initial design of the radiating element utilizes an elliptically shaped slot, similar to that put 

forward in [97]. The elliptical slot relies upon extremely high precision in manufacturing the sharp 

edges of the elliptical slot to maintain the appropriate capacitive coupling. For realistic 

manufacture, by manufacturing necessity the sharp ends of the elliptical slot are either blunted, 

moving the ‘arms’ of the slot away from the top of the TEM horn, or they are thickened, while 

maintaining close to the same position. (See Fig. 4.15). In either case, the infinitesimal slot width 

at the edge of the slot is widened, and capacitive coupling simulated by the close proximity of the 

‘arms’ of the capacitive slot to its upper wall is reduced. This results in these ‘arms’ exhibiting a 

stronger resonant behavior, and showing high current strength along the capacitive slot edges at 

that frequency. Superior performance is obtained by replacing the capacitive slot by a linear slot.  

 

Fig. 4.14. Comparison of |S11| for cavity recessed TEM horn models. Red curve shows original 

model with LHorn=30mm, LLoop = 30mm, WAperture = 50mm, WLoop = 60mm, and blue curve shows 

modified model with LHorn = 24mm, LLoop = 30.5mm, WAperture = 40mm, WLoop = 55.5mm.  
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                                         (a)                                                              (b) 

Fig. 4.15. Illustration of alternate manufacturable capacitive slots. (a) blunt elliptical slot arm, and 

(b) extended elliptical slot arm 

This can be seen by comparing Fig. 4.1(b) with Fig. 4.2, and Fig. 4.3, which both show the linear 

slot. The impact of the linear slot is substantial, with wider, low capacitance slots having 

substantially reduced gain and efficiency at turn on, or shifting the turn-on position. Similar 

behavior to the original elliptical slot is found for a slot width of 0.75mm, located 1mm below the 

top of the loop. The linear slot has, as a secondary effect, the impact of reducing the power pushed 

into the TE12 modes, the excitation of which appears linked to the fields generated across the 

elliptical capacitive gap, and improved linearity of phasing between turn-on modes. The altered 

mode power and phasing can be seen in Fig. 4.16. Comparing with Fig. 4.7, the modified radiating 

element has increased power in the TM11 modes, with remaining power primarily banlanced 

between TE11 and TM12 modes. Phasing of the TE to TM modes is more consistent, close to 150o  

 
                                      (a)                                                                          (b) 

Fig. 4.16. Mode relative phasing (a) and power (b) for radiating element with linear slot and two 

shorting posts 
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difference from 1.85-6 GHz.  

 The resulting design, seen in Fig. 4.2, shows far superior performance to the initial cavity 

integration. The performance of the design including shorting posts, modified TEM horn size, and 

linear capacitive slots is plotted in Fig. 4.17. The design demonstrates good match in the region of 

interest, 1.67-8.525 GHz, below -9.7dBfrom 1.8-2GHz, and below -10dB otherwise. Boresight 

gain is 2.8-9dB, with steadily increasing gain until 6 GHz. Efficiency is above 55% across the 

entire band, and above 65% after 3.3GHz. The overall impact on the radiation patterns in the E-

plane and H-plane, and on simulated DF operation can be seen in Fig. 4.18, which plots the gain 

patterns and simulated DFF slope (for 30o squint angle) in steps of 0.125 GHz from 1.625 to 8.625 

GHz. As can be seen, the cavity recessed design does not support high DFF slope, but can sustain  

 
                                      (a)                                                                          (b) 

 
(c) 

Fig. 4.17. Radiation efficiency (a), boresight gain (b), and differential |S11| (c) for improved cavity 

recessed TEM horn. Band of interest is highlighted in blue. 
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                                      (a)                                                                          (b) 

 
                                        (c)                                                                          (d) 

Fig. 4.18. E-plane (a) and H-plane (b) gain patterns, plotted in 0.125 GHz steps from 1.625-8.625 

GHz, and E-plane (c) and H-plane (d) DFF slope behaviors, with unambiguous FOV marked. 

sufficient DF performance in both the E-plane and H-plane to enable full coverage. Worth noting 

are the E-plane sidelobes developing off the main beam. The side lobes do not result in an 

ambiguity in the DFF slope within the band of interest. The sidelobe becomes clearly defined with 

it’s own peak only past 8.25 GHz, with the pattern flattening near 36o, and the peak of the sidelobe 

occurring between 40 and 45o, less than twice the squint angle of 30 degrees. As a result, the peak 

of the sidelobe occurs wholly within one side of the main beam of the adjacent sensor, such that 

the ambiguity is removed, though slope is reduced in that area at high frequencies. As dictated by 

the occurrence of 0 slope in the radiation pattern, the squint cannot exceed 36o, at which point an 

ambiguity is created at the center of the antennas, and cannot be reduced below approximately 
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22.5o below which the sidelobe is positioned to create an ambiguity under the center of the adjacent 

antenna’s main beam, reducing the unambiguous FOV. 

 

4.4 Feed Integration and Impact 

 The design as presented in the previous section is fed with a bundle of four coaxial lines. 

With appropriate signals fed to each arm, the antenna can be made to operate in either linear 

polarization, or can be fed to achieve circular polarization in LHCP or RHCP. Generating the 

appropriate signals is often done by either a fixed configuration using a selection of hardware 

hybrids, which can be expensive for a greater than 5:1 bandwidth, and limits the utility of the 

design, or it can be fed with 4 independent receivers which can generate signals in the correct 

phasing. The four independent receivers is clearly the more flexible configuration, however the 

substantial cost of four recevers may be undesirable. In addition, a four-receiver configuration has 

capabilities, like the excitation of only a single arm, that are unnecessary. To remedy this, the 

design must be extended to allow for two-port feeding of the structure, with each port exciting two 

opposing arms of the TEM horn with correct phasing. In typical wideband TEM horns, this is 

achieved with a microstrip-like tapered balun, as in [71], or a zipper balun, similar to [83]. With 

four conductors, there is no way to build a similar design to the zipper balun. As such, inspiration 

for the balun design is taken from the design of quad-ridge horn antennas, either with [35] or 

without [36] sidewalls. In each case, two coaxial feeds are introduced to a tightly spaced quad-

ridge cylindrical waveguide, feeding perpendicular modes. To effect a wideband transition, the 

feeds are placed as closely as possible to a wideband open circuit, formed as a rear cavity where 

the ridges are not present, or are pulled much further towards the outer walls of the cylindrical 

guide. A similar principle is applied in this case, as can be seen in Fig. 4.3 and 4.19(c). the 

important features to the operation of the quad-ridge waveguide to four wire line transition can be 

seen labeled as ‘rear cavity,’ ‘quad-ridge waveguide,’ ‘recessed transition region,’ and ‘four wire 

line.’ The basic geometry of the four wire line and transition region can be seen in Fig. 4.19(a) and  
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                                                (a)                                                        (b) 

 
(c) 

Fig. 4.19. Diagram of transition region geometry, showing fully quad-ridge waveguide geometry 

(a) and detail of fully separated 4-wire transition geometry (b). final design cutaway view (c) 

 (b). Line width W and line separation D are kept constant to align with TEM horn feed geometry. 

An additional 45o tapered ‘ridge’ is added for additional control of characteristic impedance. 

Cavity diameter is selected at 26mm to position first mode turn-on near 1.65GHz. While this does 

allow for higher order cavity modes to exist after 6GHz, the modes in question are of a significantly 

different character to the fundamental modes, and in practice power is not significantly coupled 

into the alternate modes [102]. Impedance for the basic structure varies over frequency, with higher 



77 

 

impedance seen just after turn-on. Over the band of interest, the impedance varies from ~100-50 

Ω over 2-8.525 GHz. After the four lines are disconnected from the cavity walls, impedance of the 

TEM mode can be manipulated to vary from 25-85Ω, while the four lines are within the ‘shield’ 

of the cavity wall. Impedance of the TEM modes over line depth and ridge depth can be seen in 

Fig. 4.20, for both the case of the lines existing within the cavity and in free space. The ridge length 

is utilized to select for 50Ω impedance at 5GHz for both the geometry of the quad-ridge waveguide 

where the coaxial line is inserted, as well as 50Ω impedance at the mouth of the feed cavity where 

the unshielded four wire line begins. The impedance profile between those points is not however 

necessarily a linear behavior. In particular, the mode present in the TEM analysis of the ‘shielded’ 

four-wire line, is very different in nature from the TE11 mode present in the quad ridge waveguide 

impedance analysis, whose E-field tapers to 0 near the exterior cavity wall. In addition, the 

extremely short distance over which the quad ridge waveguide and shielded four-wire line exist 

does not support a well formed TE11 mode in the quad ridge region or a well formed TEM mode 

in the rapid transition to the unshielded four-wire line. As such greater focus is given to 

parametrically selecting for geometries that reduce radiation from the overall transition region, and 

for good impedance match in a simulation consisting of the isolated balun structure in an infinite 

ground environment, when connected to a matched 100Ω load at an appropriate distance from the  

 
                                                (a)                                                        (b) 

Fig. 4.20. (a) impedance of the shielded four-wire transition line, plotted over line depth and ridge 

depth, and (b) impedance of the unshielded four-wire transmission line, plotted over line depth 

and ridge depth 
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transition area. After the mouth of the feed cavity, the impedance behavior of the four wire line is 

more accurately simulated with TEM behaviors, and Z0 is tapered from 50-100Ω utilizing the 

ridge. 

 As can be seen in Fig. 4.19, the quad-ridge to four-wire-line transition is located entirely 

within the feed cavity. This accomplishes both good match below -12dB and low radiation from 

the transition region below -17.5dB in the isolated simulation. The isolated performance and 

simulation setup can be seen in Fig. 4.21. The rear cavity depth of 13mm, transition region length 

of 15mm, and transition region shape (sinusoidal change of line depth). Are all selected 

parametrically for low radiation and good match. Integration of the balun into the TEM horn design 

causes an additional narrow-band effect, notably a sharp drop in gain at high frequencies. This is 

found to be caused by strong fields occurring between the base of the TEM horn loop, and the 

fields on the edge of the feed cavity. Moving these elements apart by increasing main cavity depth 

from 43.5mm to 53.5mm dulls this effect substantially without reducing efficiency, and the effect 

can be further mitigated by the addition of a second layer of FGM-125, forming an annular ring 

located around the feed cavity, as indicated by ‘additional absorber strip’ in Fig. 4.3. The impact 

of the additional absorber strip can be seen in Fig. 4.22, comparing the S parameters and boresight 

gain before and after addition of the absorber strip. 

 
                                          (a)                                                        (b) 

Fig. 4.21. (a) simulation setup of infinite ground plane quad-ridge waveguide to four-wire-line 

transition and (b) isolated S-parameters and radiated power from the transition region. 
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                                          (a)                                                        (b) 

Fig. 4.22. (a) S parameter behavior for channels 1 and 2, with and without additional absorber ring 

showing little change (b) boresight gain with and without absorber ring, showing improvement to 

6.5GHz gain drop 

 

4.5 Manufacturing and Measurements 

 4.5.1 Bundle-Fed TEM Horn Antenna 

 The bundle fed TEM Horn Antenna is manufactured from aluminum and brass machined 

pieces, along with lengths of 086 semi-rigid coaxial cable, Eccosorb FGM-125 absorber, FDM 3D 

printed standoffs and cable supports, and a small teflon spacer. The individual TEM horn arms 

(consisting of 1 horn arm and its associated bowtie antenna piece and mode control shorting posts) 

are manufactured by a combination of electrical discharge machining (EDM) and CNC milling 

techniques, as is the combined loop section. The bowtie section of each arm is machined to contain 

two screw holes to secure the arm to the loop section, as well as an additional screw hole in the 

base of the lower shorting post, and a small sliding fit hole in the base of the 4-wire line to enable 

final integration into the coax feeds. As seen in Fig. 4.23, the assembly consists of first securing 

the individual arm pieces to the loop, and preparing the feed structure by soldering 4 semi-rigid 

086 coaxial cables  into a machined brass mounting puck. The mounting puck is then secured into 

the larger groundplane, and a teflon spacer  is brought down over the protruding coax inner 

conductors, both to allow alignment, and to ensure correct vertical positioning of the feed arms 

over the coax. Four FDM 3D printed struts are positioned with one under each loop section, to  
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                                  (a)                                  (b)                                     (c) 

 
                                                (d)                                               (e) 

 
                                                 (f)                                             (g) 

Fig. 4.23. Steps of manufacture, read sequentially left to right, top to bottom. Assembly of main 

radiating element from individual arms (a). Integration and soldering of cable feeds into brass 

mounting structure (b). Preparation of ground plane (c) and integration of brass mounting structure 

and absorber layer (d). Integration of ground plane structure with 3D printed standoffs and 

radiating element (e). Integration of cavity wall and absorber lining (f). And finally addition of 3D 

printed cable supports (g). 

secure the TEM horn assembly to the groundplane. Nylon screws are used from each side to secure 

the TEM horn assembly and groundplane together. Following this, the cavity wall and absorber 

are brought down around the exterior and secured to the groundplane with 8 mounting screws. 
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Finally, the 3D printed cable supports are placed over the cables, and screwed into both the 

groundplane and the SMA connectors to secure their positioning and prevent damage and 

unnecessary bending of the cabling.  

 Measurements of the device are carried out using a differential vector network analyzer to 

obtain S-parameters from the bundle feed device. A comparison of the measured differential S 

parameters can be seen in Fig. 4.24. As shown, we see good match below -10dB across the majority 

of the band of interest, though the exact turn-on is shifted to ~1.8GHz. Agreement with the original 

simulations are not as close as desired. This is understood to be due to disagreement between the 

available model for FGM-125 utilized to tune the antenna, and the true parameters of the FGM-

125 absorber, exhibiting both somewhat different permittivity, and greater losses. Efforts to model 

these differences demonstrate improved agreement, as can be seen in the greater agreement of the 

yellow and purple curves in Fig. 4.24, showing simulation with altered absorber characteristics, 

 
Fig. 4.24. Comparison of original simulated |S11| (black) vs measured |S11| and |S22| (blue, red), 

alongside simulation with modified absorber model (yellow), and modified absorber and arm 

position perturbation (purple) 
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 and simulation with both altered absorber charactersitics, and efforts to more accurately represent 

the TEM horn arm positioning. Some aspects of the measured performance remain further from 

agreement than desired. In particular, the source of error related to the positioning of the TEM 

horn arms. The match performance of the design is highly sensitive to the arms being tilted inwards 

or outwards from the center, angular twisting around the feed point axis, and inwards or outwards 

translation from the center of the horn. All three failure mechanisms are related to the exact 

thickness of the teflon spacer at the feed point, the length and positioning of the 3D printed 

standoffs, and the manufactured accuracy and rigidity of the loop section. Error on the order of 

100um in positioning, 1o in of inwards tilt, and 0.5o angular twist about the feed point demonstrate 

reasonable agreement with measured results. The single fixturing point of the 3D printed standoffs 

is insufficient to allow greater accuracy of positioning, and obtaining sufficient accuracy in the 

positioning and tilt of the four TEM horn arms to the high accuracies required for fully accurate 

modeling requires measurement instrumentation that is not available. Future work on this antenna 

will utilize adjustable positioning mechanisms located horizontally, allowing for the performance 

to be retuned. However, the change in match does little to alter the overall directivity of the system. 

As can be seen in Fig. 4.25 and Fig. 4.26, the measured boresight directivity shows close agreement 

with the freespace mechanical simulation, and radiation patterns show good agreement with 

simulation. What is worth noting however is the reduced gain vs simulations, also plotted in Fig. 

4.25, alongside a simulation assuming greater losses than the original simulated model of the 

FGM-125 contained. In the original absorber model used, losses are simulated as purely magnetic 

loss. Based on measurements of the material permeability and magnetic loss tangent. As can be 

seen, simulated additional losses on the order of 0.02-0.04 electrical loss tangent, and perturbation 

of permittivity from uniformly 𝜖𝑟 = 7 to varying in frequency from 11 to 10 brings much closer 

agreement between measured and simulated results. Effective efficiency remains higher than 40% 

in spite of additional losses in the measured system. Simulatiuon and measurement of radiation 

efficiency is plotted in Fig. 4.27, alongside simulations with perturbed absorber paramters.  



83 

 

 
Fig. 4.25. Comparison of measured and simulated boresight directivity and gain, alongside 

simulations with additional absorber parameter perturbations.  

Additional designs in this area will necessitate greater scrutiny of absorber models in use for tuning 

to achieve higher measured efficiency. Alternate models for this system utilizing different absorber 

models indicate that possible efficiencies higher than 65% across the band may be achievable with 

limited modifications. Resulting DFF from measured patterns shows good performance and 

agreement with simulation, with E-plane unambiguous FOV of 61o and H-plane FOV of 61.5o
, as 

plotted in Fig. 4.28.   

 

 4.5.2 Integrated Balun TEM horn Antenna 

 The integrated-balun TEM horn antenna is manufactured from aluminum with a 

combination of EDM machining and CNC milling techniques. The mechanical design consists of 

four unique arm components, which include the TEM horn arm and its associated bowtie antenna, 

shorting posts, feed line, and a quarter section of the feed cavity wall, one main cavity wall piece, 

one main cavity ground piece, and one rear-cavity ground piece. The design also utilizes four FDM 

printed standoff pieces to support the TEM horn arms and two custom built coaxial flange pieces, 

built from brass and partially stripped 086 coaxial cable. The TEM horn arms are assembled in a  
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Fig. 4.26. Comparison of measured and simulated E-plane and H-plane Pattern cuts for bundle 

fed cavity backed miniaturized TEM horn antenna. 

similar fashion to the assembly of the bundle fed TEM horn. Assembly pictures can be seen in Fig. 

4.29. The constructed integrated balun TEM horn shows similar mechanical issues to those seen 

in the bundle feed device, in particular, the manufactured standoffs cause mechanical stress which 

tilts the four arms of the TEM horn inwards. Measured results can be seen compared with original  
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Fig. 4.27. Comparison of measured and simulated radiation efficiency alongside simulations with 

additional absorber parameter perturbations 

simulation, and simulation accounting for some mechanical differences, in Fig. 4.30. Measured 

results compare favourably with simulations that account for change to the ideal geometry.  

 

4.6 Performance Comparison 

 Table 4.1 shows a comparison between competing antenna architectures in the open 

literature, focused on designs with dual-linear polarization. As can be seen from the table, the 

design put forward here is competitive with, or smaller than most competing antenna designs [34, 

76, 103-105], being less than 0.44 λ diameter at the turn-on, and 0.22λ deep for the bundle fed 

device, and achieves higher gain than existing sinuous antenna designs excluding lens loaded 

devices like [77]. The device shows simulated performance with higher efficiency than competing 

cavity backed sinuous devices, again excluding [77], and remains competitive with their 

performance in measurement. The device shows higher gain and comparable or better efficiency 

than competing cavity backed sinuous antennas, with the exception of [77] which features a large 

dielectric lens. Quad ridge horn devices [35, 36], achieve higher efficiencies, gain, and bandwidths, 

however they are much larger and their pattern shape is unsuitable for DF operation. LPDA devices  

 



86 

 

Table 4.1. Comparison to Existing Literature 

Source Type Gain (dB) 

(Measured) 

Efficiency 

% 

(Measured) 

BW Size (λlow) 

diam. x depth 

[108] Conical Sinuous 5.3-7.5 - 2.5:1 0.66 x 1 

[103] Cavity backed sinuous 4-6 <50 2.5:1 0.49 x 0.8 

[104] Cavity backed sinuous - <50 9:1 - 

[34] Cavity backed sinuous 5 <50 5:1 0.42 x 0.34 

[105] Free space sinuous 5 - 4:1 0.28x 0.28 

[106] LPDA 6-8 ~100 18 : 1 0.63 x 0.87 

[107] LPDA 6-9 90-100 5.4 : 1 0.46 x 0.44 

[77] Cavity backed 

Lens-loaded sinuous 

3.9-12 60-80 4.2 : 1 0.41 x 0.41 

[36] Quad ridge horn 6-16 ~100 8 : 1 1.40 x 1.47 

[35] Quad ridge horn 10-14 ~100 6 : 1 1.14 x 1.09 

[76] Free space sinuous 2.5-5.5 - 12 : 1 0.48 x 0.18 

This TEM 3 - 8 41-75 5.4 : 1 0.44 x 0.22 

 [106, 107] can achieve wider bandwidth for the device and higher efficiency, however are 

generally much larger, particularly for higher gain devices. Conical sinuous antennas like [108] 

achieve comparable gain, however are again generally much larger devices. [108] does not list a 

measured efficiency, and achieves front to back ratio of approximately 10dB. [103, 104], and [34] 

do not directly list measured efficiency, and are presumed less than 50% due to absorbing cavity 

and gain in expected ranges. [76] and [105] are measured without cavities, and thus efficiency 

results are removed. Also worth noting is the expected dispersive behaviors exhibited by sinuous 

antennas, which exhibit substantial group delay, particularly at the low end of their frequency band. 

Comparisons of simulated performance with a comparable sinuous antenna are shown in the 

appendix. 

 

4.7 Conclusion 

 A dual-linear polarized TEM horn structure is proposed, and the design in investigated 

from the basics of the TEM horn, through its miniaturization, integration into a cavity, and the 

development of a convenient feeding mechanism. The miniaturized TEM horn antenna is designed 

to cover 1.67-8.525 GHz with good match and rapid gain turn-on. Integration into a cavity, and  
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(a) 

 
(b) 

Fig. 4.28. Measured DFF slope performance of bundle-fed cavity backed miniaturized TEM horn 

antenna. (a) E-plane DFF slope and (b) H-plane DFF slope. 0.125 GHz steps from 1.625-8.625 

GHz 

careful examination of cavity fields and antenna spherical modes allows for the removal of many 

narrow band effects, resulting in an antenna with smoothly increasing gain performance after a 

sharp turn on, high efficiency relative to antennas of competitive size and use case of greater than 

60% across the majority of the band, and good match <-10dB. Addition of a novel feed structure  
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(a) 

 
                                        (b)                                                                             (c) 

Fig. 4.29. (a) TEM horn arm pieces, main cavity wall, and loop section, manufactured by Protolabs. 

(b) Assembled TEM horn base view, and (c) assembled TEM horn top view 

allows for convenient feeding of individual polarizations without the use of a hybrid. Measured 

performance shows robust radiation characteristics, with good agreement seen for measured 

radiation patterns across the band of interest. Measured S parameters show tolerable agreement 

with simulation, however are very sensitive to the exact positioning of the arms of the TEM horn 

antenna, limiting the match across the full band. The demonstrated device shows good direction 

finding performance over a wide relative bandwidth at microwave frequencies, demonstrating a 

successful alternate method from the common planar cavity backed antennas to achieve wideband 

direction finding.  
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Fig. 4.30. Measured |S11| and |S22| (solid lines, blue and orange) for integrated balun TEM horn 

antenna, compared with original simulations (dotted, blue and orange) and simulations with arms 

tilted inwards (dashed, black and red).  
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CHAPTER 5 

 

 

FURTHER DESIGNS IN MICROWAVE SPECTRUM SENSING AND DIRECTION FINDING 

 

 

5.1 Introduction 

 Further designs to achieve wideband spectrum sensing and direction finding are possible 

at microwave frequencies. As noted in chapter 4, there are a variety of antenna designs that can 

achieve specific goals of wide or ultrawide bandwidths for sensing applications and for direction 

of arrival (DOA), time of arrival (TOA), and frequency of arrival (FOA) applications. Antennas 

for these tasks often require reduced size, polarization diversity, and low cost. To achieve these 

ends, the log-periodic dipole array (LPDA) is an often considered topology. It is quasi-frequency 

independent, limited only by its size for low frequency operation, and the ability to manufacture 

it’s feed for high frequency operation [60, 109]. Its major defining works were put forward by 

DuHamel et al [110, 111] in 1957 and 1958, and R Carrel in 1961 [109]. While some modern 

examples of LPDAs, particularly for commercial applications, still are designed from fixed 

diameter piping, and can achieve very wide low frequency bandwidths [112, 113], modern designs 

for LPDA antennas majorly focus on substrate printed configurations [106, 114-128]. Due to fine 

control of boom and element dimensions on the order of 10mils or smaller for common 

manufacturing companies, individual dipole elements can be printed up to very high frequencies 

which would be prohibitively small for alternate manufacturing methods. With modern 

manufacturing techniques, however, one area which has not been investigated with LPDA design 

is working with 3D printing. In particular, designing monolithic or near monolithic antennas which 

can be printed with stereolithography (SLA) for high layer accuracy, and copper plated for minimal 

cost. In this chapter the modern state of 3D printing for the construction of LPDA is examined and 

a design is put forward which operates in the band from 1.67 to 8.525 GHz. While in its final 

design it is not feasible to cheaply 3D print the design with sufficient stability to survive plating at 

this time, the use of 3D printing as a guiding principle allows for inclusion of matching sections 
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not replicated for LPDAs elsewhere in the literature, free control of characteristic impedance and 

structure shape, and detailed design not available in either classic designs with metal piping or 

design using substrate printed antennas. This chapter first reviews the basics of LPDA design put 

forward in [109], then examines the details of design for single polarized and dual polarized 

designs of LPDA with integrated impedance transformers. A method of miniaturizing the LPDA 

in its length, and the impact of variable growth rates are investigated. Lastly final results are 

displayed, measurement and manufacturing are discussed and compared with existing literature. 

 

5.2 Design  

 5.2.1 Design of the Basic LPDA 

 The basic design for the LPDA was investigated thoroughly by R. Carrel in his thesis [109], 

and consists of a few key parameters that are well known. From [60, 109] the longest element is 

chosen to be ln ≈ λmax/2, where λmax is the wavelength at the lowest frequency of interest. Along 

with this, for each element, are a variety of associated, related parameters, namely element 

diameter dn, feed spacing Sn, and position Rn. Relating each of the elements in an ideal system is 

the geometric ratio τ, typically between 0.7 and 0.95, governing the relationship between each 

subsequent value of the aforementioned as in (5.1). 

𝜏 =
𝑙𝑛

𝑙𝑛+1
=

𝑑𝑛

𝑑𝑛+1
=  

𝑆𝑛

𝑆𝑛+1
=  

𝑅𝑛

𝑅𝑛+1

(5.1) 

 Working in conjunction with this is the spacing factor σ, which governs the overall length 

of the antenna and the relative position of each element, defined equivalently by either the element 

spacing or the apex half-angle α in (5.2) [109],[60]. 

𝜎 =
𝑅𝑛+1 − 𝑅𝑛

2𝑙𝑛+1
=

1 − 𝜏

4 𝑡𝑎𝑛 𝛼
(5.2) 

 The last necessary value for the basic design are the number of elements, or equivalently 

the length of the shortest element, thereby determining the upper limit of the operating range. In 

[60, 109], we see the empirical equations put forward for Ba, the bandwidth of the active region, 

Bs the bandwidth as designed, and N, the number of elements, as below in (5.3) and (5.4). 
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𝐵𝑆 = 𝐵𝐵𝑎 = 𝐵[1.1 + 7.7(1 − 𝜏)2 𝑐𝑜𝑡 𝛼] (5.3) 

𝑁 = 1 +
𝑙𝑛 𝐵𝑠

𝑙𝑛
1
𝜏

(5.4) 

 Where B is the desired bandwidth of the antenna. In this chapter, the band of interest is 

1.67 – 8.525 GHz, as in chapter 4. Pursuing low profile, but a very consistent gain for use as a 

spectrum sensor, the designs examined in the process of this chapter use a high value of τ = 0.95 

and a low value of σ = 0.05. (5.4) above would suggest 35 elements, with the shortest element 

being half a wavelength at ~10 GHz. However, with a naïve design it is not until the shortest 

element is λ/2 at ~15.6 GHz with 44 elements that consistent gain and match is achieved at the 

upper end of the band, an increase of Ba from ~1.1 to ~1.8. Similarly, for the final design of this 

chapter, the recommended number of elements would be 14 elements, while the observed 

minimum for consistent gain and match is 16 elements, an increase of Ba from ~1.1 to ~1.6. This 

is suspected to be the result of extremely tight spacing between elements causing greater mutual 

loading and extending the usual band of operation.  

 Due to the difficulty of manufacturing the high frequency segment of LPDA antennas and 

the necessity of feeding the design from the tip, many LPDAs do not precisely follow the design 

principles dictated by the equations above. In larger, low frequency systems, the element feed-gap 

spacing and the element radius are often left constant due to the simplicity of utilizing standard 

sizes of metal round stock for elements and constant boom spacing [112, 113]. In higher frequency 

printed systems, the thickness of the boom is again frequently left constant due to dyson balun 

feeds and to maintain a constant boom impedance, as the substrate width does not change [106, 

114-125]. Some designs feature a boom which does not change in size for the majority of its length, 

but tapers to a matching patch near the feed point [126], [127]. 
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 5.2.2 Design for 3D Printing 

 The design in this chapter is intended to leverage manufacturing techniques that have 

become more feasible for small detail in recent years, namely of 3D printing and electroplating. 

This allows greater flexibility of design choices, and greater control of the geometry of fine 

features. In the initial design work, two primary options are investigated: a standard design with 

round elements and a round profile two-wire boom, and a design with rectangular elements and a 

boom consisting of rectangular parallel strips. The rectangular boom is investigated due to 

allowing both greater freedom of placement for the elements, and allowing for tighter spacing of 

booms in a dual polarized configuration. However, the design of the rectangular LDPA offers 

poorer pattern shape, with a greater amount of rippling, which severely degrades amplitude based 

DOA sensing. Further, with the dipole elements consisting of thin sheets, manufacturing with an 

SLA process is judged to have a greater risk of warping. As such, the final design abandons 

rectangular elements in favor of the more robust, and simpler, round profile elements.  

 The final design consists of 16 elements, and can be seen in Fig. 5.1 and Fig. 5.2. The 

overall dimensions are 8cm base to feed, 8.4cm wide at the lowest frequency dipole, with a base 

that is 4.2cm in diameter. The geometric ratio τ = 0.868, with a spacing factor σ = 0.05. The final 

value of τ is selected after beginning with 0.95, initially chosen to maintain high gain and highly 

self-similar frequency behavior. Working from an initial 44 elements to obtain sufficient 

 
Fig. 5.1. Linearly polarized LPDA isometric view. 
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Fig. 5.2. Linearly polarized LPDA detail views. 

bandwidth, the final value is chosen to keep the same minimum and maximum element length with 

16 elements, keeping flat gain over frequency, and significantly reducing the size of the antenna. 

Fewer than 16 elements are judged to have too great a gain variability, and more than 16 are judged 

to have too little increase in performance to be worth the larger size. The spacing factor is kept 

very low at 0.05 to maintain as low a profile as possible, despite the overall reduction in gain 

compared to optimal designs [109]. A sampling of the sweeps of τ and number of elements are 

reproduced below in Fig. 5.3, showing the gain simulations from models from 12 to 17 elements.  

 The smallest element is chosen to be 11.6mm long, and 0.75mm in diameter, while the 

longest is 82mm long, and 2.8mm in diameter. The diameter of the smallest element is selected as 

 
Fig. 5.3. Simulated directivity from antennas with differing N and τ to maintain the same 

bandwidth. 
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 the minimum thickness of element that can be reliably printed in the DMLS and SLA processes. 

Fixing the smallest element results in the necessity of introducing a second value of geometric 

constant, τr = 0.915, dictating the progression of the radius. This is, in part, essential to maintaining 

the match of the antenna, as the coaxial taper used for the feed can only match to a limited range 

of impedances without expanding the diameter of the boom further, and the largest element 

diameter (and thus the minimum diameter at the largest point of the boom) directly effects the 

required ratio of boom characteristic impedance to feed point impedance [109]. Thus, ensuring 

that the booms and elements remain a reasonable diameter by limiting their growth is essential.  

 A thin 047 semi-rigid cable (1.2mm diameter) is used for the feed, running up the center 

of the hollow boom. The boom tapers from 2.8mm to 1.75mm, with the boom spacing tapering 

equivalently to maintain constant characteristic impedance from 5.7mm to 3.55mm. The taper 

allows for the boom, and the element separation, at the feed to remain less than λ/4 side to side at 

the highest frequency of interest. The booms feature a capacitive fin running down the interior 

side, to lower the characteristic impedance from 160Ω to 107Ω. The booms curve inwards at the 

end to finish with parallel faces. The width of that feed region is 0.2mm. The sides of this curved 

feed region are tapered inwards, as can be seen in Fig. 5.4. The angle of that taper is chosen to be  

 
Fig. 5.4. Detail of feed region, showing angled feed taper, and capacitive plate loading of two wire 

boom. 
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30° to minimize additional capacitive loading of the feed-point, and to ease access for soldering. 

The coaxial feed is internally tapered, with the shield of the inserted coax removed to effect a 

linearly tapered line λ/4 long at the start of the band. The line tapers from 50 Ω to 68 Ω, a final 

coax outer diameter of 1.2mm. This dictates the minimum diameter of the feed boom as 1.75mm. 

As the thinnest reliable printed wall is approximately 0.25mm thick. The capacitive loading of the 

boom and the final impedance of the internal taper are determined iteratively, focusing on 

maintaining consistent radiation characteristics and consistent feed-point impedance despite 

varying dipole impedance as the ratio of ln/dn changes. The final value also agrees nicely with the 

graphs relating feed-point impedance and boom characteristic impedance in [109]. The distance to 

the ground plane is selected as a balance between minimal impact on the radiation patterns, while 

keeping low profile, as 13mm. The absorber chosen is MAST MF-22 series, at 6.35mm thick.  

 

 5.2.3 Design for Dual Polarization 

 The primary design of this chapter can be extended to dual polarization as can be seen in 

the geometry in Fig. 5.5. The major differences between this model and the linearly polarized 

model rely on the altered impedance characteristics of the 4 conductor boom. Due to the addition  

 
Fig. 5.5. Dual polarized LPDA isometric view, and detail of feed geometry. 
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of the two new booms, the two orthogonal excitations of the transmission line have a reduced 

characteristic impedance due to the altered field mode, as seen in Fig. 5.6. Due to the different 

geometry of the two feeds, the average feed-point impedance seen at each port is different. In the 

absence of a matching network, the impedance of the two ports differ by approximately 16%. To 

ensure that matching is achievable with the coaxial tapering available, the capacitive loading of 

the booms is used to bring the overall boom impedance down to 113Ω. This has the effect of 

bringing the feed-point resistance in each port down to values which can be separately matched 

using the same method of tapered coaxial matching sections. Due to additional inductive loading 

on the second ‘outer’ polarization feed preventing good match with the tapered line alone, 

additional capacitive loading is added at the feed-point. The taper angle of the outer feed is reduced 

from 60 to 45 degrees, maintaining access for soldering by hand while increasing the capacitive 

load on the outer feed. This is insufficient in itself to cancel the inductive load. To further 

compensate, a capacitive fin is added to the exterior of the boom, and swept parametrically until  

 
Fig. 5.6. Detail of boom electric field, top and bottom terminals are differentially excited, left and 

right terminals are unexcited. Simulated in ANSYS HFSS [130]. 
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the match is brought to acceptable levels. The resistive feed point impedance of each polarization 

is then separately matched to 50Ω using different taper geometries as necessary. 

 An alternate strategy investigated for the design of the dual polarized LPDA is the use of 

a tapered value of τ. This is done by replacing the single value of τ as follows in (5.5). 

𝑙𝑛 = 𝑙0𝜏𝑛 → 𝑙𝑛 = 𝑙0(𝑚𝑛 + 𝑏)𝑛 (5.5) 

 Utilizing a tapered value of τ, one can increase the directivity of the higher frequency 

region of the antenna without changing its form factor. By fixing the value of l0 when n=0 and lmax 

when n=nmax, the overall length of the antenna is preserved. It is then only necessary to select the 

length relationship of the final two dipole elements (length ratio denoted herein as τ15) to uniquely 

determine the slope and starting value of the τ taper. It is quickly noted in simulations that the 

performance of the antenna in the case when element position Rn is also governed by a tapered τ 

value the performance of the antenna is greatly degraded. However, maintaining the same 

positioning from the original design, while changing the element lengths according to the tapered 

τ, allows for a significantly improved match and for increased high frequency directivity. One 

evident drawback to this method of design is the appearance of narrowband dropouts in directivity. 

These effects can be seen in Fig. 5.7, showing the directivity for a variety of tapered models, and 

 
Fig. 5.7. Directivity of dual polarized models with tapered τ, showing drop in directivity at 3.25 

GHz in tapered models. 



99 

 

 Fig. 5.8, showing the effect on the match. Additionally, it shows the behavior of a model which 

was retuned to remove the gain dip at 3.25 GHz. As τ15 increases, the directivity drop near 3.25 

GHz becomes more severe, and high frequency directivity is increased. Tno account for the 

presence of the 3.25GHz drop in directivity, a retuned model was created from the τ15=0.95 model. 

To achieve this, the currents are examined throughout the band, and it is found that the expected 

elements with near resonant lengths at 3.25 GHz are not resonating, and instead the power at 3.25 

GHz carries through and radiates off of the groundplane as a backlobe in the radiation pattern. To 

correct this, various adjustments to element lengths are attempted, in the final working version the 

closest element to resonance at 3.25 GHz, and the surrounding two elements, are replaced with 

their closest equivalent in length from the model with τ15=0.90, which does not show a significant 

drop in gain. The two elements surrounding those are also adjusted to a length halfway between 

their prescribed length and the length of similar elements from the τ15=0.90 model. In so doing, 

the directivity drop at 3.25 GHz is reduced by ~0.6dB (roughly 1dB better than the worst version 

of this dip seen in the τ15=0.93 model). This does however introduce an additional drop of similar 

depth at 4.1 GHz. The net result of this is to bring the majority of the operating band back to within 

a variation of approximately 0.5dB from nominal. Higher frequency directivity increase is made a  

 
Figure 5.8. |S11| from tapered τ models. Match is improved over the majority of the band by tapered 

models, τ15=0.95 model shows particular improvement at high frequencies. 
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sharper transition occurring after the adjusted elements operating band, as compared to the original 

τ15=0.95 model, wherein the increasing directivity over frequency is more gradual. 

 

 5.2.4 Miniaturization Strategies 

 Specific efforts are made to miniaturize the LP antenna, with particular focus on 

miniaturization along its length. One work in particular shows great promise through the use of 

dual resonant elements to reduce the number of elements, and thereby reduce τ. In [128] they 

discuss a 40% reduction in size achieved due to this approach. They compare as a baseline case 

their 25 element dual band model with a differently designed model containing 40 elements, with 

different τ and σ. Following this approach, initial work is performed based on designs with a high 

τ of 0.95 and N=44. While significant reductions in size seem to be achieved via this approach, 

baseline comparisons without dual band elements show little difference in behavior between the 

dual band design and designs with only regular dipole elements in the match, but in some cases 

the dual band performance is worse than standard designs in terms of directivity, with greater 

variability and deeper narrowband drops in gain. An example of such a design can be seen in Fig. 

5.9. Performance comparison of three versions of this antenna, for 14 and 16 elements are seen 

here in Fig. 5.10 and Fig. 5.11, alongside the performance of models with the same design 

parameters but with only regular dipole elements.  

                                 
Fig. 5.9. Example of dual band element LPDA and side view of individual element. 
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Fig 5.10. Directivity of dual band and baseline designs. Narrowband drops in gain and inferior 

performance are more prevalent in dual band design (black) than baseline case (gray). 

 
Figure 5.11. Match of compared standard and dual band LPDA configurations, no significant 

differences in level are observed 

 

5.3 Manufacturing and Performance 

 The single pol LPDA antenna proposed is designed as a FOA sensor and amplitude based 

DOA sensor to operate over a larger than 5:1 bandwidth, from 1.67 to 8.525 GHz. To that end, it 

is desired to have minimal gain variation in that band, and be able to sustain a positive direction 

finding function (DFF) slope [6]. Simulations of the antenna are carried out in ANSYS HFSS. The 

simulated geometry can be seen in Fig. 5.1 and Fig. 5.2. Manufacturing is initially attempted with 



102 

 

SLA 3D printing, one example of a printed LP segment with print scaffolding can be seen in Fig. 

5.12. While printing is successful in creating the exterior geometry, printing the hollow boom in a 

split block configuration to enable plating does not have the necessary rigidity to withstand the 

plating process. As a result, the final manufacturing of the design is undertaken with subtractive 

machining, by milling the design from brass. Due to the delicate features involved this is 

substantially more challenging, as the high cutting forces can damage the design. Minimum wall 

thickness in the milled design is 0.25mm thick. DMLS printing is also attempted however insertion 

of the coax results in shorting to the line wall due to sharp stray printed structures within the hollow 

section.  

 The final manufactured design can be seen in Fig. 5.13, along with a view of the two halves 

of the hollow boom prior to soldering. Certain manufacturing defects in the final build can be 

attributed to this approach of manufacturing. Among them, various elements are manufactured 

shorter than desired or with too thin a radius, clipped due to the tool pulling into the material. 

Though it cannot be discerned from the pictures below, the tip of the feed point is also clipped on 

one side, and bent out of position on the other. Further, measurement of the spacing of the design 

shows that the booms are both shifted closer to one another by approximately 0.1mm, as well as  

 
Fig. 5.12. Early test of 3D printing. Dipole elements and coaxial taper have good definition. 
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Fig. 5.13. View of design milled from brass, and view of milled hollow boom. 

being tilted slightly out of position, misaligning the tip of each boom by 0.4mm. In final 

simulations of the measured setup these inaccuracies, and defects caused by soldering, are 

investigated and modeled as closely as possible.  

 In Fig. 5.14, the simulated and measured VSWR can be seen. Close modeling of the 

antenna exterior geometry, including varying element size and position for resonant elements, 

overall coax feed taper diameter, along with modeling of losses due to surface roughness, do not 

explain degraded match near 3.8 GHz, so mismatch is likely caused by solder leaked into the 

interior surface of the coaxial taper in a way that cannot be measured without destroying the 

constructed design. Even with the single point degradation, measured VSWR shows good match 

within the band, and even slightly higher in frequency than expected.  

 Fig. 5.15 shows the original measurement setup within the anechoic chamber. The antenna 

is mounted on a larger PLA support structure with additional MF-22 absorber, feeding cables and 

mounting standoffs to chamber positioner are further covered in absorber.  Measured directivity 

can be seen in Fig. 5.16, alongside the original simulated directivity, and a simulation seen in Fig. 

5.17(a), containing an accurate model of the measurement setup, along with measured inaccuracies 

in manufacturing and soldering, and estimated effects of surface roughness on conductivity.  

 The largest contributing factor to the difference between the measurement setup and 

original simulations exists in the placement of absorber in the test. Additional absorber placement  
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Fig. 5.14. Simulated and measured VSWR. 

 

 
Fig 5.15. LPDA mounted in anechoic chamber. 
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Fig. 5.16. Simulated and measured directivity, showing good agreement after accounting for 

absorber placement and manufacturing inaccuracies. 

in the antenna near field results in significantly greater variability over frequency than initially 

expected. Further simulations and measurement in the absence of larger sections of absorber 

confirm that the antenna is more sensitive than anticipated to absorptive materials in the near field.  

 Simulation of additional measurements with a reduced absorber setup can be seen in Fig. 

5.18, showing good agreement (within 0.5dB) of the original simulations and the simulation from 

Fig. 5.17(b). Simulation of printed PLA support structure (visible as larger black disk attached 

below the antenna ground in Fig 5.17(b), and not visible in the image in figure 17(a) is done as 

isotropic, utilizing data from [129]. In spite of build inaccuracies, cross polarization remains low, 

staying below -12dB within the band, and below -15dB in the majority of the band, as can be seen 

in Fig. 5.19. Measured radiation pattern shape also agrees with simulations well, as can be seen in 

a sampling of measured plots in Fig. 5.20. While not manufactured, simulated VSWR and 

directivity for the dual polarized LPDA from Fig. 5.4 can be seen in Fig. 5.21 and Fig. 5.22,  

respectively, alongside the simulated performance from the single pol case, and the behavior with 

an adjusted variable tau design. As can be seen, the match is greatly improved in the tapered tau  
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(a)                                                                        (b) 

Fig. 5.17. Simulation of original measured setup (a) and of measurement setup testing absorber 

interactions (b). Absorber covering supporting struts was found to have minimal impact. The 

majority of the impact is from additional MF-22 absorber. (larger square backing in (a)). 

 
Figure 5.18. Measured and simulated directivity with only small absorber puck on ground plane. 

(Fig. 5.17(b)). 

case. The further impact of the tapered tau model can be seen in the higher gain at high frequency, 

as expected from higher tau in the high frequency active region. Low frequency behavior is 

dominated by interaction with absorber and reduced tau, despite longer elements resonating down 

to lower frequencies. Drops in directivity at individual points near 3.25 and 4 GHz are the result  
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Figure 5.19. Measured cross-polarization over the band of interest.  

of increased back lobes at those frequencies. Without retuning individual elements, 3.25 GHz 

directivity drop is ~0.6dB lower, and 4.1GHz dip is not present. 

 While the LPDA put forward is primarily intended for spectrum sensing applications, it is 

also functional as a direction finding sensor in both planes. care was taken throughout the design 

process to ensure that the design in question maintains unambiguous FOV for E and H-plane 

direction finding, for both the single pol, and dual pol designs. Low overall gain and wide 

beamwidth, as primarily selected for a broad beam-front directional spectrum sensor, limits the 

available DFF slope, however achieves wide unambiguous FOV operation. Fig. 5.23 plots the 

simulated and measured DF performance for the single pol case, and Fig. 5.24 plots the simulated 

E and H-plane DF performance for the dual pol case, and the circular pol DF performance. 

 

5.4. Performance Comparison  

 Table 5.1 shows a comparison between LPDAs in the existing literature and the design put 

forward in this work. Relevant metrics for comparison shown are average gain, bandwidth, and 

mid-band electrical size, along with whether or not the design is dual polarized, and whether it was 

constructed and measured. As has been noted previously, [114-128] are all fabricated as PCB  
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Table 5.1. Comparison to Existing Literature 

Source Gain BW Dual Pol? Size (λmid) Built? 

[114] 7.1 1.6:1  1.48 x 0.55  

[115] 6 2.9:1  0.88 x 0.44 X 

[116] 5.5 1.9:1  0.82 x 0.70  

[117] 6.6 2.25:1  0.88 x 0.24  

[118] 7 3.4:1  0.88 x 0.59 X 

[119] 4.4 4:1  0.38 x 0.28 X 

[120] 7.8 4.5:1  0.77 x 0.45  

[121] 4.2 5.5:1  0.51 x 0.35 X 

[122] 7 4.5:1  0.75 x 0.51  

[123] 6.2 1.28:1  0.42 x 0.49 X 

[124] 7.3 1.6:1  1.10 x 0.53 X 

[125] 5 3.42:1  0.94 x 0.59 X 

[126] 5.2 12.5:1  0.48 x 0.37 X 

[106] 6.7 18:1* X 0.63 x 0.87 X 

[127] 8.1 9:1  1.20 x 0.53 X 

[128] 4 20:1  0.36 x 0.43 X 

This 7.3 5.4:1  0.46 x 0.44 X 

This 7 5.4:1 X 0.46 x 0.44  

printed traces. The majority of work prior to the last few years shows inferior gain, bandwidth, and 

longer length, [114, 115, 117, 118, 122, 124, 125]. The majority of these are classical designs 

consisting of a single boom width, often fed from the tip with a coaxial cable, though in [118, 125] 

fed with microstrip from the back. Most are designed with loading or line meandering intended to 

miniaturize width. Designs in [116, 119, 123], while smaller in length, are of a substantially 

reduced bandwidth relative to this work, and of substantially lower gain. [120] shows comparable 

gain, however the design is substantially larger. The work in [121] shows substantially lower gain, 

without having a significantly reduced length, although over similar bandwidth. Further, none of 

the designs mentioned so far can be made dual polarized. The designs really worth investigating 

are [106, 126-128]. With [126-128] showing wide bandwidths, and [127] showing significant gain. 

They are each, however, significantly larger than the design proposed, and were not designed for 

miniaturization of any kind. These designs also are not made for dual polarization, and their design 

framework could not support it. Only one printed design capable of achieving similar performance 

to the dual polarized antenna proposed herein was found in the literature in [106]. However, the  
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Fig. 5.20. Measured (solid) and simulated (dashed) co-pol and cross-pol patterns.  

match of the antenna proposed in [106] is quite poor, with the two polarizations substantially 

differing. In all this, it can be seen that designing for modern manufacturing capabilities for LPDA 

antennas offers significant improvements in design, particularly with respect to integration of 

improved matching structures allowing rear side feeding without additional matching like that 

needed in [126, 128]. 
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Fig. 5.21. Simulated VSWR for dual pol LPDA as compared with single pol LPDA. 

 
Fig. 5.22. Simulated Directivity for dual pol LPDA as compared with single pol LPDA. 
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                                       (a)                                                                         (b) 

 
                                       (c)                                                                         (d) 

Fig. 5.23. Simulated and measured DFF for single pol LPDA. (a) simulated H-plane DFF slope, 

(b) measured H-plane DFF slope, (c) simulated E-plane DFF slope, (d) measured E-plane DFF 

slope. 

 

5.5 Conclusions 

 This chapter has presented the design procedure and measured results of a compact LPDA 

developed for operation between 1.67 and 8.525 GHz. Design for additive manufacturing allows 

for convenient integration of matching networks, and allows for a work to take advantage of 

loading structures not available to printed LPDAs to gain significant control of match without 

sacrificing gain. While materials available at this time for cost effective 3D printing do not allow 

for sufficient rigidity to survive construction, enhancement of 3D printing technology will likely 

allow for further developments of dual polarized LPDA antennas of extremely high bandwidth, 

while taking advantage of methods like top loading and meandered lines, already widely known  
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                                       (a)                                                                        (b) 

 
                                                                             (c) 

Fig.5.24. Simulated (a) E-plane DFF slope, (b) H-plane DFF slope, and (c) LHCP DFF slope for 

dual pol LPDA system. 

for reducing width and length of LPDA antennas in printed form. The design approaches taken 

herein provide a starting point to further the realization of 3D printed antenna structures with 

integrated matching. Future work includes the fabrication of the dual polarized model included 

herein, along with further exploration of miniaturization techniques as they can be applied to dual 

polarized 3D printed LPDAs, and greater exploration of the application of DMLS printing 

techniques to this work. 
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CHAPTER 6 

 

 

C-KA BAND 3D PRINTING OF COAXIAL COMPONENTS 

 

 

6.1 Introduction 

 Modern commercial and defense systems require increasingly complex RF components to 

deal with increasingly strict electrical requirements. In addition, high complexity is often desired 

alongside low weight, small form factor, low loss, and low cost. While the use of traditional 

manufacture methods like split block fabrication and assembly methods remains common for 

accuracy and ease of access to internal components [37, 45, 46], increasingly manufacturing is 

moving towards monolithic designs with reduced integration complexity and post-processing [28, 

38-40, 131]. Monolithic designs have been greatly enabled by both micromachining approaches 

[23, 24, 131-133], and additive manufacturing (AM) approaches like direct metal laser sintering 

(DMLS) and stereolithography (SLA) [28, 37-41, 45-48, 134, 135]. While previously 

micromachining was the dominant alternative to traditional machining, steadily improving 

accuracy of these AM methods has led to their adoption across the RF spectrum, including up to 

millimeter wave frequencies in V and W-band, and above [28, 136]. AM technologies have been 

used for both standalone antenna configurations [134, 136] and fully integrated subsystems [135]. 

While this has seen significant implementation for waveguide-based systems [39-41], it has seen 

significantly less use for monolithic self-supported coaxial line-based systems. Other 

monolithically printed components using coaxial inputs frequently rely upon inserted pre-

fabricated coaxial probes or cables [38]. The drawback of this monolithic approach is the challenge 

of maintaining manufacturing accuracy on internal components, both from a standpoint of 

avoiding distortion, and allowing for un-cured or un-sintered material to be released properly from 

internal areas, all without internal supporting structures which cannot be removed. 

 DMLS manufacturing is commonly utilized for antenna systems [28, 134-136], however 

its high cost and high surface roughness continue to reduce its widespread adoption. SLA 
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manufacturing can achieve high flexibility and low weight with relative ease, even with 

commercially available, desktop systems like the Form 3 printer [137]. Copper plating of SLA 

printed devices is popular [37-43, 45, 46] for its increasingly good accuracy, and its low surface 

roughness.  

 To support spectrum sensing and direction finding antennas across the spectrum, a family 

of fully monolithic 3D printed, coaxial-based components must be made available to meet a variety 

of needs. For the work of this thesis, this family of components consists of wideband, through-line 

coaxial components, coaxially fed resonator devices, and coaxial filters and diplexer devices. 

Some advantages of the coaxial line basis for this technology include wideband single mode 

operation, low loss and dispersion, and the possibility of dense line packing. Additively 

manufactured coaxial lines are not unknown in the literature, however, work on their designs has 

primarily focused on designs featuring split block construction [37, 45, 46], or design for hollow 

cavities filled with liquid metal [47, 48]. Only a small number of designs in the literature deal with 

a self-supported line similar to that described in this chapter [49, 50], and those that do are 

relatively low in frequency, and operate over a narrower bandwidth than that proposed here. 

 SLA manufactured cavity devices in the literature are significantly more prevalent, one of 

the more naturally monolithically printable structures, spherical resonator designs, are particularly 

common. [37, 39, 40]. As a great deal of work has been done with micromachining to characterize 

the behavior of rectangular cavities, [132, 138] the focus on the design of a rectangular cavity in 

this chapter will be primarily on comparing the differences between SLA manufactured and DMLS 

manufactured rectangular resonators, and the adaptation of a monolithic feed system to the larger 

minimum feature sizes required by AM.  

 AM filter and diplexer devices in the literature primarily focus on waveguide and cavity 

technologies [15, 38-40, 42-45]. Publications examining self-supporting coaxial AM topologies 

are more limited [49-51], and none examine diplexer devices. Looking at the existing body of work 

as a whole, the designs are largely narrowband, and for diplexers, concerned with non-contiguous 
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operation. From this, we can see there is a need for solutions featuring wide pass bands with 

contiguous spectrum coverage. In addition, little has been attempted in the way of fully utilizing 

3D printing to make compact designs. Those that do, like [42], utilize ‘2.5-D’ strategies, like 

meandering lines in a single plane. The work put forward in this chapter examines in depth the 

construction of high frequency, wideband coaxial lines designed for monolithic DMLS fabrication, 

the compared behavior of DMLS and SLA fabrications through the perspective of resonator 

design, and the design and fabrication of monolithic filter devices and diplexers covering wide 

contiguous bandwidths. This work advances the state of the art for AM of coaxial components.  

 In this chapter, multiple devices are demonstrated. In section 6.2 a wideband coaxial line 

covering 10-30 GHz in DMLS fabrication, with designs for further bandwidth as the DMLS 

technology continues to mature. Second, section 6.3 presents the design and fabrication of a 

rectangular resonator in both DMLS and SLA technologies, and a comparison of the measured 

performance of the devices. Following this in sections 6.4, the design and fabrication of two filters 

is presented, operating over 4-7.8 and 7.8-15 GHz, respectively. Finally, section 6.5 examines  the 

design of a monolithic contiguous diplexer integrating similar filters, in both a standard planar 

configuration, and two compact topologies fully utilizing  the 3D printing capability to route lines. 

The major devices discussed in this chapter can be seen in Fig. 6.1.  

 

6.2 Additive Manufacturing of Coaxial Components 

 6.2.1 Design Information for Ka-Band Coaxial Line 

 To design a monolithic, additively manufactured coaxial component, it is essential to first 

understand the boundaries posed by the manufacturing technology in use. DMLS and SLA 

technologies are relatively young manufacturing technologies, and the current tolerances they 

achieve, and the minimum feature sizes they allow, are comparatively large when compared with 

traditional manufacturing. The minimum feature sizes typically realizable in both technologies, 

and other relevant parameters, are presented in Table 6.1 [139, 140].  
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                                      (a)                                                     (b)                               (c)  

            
                                    (d)                                                                         (e) 

      
                                   (f)                                                                          (g) 

 
(h) 

Fig. 6.1. (a) ‘Y-junction’ DMLS fabricated coaxial line, (b) rectangular resonator in SLA 

fabrication, (c) rectangular resonator in DMLS fabrication, (d) ‘High-band’ two-stub filter in 

DMLS fabrication, (e) ‘Low-band’ three-stub filter in SLA fabrication, (f) ‘Flat’ configuration of 

monolithic diplexer structure in SLA fabrication, (g) ‘Packed’ configuration of monolithic 

diplexer, with lines routed to maintain 13.5 x 9.8mm columnar area, and (h) ’20Ω Packed’ 

diplexer, redesigned for smaller footprint from the original ‘Packed’ configuration. 

 In addition to taking into account the minimum feature sizes, the physical process involved 

must be understood. Specifically, DMLS involves layer by layer sintering of a bed of metal 

powder. As successive layers of powder are added, and the particular layer is sintered in place, a 

large quantity of unsintered powder is left in place around the device; similarly, in SLA, a 

photopolymer resin is cured in place onto a part by a laser, leaving large amounts of uncured resin  
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TABLE 6.1. ADDITIVE MANUFACTURING TECHNOLOGY DESIGN GUIDELINES 

DMLS Printing Parameters 

Tolerance ± 0.076 mm 

Layer Thickness 30 um 

Typical Minimum Positive Feature Size 0.75 mm 

Typical Minimum Negative Feature Size 0.5 mm 

Material Copper Alloy CuNi2SiCr 

SLA Printing Parameters 

Tolerance ± 0.05 mm 

Layer Thickness 25 um 

Typical Minimum Positive Feature Size 0.254 mm 

Typical Minium Negative Feature Size 0.5 mm 

stuck to the part. In each case, excess material must be removed both from the exterior and interior 

of the printed part. Designs for AM in each technology must have release holes placed throughout 

the part to enable the removal of unsintered or uncured material from the part through compressed 

air cleaning or other cleaning methods. These release holes, unless treated carefully, have a 

substantial impact on part performance that must be accounted for. Taking these design limitations 

into account, basic designs like those seen in Fig. 6.2 are arrived at, showing relevant design 

features on two variations of the basic monolithic coax, the ‘T-junction’ design, and the ‘Y-

junction’ design. These designs both consist of a central line supported by two quarter wave 

shorted stub lines. The design is symmetric about the center, featuring two unit sections of quarter 

wave shorted stubs with quarter wave transformer sections to either side. The basic circuit 

configuration is shown in Fig. 6.3. In Fig. 6.2, these become the λ/4 ‘Input Transformers’ and the 

λ/2 ‘Center Transformer.’ This is done to extend the bandwidth beyond that available without the 

quarter wave transformer sections [17], [52]. In [141], the bandwidth of this system is shown to be 

extended by either continued addition of unit sections, or by the addition in each unit section of  
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Fig. 6.2. Diagram showing important features of printed coaxial line designs, two critical design 

alternatives are shown, ‘Y-junction’ (left) and ‘T-junction’ (right). 

 
Fig. 6.3. Basic circuit model for the two stub coaxial line [141], each line section is a λ/4 

transformer section. The model is symmetric, with ‘Input Transformer’ ZS, ‘Center Transformer’ 

ZB and Stub line ZR.  

additional quarter wave transformer sections. Further, the available fractional bandwidth is shown 

to be increasing for higher impedances of ZR. For the purposes of this work, the original desired 

band of interest was to achieve greater than 20-40 GHz bandwidth (66% BW), with a goal of 10-

40 GHz (120% BW), while maintaining the small form factor provided by the two-stub line, 

minimal IL, and RL >20dB. The work in [141] suggests that with ZR =2Z0, a fractional bandwidth 
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in the vicinity of 130% can be theoretically achieved. However, for the purposes of this work, this 

will be shown to be infeasible at this time over the frequencies of interest.  

 To obtain both low loss, and wideband operation, it is essential to first examine the 

available line geometries, as limited by high frequency second mode turn-on, and our minimum 

feature sizes from Table 6.1. Fig. 6.4(a) shows the second mode turn-on frequencies plotted against 

characteristic impedance, for varying coaxial outer diameter (OD). Colored areas of plotted lines 

show realizable geometries, and black dashed areas of plotted lines denote either that the inner 

conductor is smaller than the minimum positive feature size, or that the gap between the inner and 

outer conductors – hereafter ‘air gap’ – is smaller than the minimum negative feature size. Fig. 

6.4(b) shows the expexted losses in dB/cm over the space of characteristic impedance and outer 

diameter. The triangular region represents all areas which satisfy a 45 GHz second mode turn-on, 

and are physically realizable, with unshaded regions to the upper left caused by the inner conductor 

size limits, unshaded regions to the lower left caused by the air gap size limits, and unshaded 

regions to the right caused by the minimum allowed second mode turn-on. From this information, 

it can be seen that expected ideal loss for a line which will operate with low loss in the upper Ka 

band ranges from 0.012 dB/cm to 0.022 dB/cm, with lowest loss arranged along the right hand 

side of the triangular region, as expected due to that edge having the widest coaxial lines. 

 
                                  (a)                                                                                   (b) 

Fig. 6.4. Basic design information for circular coax. (a) plots of second mode turn-on vs usable 

characteristic impedance for varying outer diameter lines. Dashed black lines denote unrealizable 

geometries. (b) expected loss in dB/cm for varying characteristic impedance and outer diameter. 

Blank areas denote unrealizable  geometries or below 45GHz second mode cutoff 
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Additionally, this gives absolute bounds of what impedances can be utilized in the construction of 

coaxial filters operating up to near 40 GHz as approximately 32-86Ω. 

 According to the theory put forward in [141], this suggests that the maximum available 

operating bandwidth, using 86Ω for the stub impedance, for this topology would be 124.9% BW, 

with ZS = 38.8Ω and ZB = 36Ω. However, the wide OD required for an 86Ω line, due to the 

minimum inner conductor width, results in stubstantially poorer circuit performance, characterized 

by increased reactive loading in the junction areas. As can be seen in Fig. 6.5 (a), even for 

minimum diameter, higher loss stub lines, the higher impedance stub lines (which must be wider 

to account for minimum line width) result in increasing disagreement with circuit simulation. 

While good match below -20dB can still be obtained for models with up to 60Ω impedance by 

altering transformer impedances and line lengths, the superior agreement with circuit models 

demonstrated by the 50Ω stub line is selected as the model to be manufactured. As a result, 

maximum achievable bandwidth is narrowed to 11-40.1 GHz (113.9% BW). Also worth noting is 

that all full-wave simulations for these devices are carried out with modelled 2.4mm connectors. 

As a result of needing to mate to 2.4mm connectors, the input and output of the devices are tapered 

to a narrower OD of 1.77 mm, with an air gap of only 0.4mm.  

 Release holes for the wideband coaxial anchor are designed primarily with DMLS 

fabrication in mind. Studies performed on an early coax model of the appropriate sizing of release  

 
                                    (a)                                                                             (b) 

Fig. 6.5. Results of wider OD, higher impedance coax structures on coax match (a), and (b) circuit 

model performance of 50Ω stub optimized circuit. 
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holes for high frequency operation indicate that release holes should be narrower than 1.25mm 

diameter to avoid substantial impact on |S11| (maintaining |S11| matched below -20dB), and 

maintain low radiation below -30dB relative to incident power. These results can be seen plotted 

in Fig. 6.6.  

 Performance of three designs can be seen in Fig. 6.7, consisting of one T-junction device 

with 0.5mm air gap, one Y-junction device with 0.5mm air gap, and one Y-junction device with 

0.65mm air gap. As can be seen, the T-junction device shows expected bandwidth with RL > 20 

dB of 11.5-40.1 GHz. The 0.5mm air gap Y-junction device has expected bandwidth of 11.5-39.7 

GHz with RL > 18dB, and the 0.65mm air gap Y-junction device has expected bandwidth of 10.2-

35.4 GHz with RL > 17.3dB.  

 

 6.2.2 Manufacture and Measurements of Ka-Band Coaxial Lines 

 As the reliability of the minimum air-gap manufacturable in DMLS and SLA fabrication 

for this device is not known, numerous devices are manufactured to evaluate performance. Designs 

shown in Fig. 6.2 are built assuming DMLS and SLA fabrication can reliably manufacture a 0.5mm 

air gap on the interior of the coaxial part. Wide bandwidths of 11-40 GHz for models shown in 

Fig. 6.2 rely on narrow line diameters to achieve sufficient performance. Wider air-gap models 

have greater reactive loading present at junctions which reduce available bandwidth.  

 
                                    (a)                                                                             (b) 

Fig. 6.6. Impact of release holes in early coax model showing (a) S parameter behavior, and (b) 

radiated power relative to incident power. 
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                                    (a)                                                                             (b) 

 
(c) 

Fig. 6.7. Simulated performance of (a) 0.5mm air gap T-junction device, (b) 0.5mm air gap Y-

junction device, and (c), 0.65mm air gap Y-junction device.  

 For SLA fabrication, only 0.5mm air gap models are fabricated. 0.5mm air-gap models are 

fabricated on a Formlabs 3 printer in Formlabs Tough v5 resin. Destructive testing of printed pieces 

prior to copper plating demonstrates successful SLA printing, however post plating destructive 

testing demonstrates shorting near the narrow port areas, and large unplated areas on the interior 

of the structure. The required fluid flow for SLA fabrication is not provided by the narrow port 

diameters and release holes.  

 For DMLS fabrication, multiple devices are built as 0.5mm air gap T and Y-junction 

strucutres, The results indicate that 0.5mm air gap is not reliably achievable at this time for the T-

junction device, and shows varying degrees shorting or blockage in all cases. Multiple 0.5mm air 

gap Y-junction pieces manufactured show superior performance and are matched to better than 
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10dB RL, however show substantial disagreement with simulation consistent with changes to stub 

length. One Y-junction 0.65mm air gap device is manufactured in DMLS, and shows reasonable 

agreement with expectation. Shown in Fig. 6.8 is the measured performance of the best performing 

0.65mm air-gap Y-junction model, manufactured in DMLS copper alloy. Wideband operation is 

obtained over 10-30 GHz with RL > 15dB. While this performance is not as close to original 

simulations as desired, it does show good agreement with closely modelled results. In-band IL 

remains less than 0.7dB, with a mean value of 0.31dB. Poorer agreement with simulation is due to 

the DMLS caused imperfections, which have a substantial impact on the realized dimensions. 

Tolerance analysis with up to 100μm diameter and 250μm length variations show good agreement 

with measured performance, specifically showing error sources being a mismatch in the lengths of 

the shorted stubs, and a lengthening of the ‘Input transformer’ sections. This is not entirely 

suprising, as the stub lines are likely printed in a vertical orientation, and the uppermost printed 

stub appears longer than expected by ~150μm, as typical of 3D printing processes, the first few 

thin layers of a vertical overhang may not fully solidify. Additionally, the input transformers and 

flanges have additional length added onto the model for printing, to allow a greater amount of  

 

Fig. 6.8. Ideal simulation (black), measurement (red), and simulation with closely modeled 

dimensional changes and reduced conductivity (blue), showing good agreement between closely 

modelled performance and measurement. 
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material to be milled away to ensure connector flatness. This likely results in additional length of 

~250μm. Changes to impedance are located primarily asymmetrically in the outermost transformer 

segments, on the order of ~1Ω, and in the stubs, with variation of ~3.5-4.5Ω. Based on measured 

maximum surface deviation of 52um, these changes are well within the expected range of printed 

dimensions. In addition, DMLS roughness contributes to higher losses. In this case, modelling 

with an equivalent conductivity of 𝜎 ≈  5 ⋅ 105 𝑆/𝑚 demonstrates good agreement with measured 

insertion loss. This conductivity is a substantial reduction in conductivity from the copper alloy 

nominal of 𝜎 =  23 ⋅ 106 𝑆/𝑚, This behavior is not captured effectively by existing surface 

roughness purpurbation models from Groiss [142], Hammerstad [143], or the equation put forward 

in [144].  

 The results of the manufactured Y-junction model with 0.65mm air gap indicate that 

reliable manufacturing can be obtained for systems achieving up to 3:1 bandwidth, however that 

3.5:1 and 4:1 bandwidths may be slightly beyond the current capabilities of DMLS fabrication due 

to current DMLS tolerances, and the tight manufacturing tolerances required to achieve higher 

bandwidths. Designs with less stringent goals than 3.5:1 and 4:1 operation can be made to have 

greater leeway in tolerancing.  

 

6.3 Performance Comparison of DMLS and SLA Resonators 

 6.3.1 Design of a High Q Coaxially-Fed 3D Printed Resonator 

 Of primary importance to the design of resonators are the limitations placed on its 

construction by the fabrication process. The initial design for this device is focused on the rapid 

prototyping capabilities of current DMLS and SLA processes, keeping in mind the dimensional 

limits of both methods. The printing material for DMLS remains the same as the previous section, 

CuNi2SiCr copper alloy (σ = 2.3*107 S/m), in a 30μm layer thickness, with 0.75mm typical 

minimum positive feature size. With a desired resonance of 30GHz, an ideal square cavity with x 

and z dimensions of 7.07mm ensures single mode resonance when air-loaded [145]. To keep a 
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relatively low height, while still ensuring enough room for inclusion of a DMLS coaxial feed, the 

height (y-) is set at 2mm. The selected values ensure a TE101 cavity mode with a Q0 of 3395, or 

an expectation of 1691 when 10μm Groisse roughness model is used in standard copper. As noted 

in the previous section, the roughness models do not adequately capture system performance, as 

will be explored further here.  

 A small half-loop feed is often used to excite the cavity resonators [132], and is therefore 

considered here. A cylindrical coaxial feed with the inner conductor of the coaxial feed protruding 

into the cavity and shorting to ground as a loop is considered first. With the minimum diameter of 

the printable inner conductor diameter of 0.75mm this feature is a significant disruption to the 

overall cavity mode structure. To reduce the cavity loading from the inserted loop, it is rebuilt as 

a rectangular coaxial line with a right-angle bend shorting to the ground. A good balance between 

coupling and low cavity loading are found by positioning the end of the feed flush with the wall 

of the cavity. 

 Fig. 6.9 and Table 6.2 show critical resonator dimensions. Additionally, the corner 

elliptical release holes have 1mm minor axis diameter, 2mm major axis diameter (flush with cavity 

floor and ceiling). The cavity dimensions were altered from their original 7.07mm square to bring 

the actual resonant behavior of the cavity with the feed loading back to 30GHz. As a result of the 

feed placement, the loaded TE101 mode has some small field differences to the mode in the 

absence of the feed, though is largely similar. Primary differences from the unloaded TE101 mode 

are apparent in the E- and H-fields when not at their respective energy storage maximum, with an 

electric potential being generated between the center conductor and the cavity ceiling, when off of 

E-field maximum, and additional opposite circulating H-fields being generated about the shorted 

center conductors. Fig. 6.10 shows the cavity mode at 0o and 90o phase, for the E-field and H-field. 

 Release holes are chosen as an even symmetrical grid of 1mm diameter release holes in the 

ceiling and floor of the cavity. The even placement maintains solid conductive paths along the 

principle cavity planes, where current flow is concentrated, and maintains a solid conductor  
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Fig. 6.9. Resonator model detail views, showing critical dimensions. 

TABLE 6.2. CRICAL RESONATOR DIMENSIONS 

Wcav hcav Dfeed dfeed Lfeed desc 

6.87mm 2mm 1.87mm 0.75mm 4mm 1mm 

 

 

 

Fig. 6.10. Cavity mode detail. (a) 0o phase (b) 90o phase. Fields normalized to E-field maximum 

of 1V/m. Side view plots (left) show E-field, topview plots (right) show H-field 
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centred at the highest charge density. Larger than 1mm diameter holes permit too much radiation 

at 30GHz. A 4×4 hole grid (as opposed to 2×2) is chosen to maximize the number of release holes 

while keeping the radiation loss to be small (<-35dB relative to input power). Additional elliptical 

release holes are added to prevent any material build up in the cavity corners, cutting the corners 

away entirely. The release holes (without changing cavity dimensions) effect a slight drop in center 

frequency. Without the release holes, the compensated cavity size of 6.87mm resonates at 

30.25GHz, whereas it resonates at 30GHz with the release holes included. Resulting Q0 is 1353, 

assuming the material in use is smooth copper alloy. The total radiated power at resonance is 

simulated as -37.5 dB relative to the input power at one port indicating a very low level of radiation. 

 Note that the considered processes allow for resonator miniaturization using principles of 

evanescent mode filters and therefore capacitive loads. The impact of a loading stub is investigated 

using an eigenmode analysis with 5μm Groisse approximated surface roughness of pure copper 

walls. Placing a printable capacitive post in the cavity interior of up to 3.5mm diameter, with a 

capacitive gap as narrow as 0.25mm allows for a miniaturization factor of up to 55% as measured 

by the change in turn-on frequency. This corresponds to an accompanying drop in Q0 from 1689 

to 990. The results of this analysis are seen in Fig. 6.11. 

 

 

 

Fig. 6.11. (a) Q0 in eigenmode analysis with corresponding capacitive post size. (b) Size 

reduction (%) with corresponding capacitive post size. 
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 6.3.2 DMLS and SLA Fabrication of a Rectangular Resonator 

 The DMLS resonator is manufactured with a commercial company, whereas the SLA 

resonator is fabricated in-house with the FormLabs 3 printer. Each SLA model built was given 

four cycles of ultrasonic washing in alcohol, with uncured material blown off with compressed air 

between washings, followed by 1 hour of UV curing at 60oC. The SLA models were then 

electroplated in copper by the outside commercial company. Two post processing steps of the 

DMLS resonators are performed. Specifically, the step 1 is sanding off an additional support added 

on the flange face to support the center conductor, whereas the step 2 is sanding the flange flat to 

ensure good mating to the 2.4mm connectors. Similar post processing steps are performed with 

the SLA fabricated device prior to copper plating.  

 To compensate for the chemical etching and copper plating process expected to result in 

additional material build-up while keeping in mind fabrication tolerances, a 100μm of material 

thickness is removed from the internal resonator surfaces. No compensation is performed for the 

DMLS manufacturing. Manufactured resonators are shown in Fig. 6.1(b) and (c).  

 The inspection of the fabricated DMLS resonator shows significant issues which can be 

primarily traced to surface quality of the DMLS print. The center frequency is shifted from 30GHz 

to 29.73GHz and is accompanied by a drop in Q0 to 317 from an expected 1259. The insertion 

loss, |S21|, at resonance also reduced to -2dB from an expected -0.5dB obtained with the theoretical 

model with 10μm Groisse roughness approximation and copper alloy. These behaviours can be 

seen in Fig. 6.12(a). 

 To further examine the manufactured DMLS device, visual inspection of the interior with 

borescope and roughness measurement of the interior are carried out. The profilometry of the 

interior shows significant differences between inner and outer surface quality. Specifically, the 

outside surfaces have RMS roughness of 2.6-2.9μm, with maximum surface deviation of 10.9-

13.2μm. However, the interior surfaces are printed with RMS roughness of 12.5-14.2 μm and 

maximum surface deviation of 47.1-53.2μm. Measurements of the RMS roughness on the exterior  
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                                     (a)                                                                           (b) 

Fig. 6.12. (a) Comparison between simulated and measured S-parameters of DMLS built 

resonator. (b) Measured and simulated insertion loss of the resonator with the adjusted model 

parameters to indicate device as fabricated. 

were taken along orthogonal edges of the flange, and interior measurements were taken in two 

directions, perpendicular about the center of the resonator ceiling. The cutaway view of the 

resonator interior can be seen in Fig. 6.13, with the two measurement directions along the resonator 

ceiling highlighted with red and blue boxes.  

 Simulations of 12-14μm Groisse roughness approximations fail to fully capture the 

significant impact of these deviations. Close modelling of the measured DMLS interior of Wcav = 

6.91mm, and hcav = 1.98mm with the expected surface roughness provide a match to only within  

 

                     
                                       (a)                                                                           (b) 

Fig. 6.13. View of (a) resonator interior after removing its ceiling, and (b) ceiling surface with 

indicated two roughness measurement regions. 
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-15dB error, as seen in Fig. 6.12(b). From this we can see that the large impact of the DMLS 

roughness cannot be fully captured by standard roughness modelling effecting a change in 

conductivity. But rather that the surface deviation is severe enough to significantly change the 

geometry of the solution, making accurate modelling extremely challenging. For rapid, low-run 

prototyping desiring high accuracy, this is undesirable, however further iteration and use of DMLS 

printers on a design may yield better surface accuracy.  

 Three SLA fabricated and copper plated resonators all have relatively similar performance 

as shown in Fig. 6.14(a). The applied model compensation for copper plating (by removing 100μm 

of material) was too stringent, as center frequencies of the three pieces are at 29.72, 29.55, and 

29.83 GHz. Corresponding Q0 values are measured as 2370, 1672, and 3407, respectively.  

 Interior measurements are also performed on “SLA 2” of the three fabricated SLA models 

and 3.75μm RMS roughness is measured. Destructive testing and internal surface of coated SLA 

piece can be seen in Fig. 6.15. Utilizing the Groisse roughness approximation with the measured 

roughness, and simulating measurements of hcav = 2.29mm and Wcav = 7mm, provides excellent 

agreement with simulation to better than -22dB error, as can be seen in Fig. 6.14(b). From this, we 

 can see that the etching process removed more material from the cavity interior than was 

electroplated onto the surfaces, however, the overall surface quality is very good, allowing for 

good approximation with standard roughness modelling tools, and production of high Q0 

 
                                       (a)                                                                           (b) 

Fig. 6.14. (a) Measured SLA resonators vs simulation  with 10um RMS roughness. (b) Comparison 

between simulation and measurement of “SLA 2.” 
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Fig. 6.15. Interior view of SLA coated piece after destructive test. 

resonators. These results with SLA resonators confirm feasibility of building well performing 

resonators (and by extension corresponding filters) at Ka-band and higher frequencies comparable 

to the state-of-art process, such as PolyStrata [132]. All these at a much lower cost and 

development time, particularly important for rapid prototyping. 

 

6.4 Design of Coaxial Filters for Monolithic Additive Manufacturing 

 6.4.1 Design of Coaxial Stub-Supported Filters 

 As mentioned in section 6.1, it is desired to expand the family of 3D printed components 

to include two filter designs. One from 4-7.8 GHz, and one from 7.8-15 GHz. The design of coaxial 

filters in this technology can be undertaken in many ways. However, the simplest method is to 

utilize the same techniques developed to create a standard coaxial line. The use of this technique 

to create ultra wideband filters in microstrip was explored in [141], which looks at both broadening 

the bandwidth of a single stub by surrounding it with successive quarter wave transformer sections, 

and cascading stub and transformer sections to act as a broadband filter. Similar to [49], this design 

utilizes cascaded sections consisting of a quarter wave shorted stub with quarter wave transformer 

elements placed in series to either side. A basic symmetric 2-segment model of this circuit can be 

seen in Fig. 6.3, showing three relevant impedances, again to be referred to as ZS, ZR, and ZB [141]. 

A variety of more standard filter designs following a Chebyshev filter prototype and realized either 

with more typical quarter wave shunt stubs separated by single quarter wave sections, or as 
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capacitively coupled shunt stub resonators are considered, and rejected for use here [145]. The 

wide line diameter in use results in a relatively low second-mode turn on, and strong parasitic 

loading at T and cross junctions. This produces spurious transmission through the filter halfway 

through the first upper side stop band, when the line lengths are close to  half a wavelength. The 

design in use here alleviates this issue and has the added benefit of greater flexibility of 

miniaturization line-packing, due to the absence of an additional stub. The capacitively coupled 

shunt sections are rejected for use due to both manufacturing sensitivity, and difficulty in line 

packing, as the stubs would be extremely close together. As mentioned, these designs use a 

relatively wide line diameter. The coax outer diameter is set to 3.5mm. 3.5mm is a good balance 

between ensuring the second coaxial mode turn on remains past 30GHz, even for low-impedance 

lines, and being large enough to sustain a wide range of printable impedances, namely ~20Ω - 

105Ω, as dictated by the narrowest reliable air gap of 500um, and the narrowest reliably 

manufacturable line width of approximately 600um. In [141], the intent is to create a wideband 

structure. To that end the characteristic impedance of the stubs is investigated up to 100Ω, with 

wider bandwidths achievable through higher impedance stub elements. For the purposes of this 

section, a high degree of attenuation is desired out of band. To achieve this, the opposite behavior 

is found to be beneficial, with ZR reduced as low as 10Ω if possible. The small air gap required to 

realize this informs the choice to modify the basic design, similar to those presented for the coaxial 

line of section 6.2, to utilize two parallel 20Ω stubs to realize a lower impedance, and similarly 

utilizing parallel stubs for the 3-stub low band filter, Fig. 6.1 (e), and subsequent diplexer design. 

Table 6.3 shows the filter impedances as designed, for the filters in Fig. 6.1 (d) and (e). Note that 

the ZR values listed in Table 6.3 are for the parallel stubs, and thus are represented in the original 

non-parallel circuit with half their listed impedance. Also note that the high-band filter in Fig. 

6.1(d) consists of two identical filter sections, as shown in Fig. 6.3, and the single segment 

impedances are shown in Table 6.3 labeled as ZS1, ZR1 ,and ZB1. The low-band filter of Fig. 6.1(e) 

consists of three three filter sections. The outer two sections are the the same impedances, and are  
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TABLE 6.3. FILTER IMPEDANCES 

 ZS1 ZR1 ZB1 ZS2 ZR2 

High Band 39.75 20 56.6 - - 

Low-Band 37.25 21 55 84.25 43 

labeled as ZS1, ZR1, and ZB1; The third, center section consists of the same transformer impedance 

to either side, labeled as ZS2, and the stub impedance ZR2.  

 With initial circuit configuration in mind, the next most critical element is the design of the 

coaxial cross junctions. Due to the high parasitic loading in the junction areas, a plainly constructed 

cross junction injects a difficult to compensate reactive loading into the circuit. This results in 

spurious transmission halfway through the upper stop-band of a filter. Resolving this spurious 

transmission necessitates either reducing coax outer diameter, bringing the overall structure closer 

to ideal operation, or altering the junction geometry to resolve parasitic reactance. Taking 

inspiration from the mitering of microstrip T and cross junctions [146] this work proposes the 

mitering of a coaxial line cross junction. The basic geometry of the ‘compensated’ coaxial cross 

junction can be seen in Fig. 6.16. The topology consists of tapering at a 45o angle from each 

nominal inner diameter entering the junction down to a common ‘Junction Diameter.’ The point 

at which each line begins tapering is at a set distance from the center of the junction, the ‘Junction  

 
Fig. 6.16. Diagram of mitered coaxial cross-junction. The upper and lower lines (Port 3 and Port 

4) are the same impedance, with left and right lines as unique impedances. All lines taper to a 

constant ‘Junction Diameter’, starting from a set distance from the junction center, the ‘Junction 

Offset.’ Ports are labeled to clarify S-parameters from Fig. 6.17. 
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Offset’. Through parametric minimization, best agreement is found (though dependent on the 

specific impedances of the junction) for a low junction offset, near 1.1-1.3mm, and a junction 

diameter  near 1.3-1.5mm. With the junctions tuned individually, their scattering parameters can 

be compared against idealized circuit junctions of the same impedances. The error between any 

compared S-parameters in this manner is typically below -30dB. One example can be seen in Fig. 

6.17(a), which shows the full-wave simulated and ideal transmission line cross junction S-

parameters, which are difficult to visually distinguish due to very close overlap. Fig. 6.17(b) shows 

the error between the two sets of S-parameters, being less than -35dB out to 16 GHz. This result  

clearly shows a good agreement between initial circuit designs and the physical realization. Fig. 

6.18 shows the parametric plots for the 6 different cross junctions in the diplexer design, showing 

maximum error between ideal circuit junctions and full-wave simulated junctions, amongst S11, 

S21, S31, and S32 at 16 GHz plotted against junction diameter and junction offset.  

 

 6.4.2 Manufacturing and Measurement of Additively Manufactured Filters 

 The two manufacturing methods for these filters impose a separate set of requirements and 

limitations on their use. For the DMLS manufacture, as used in the high-band filter shown in Fig.  

  
                           (a)                                                                                   (b) 

Fig. 6.17. (a) S parameters and (b) error between ideal junction and full-wave simulated junction 

for diplexer low-band Stub 2. ZS = 55Ω, ZR = 30Ω, ZB = 34Ω. Junction offset 1.1mm, junction 

diameter 1mm. Full wave simulated S parameters and ideal junction S parameters are nearly 

indistinguishable.  
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                                 (a)                                                                            (b) 

 

                                  (c)                                                                           (d) 

 

                                (e)                                                                            (f) 

Fig. 6.18. Plots of maximum S parameter error at 16 GHz for diplexer cross junctions. Colormap 

showd dB difference between ideal junction and full wave geometry S parameters, from -10 to -

35 dB. Note that junction offset values for (c) and (d) do not extend down to 1.1mm due to 

geometry limitations for those junctions. 
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6.1(d), the surface roughness inherent to the process, and the addition of release holes to allow 

unsintered material to be removed are critical. Use of  1mm release holes allows for material to be 

removed, while keeping radiative losses below -45dB. The surface roughness from typical 

commercial DMLS processes in Inconel is found to be in the range of 15um RMS. Modeling this 

roughness in the larger structure of the high-band filter – as compared to the narrow dimensions 

of the coax of section 6.2 – is found to give relatively good agreement between measured and 

simulated performance for a DMLS manufactured filter consisting of 2 stubs. Due to process 

limitations with inner conductor aspect ratio, this model is printed with an inner support at the 

center. This is machined away, and the surrounding area is covered with a separately printed cover 

piece secured by screws. Comparison of ideal circuit simulation, circuit simulation with junction 

reactances, full wave simulation, and measurement can be seen in Fig. 6.19. Some disagreement 

between the original circuit simulations, and either the circuit simulations with junction reactances, 

or the full wave simulations, can be seen. Unfortuantely, this is primarily due to this design being 

constructed prior to later refinement of the correct junction offset and junction diameter. Close 

physical modeling of as-built dimensions brings the measurements, full-wave simulations, and 

 
Fig. 6.19. Plot of simulated and measured high-band filter performance. Black lines show ideal 

circuit performance, red lines show circuit simulations with cross-junction reactances, green lines 

show full-wave simulated performance accounting for expected roughness and Inconel losses, and 

blue lines show measured filter performance.  
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junction reactance circuit simulations into close agreement.  

 For the SLA process, measured results of the printed device seen in Fig. 6.1(e) are seen in 

Fig. 6.20. Design iterations on the coated SLA process show that the narrow required dimensions 

for sharp filter band-edge performance make plating of monolithic devices challenging due to fluid 

flow and gas exchange in the plating process. This and later devices, like the monolithic diplexers 

seen in Fig. 6.1(f) and 6.1(g) feature larger release holes than the DMLS process, to better facilitate 

copper plating. Overall performance is in close agreement.  

 

6.5 Design and Miniaturization of Coaxial Diplexers for Additive Manufacturing 

 6.5.1 Design of a Coaxial Diplexer 

 The design of a monolithic diplexer integrates two, 2-stub filter designs similar to that seen 

in Fig. 6.3, with an impedance annulling network reducing interaction between high and low-band 

circuits out of band. The basic architecture of the diplexer circuit can be seen in Fig. 6.21. The 

lines and stubs of the low-band filter are λ/4 at 11.59 GHz, and the lines and stubs of the high-

band filter are λ/4 at 5.84 GHz. The annulling network features an asymmetric pair of stubs acting  

 

Fig. 6.20. Plot of simulated and measured low-band filter performance. Black lines show ideal 

circuit performance, red lines show circuit simulations with cross-junction reactances, green lines 
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show full wave simulated performance with release holes and blue lines show measured filter 

performance.  

as impedance tuners, with the low-band side consisting of a series line, λ/4 at high band, followed 

by a shorted stub that is λ/4 at low band; The high-band side consists of a series line, λ/4 at low-

band, followed by a shorted stub that is λ/4 at high band. The impedances for the system are 

optimized in Cadence AWR [147], and can be seen in Table 6.4. Impedances listed Table 6.4 for 

stub impedances follow the same convention of being the impedances used for the stubs as 

realized, which are with two stubs in parallel. Effective impedance of the stubs for the circuit 

model in Fig. 6.21 are half that shown in Table 6.4.  

 Additionally, what cannot be neglected in the final design is the impact of efforts to 

miniaturize and plate the structure. In particular, the impacts on performance from line packing, 

as in Fig. 6.1(g) and 6.1(h), and the large release holes used to facilitate copper plating. The 90o  

 

Fig. 6.21. Basic diagram of diplexer architecture, consisting of two 2-stub filters constructed from 

λ/4 segments at the low-band and high-band center frequencies. The annulling network in the 

center consists of two asymmetrical lines and stubs, with ZAH and ZRL being λ/4 at low-band, and 

ZAL and ZRH being λ/4 at high band.  

TABLE 6.4. DIPLEXER IMPEDANCE VALUES 

 ZS1 ZR1 ZB1 ZS2 ZR2 ZB2 

High-Band 33 20 50 64 28 38 

Low-Band 33 20 43 55 30 34 

  ZA ZR    

High-band Annulling 73 30    

Low-band Annulling 48 56    
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stub bends utilized creating the ‘Packed’ and ’20Ω Packed’ designs have a substantial impact, 

altering the reactive load by reducing in-line inductance and adding additional capacitance in the 

bend area. For the low-band stubs, the impact is primarily inductive, and is easily compensated by 

reducing stub length. However, in the high band, the impact is more capacitive, and cannot be 

easily compensated for with length adjustment due to the short distances involved. Examination 

of possible mitering schemes is undertaken but does not provide improved performance in the 

high-band filter. Fig. 6.22 shows the change in performance from an intermediate design – with 

input junction altered aligning filter outputs, but without sroved performance in the high-band 

filter. Fig. 6.22 shows the change in performance from an intermediate design – with input junction 

altered aligning filter outputs, but without stub bends – to the diplexer design seen in Fig. 6.1(g).  

 The stub bends have the more significant impact, however the release hole sizing and 

placement is also important to the overall system performance. Simulations and construction of 

the high-band filter design of Fig. 6.1(d) show minimal impact due to 1mm release holes utilized 

for DMLS construction, and these small release holes allow for sufficient movement of unsintered 

material out of small structures. However for SLA constructed pieces, the facilitation of copper  

 

Fig. 6.22. Plot of simulated performance of compact diplexer with (solid lines) and without (dashed 

lines) bent stub lines. Primary impact is seen throughout the high-band, but low-band performance 

is also affected.  
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plating through the release holes is essential. For this, the 1mm release holes are too narrow. 

Widened release holes of 2mm diameter demonstrates good performance for plating, however the 

performance impact is more substantial. Comparison of Performance with and without release hole 

addition can be seen in Fig. 6.23, again on the ‘Packed’ diplexer design of Fig. 6.1(g). As the added 

release holes effect a local drop in characteristic impedance, the impacts of widening the inner line 

to compensate for release hole presence is also investigated. The addition of four symmetric release 

holes to a region of coaxial line substantially increases both inductance and capacitance in a way 

that cannot be compensated for with only inner conductor diameter variation. Tolerable local 

match can be obtained through diameter compensation, however overall phase behavior is 

substantially altered.  

 Due to narrow desired packing of <1 mm square columnar footprint. Another design is 

manufactured with different circuit parameters. This design is seen in Fig. 6.1(h). Stub lines are 

limited to a minimum impedance of 20Ω to ensure manufacturability and eliminate the need for 

parallel stub lines. The circuit parameters for this design can be seen in Table 6.5 This design 

trades reduced overall footprint for reduced RL above 13 GHz, and slower out of band attenuation.  

 

Fig. 6.23. Plot of simulated performance of compact diplexer with (solid lines) and without (dashed 

lines) added release holes. Primary impact is seen throughout the high-band, but low-band 

performance is also affected.  
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TABLE 6.5. SMALL PROFILE DIPLEXER IMPEDANCE VALUES 

 ZS1 ZR1 ZB1 ZS2 ZR2 ZB2 

High-Band 41 20 67 81 20 50 

Low-Band 44 20 64 71 20 35 

  ZA ZR    

High-band Annulling 81 20    

Low-band Annulling 44 20    

Performance of the two designs compared can be seen in Fig. 6.24.  

 

 6.5.2 Manufacturing and Measurements of Additively Manufactured Diplexers 

 Three different diplexer devices are presented here: a ‘flat’ configuration seen in Fig. 6.1(f) 

utilizing parallel stubs to effect circuit model stub impedances below 20Ω, a ‘packed’ 

configuration seen in Fig. 6.1(g) using the same circuit model as the ‘flat’ configuration, but with 

routed lines to effect a 9.8x13mm packing scheme, and a ‘20Ω’ configuration seen in Fig. 6.1(h) 

using a different circuit model to achieve a more compact 9.8x9.8mm packing scheme, but with 

slightly deteriorated performance in terms of out of band attenuation.  

 

Fig. 6.24. Comparison of models showing difference in ideal performance of packed parallel stub 

diplexer and packed single stub ‘20Ω’ diplexer 
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 Fig. 6.25 shows measured ‘flat’ configuration diplexer. Measured performance shows a 

bandwidth with RL> 15dB in the low band from 4.17-7.43 GHz, with mean IL of 0.16dB, and 

minimum IL in areas of good match of 0.1dB. The high band exhibits some performance 

deterioration, however demonstrates RL > 12.26dB over 8.32-13.36 dB, with mean IL of 0.26dB 

and minimum IL of 0.07dB. Overall agreement with simulation is good.  

 Measured performance of the ‘packed’ configuration diplexer can be seen in Fig. 6.26. 

Low band operates with RL > 14.02dB from 4.16-7.36 GHz, with mean IL of 0.19dB, and 

minimum IL of 0.09dB. High band operates from 8.36 – 15.14 GHz, with mean IL 0.47dB and 

minimum IL 0.14 dB. Overall agreement with simulation remains tolerable, with band edges well 

placed and mostly good return loss. Borescoping of this device shows a large number of non-

shorting copper filaments present on the device interior in unreachable areas. These filaments are 

created during the plating process, likely due to transient high field strength on the device interior, 

and are the most common failure point of these devices. Fillaments can be created either fully 

bridging between inner and outer conductors, or forming a nonshorting ‘spike’ like those seen in 

this device. An example of such failure points can be seen in Fig. 6.27. Regardless, good operation  

 

Fig. 6.25. Comparison of measured (solid lines) and simulated (dashed lines) performance for ‘flat’ 

configuration diplexer. 
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Fig. 6.26. Comparison of measured (solid lines) and simulated (dashed lines) performance for 

‘packed’ configuration diplexer. 

 

Fig. 6.27. Borescope images of interior copper filaments formed during copper plating. Inner and 

outer conductors are indicated. Circled features show a selected prominent shorting filaments. 

in the presence of additional, randomly placed reactive loads demonstrates good robustness of the 

design.  

 Finally, measured performance of the ’20Ω packed’ diplexer configuration is plotted in 

Fig. 6.28. Low band performance show RL > 15dB from 4.2-7.34 GHz, with mean IL of 0.17dB,   
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Fig. 6.28. Comparison of measured (solid lines) and simulated (dashed lines) performance for 

‘20Ω packed’ configuration diplexer. 

minimum IL of 0.1dB, and maximum IL of 0.39dB. High band performance shows RL > 12dB 

from 8.47-15 GHz, with mean IL of 0.26dB, minimum IL of 0.08dB, and maximum IL of 0.5 dB, 

excluding the small spike at 11.44GHz. overall agreement remains good, particularly looking at 

transmission characteristics. This device shows relatively few internal defects that cause 

deteriorated performance. The primary defect as seen here is present in the spike near 11.44 GHz. 

This is a diplexer behavior caused by slight shortening of the low band annulling stub, on the order 

of 100-200um. This is likely caused either during the printing process, with material curing in 

place inside the end of the stub, or during the plating process. Fig. 6.29 shows the measured |S22| 

and |S33| for the ‘20Ω packed’ diplexer configuration. As can be seen, this agrees well with 

measured |S11| performance, showing little to no transmission to the opposing channel.  

 

6.6 Performance Comparison 

 The existing work in the literature, presented in Table 6.6, that is similar to the designs 

presented here is limited. The primary competing broadband 3D transmission line devices are 

those in [48], which consists of liquid metal suspended in a dielectric structure to form the  
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Fig. 6.29. Measured values for |S22| and |S33| for ‘20Ω packed’ configuration diplexer. 

conductors. This device does achieve DC operation, however shows substantially greater 

integration challenges. Resonator devices in literature are the broadest category, comparable 3D 

printed devices, however, in [38, 42] are much lower in frequency. [38] is fed with inserted 

prefabricated coaxial cables, and [42] is waveguide fed. Achieved Q0 is comparable to existing 

work, and integrates monolithic coaxial feeding. Filter devices are a sparser category in the 

literature for 3D printed devices, with the majority being waveguide or resonator devices of 

substantially narrow band like [38, 42]. Coaxial devices like [45, 49] are more narrowband than 

the designs presented here, with greater losses. The closest design to this work is [49], which does 

not achieve good fabrication, is narrower in bandwidth, and utilizes a more standard chebyshev 3-

stub filter design. Additionally, internal complexity in [49] is kept to a minimum, with straight line 

rectangular coax utilized throughout. The only 3D printed diplexer devices found in the literature 

were [44], which is not monolithic or miniaturized, features waveguide technology, and 

demonstrates poor IL and extremely narrow bandwidths, and [15], which is monolithic, but is also 

not miniaturized and features waveguide technology. [15] does however achieve good IL and RL, 

however over narrow, noncontiguous bandwidths. The work presented here, by contrast, achieves  
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TABLE 6.6. COMPARISON TO EXISTING LITERATURE 

Source Device Type BW (GHz) IL (dB) RL (dB) Q0 

[38] Resonators f0 ∈[2.1-9.5] - - 1638-3520 

[38] Bandpass filter 4.9-5.6 <0.35* >15* - 

[48] Tx  line 0-12 <0.3 dB/cm >10 - 

[49] Bandpass filter 8-12.4 <1.1 >8 - 

[45] Bandpass filter 2.97-3.02 <1.25 >20 - 

[42] Bandpass filter 9.85-10.15 <0.25 >20 - 

[44] Diplexer low 11.67-11.93 <2.12 >17.8 - 

[44] Diplexer high 12.04-12.29 <2.62 >23.9 - 

[15] Diplexer low 11.95-12.55 <0.4 >20 - 

[15] Diplexer high 13.95-14.55 <0.4 >20 - 

This work Tx line 10-30 <0.7 dB/cm >15 - 

This work Resonator f0 = 30 0.53 21.8 3407 

This work Bandpass filter 8.4-13 <2.1 >10 - 

This work Bandpass filter 4.1-7.8 <0.4 >12 - 

This work Diplexer low 4.2-7.3 <0.4 >15 - 

This work Diplexer high 8.4-15 <0.5 >12 - 

very wide bandwidths, good IL and RL, a high degree of miniaturization, and takes full advantage 

of the internal complexities achievable with 3D printing. 

 

6.7 Conclusion 

 This chapter discusses the design and fabrication of many devices, forming a family of 

fully monolithic, additively manufactured coaxial components. These devices consist of coaxial 

‘anchor’ devices, with the intent of feeding a larger 3D printed device or antenna with wideband 

operation, rectangular cavities which can be leveraged for further development of filters or other 
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applications, in-line bandpass filters with low loss, and fully monolithic additively manufactured 

diplexers. These devices each extend the state of the art individually, and together form a fully 

formed contribution demonstrating the utility of additive manufacturing to manufacture high 

quality parts as the techniques and technologies develop further. DMLS 3D printed anchor devices 

are demonstrated achieving a 10-30 GHz bandwidth with better than 15dB return loss, showing 

the feasibility of high frequency device manufacture. DMLS and SLA 3D printed resonators show 

the compared performance of the two additive manufacturing techniques, and inform the selection 

of techniques based on expected loss characteristics and physical measurements. Fully monolithic 

filters demonstrate wider bandwidths and higher frequency operation than existing competing 

devices, operating over octave bandwidths from 4-7.8 GHz and 7.8-15 GHz with good robustness 

of manufacturing. Finally, fully monolithic, additively manufactured diplexer devices, taking full 

advantage of the capabilities of 3D printing to perform device miniaturization and realize 

complicated internal structures are constructed, and demonstrated to achieve good performance 

even with low-order filtering stages. Similar designs or performance are not seen in the literature. 

The combination of these things demonstrate that DMLS and SLA technologies are sufficiently 

mature to be used for high performance  wideband design and fabrication well into K band, and as 

high as Ka band operation. Further work in this area can examine in greater detail the work of 

compensating for manufacturing error and nonideal elements in these devices, and further efforts 

at miniaturization and compact multi-device integration.  
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CHAPTER 7 

 

 

CONCLUSIONS 
 

 

7.1 Summary 

 This thesis has presented a comprehensive examination of systems to advance the 

understanding of AODF. This has been accomplished through the analysis of generalized functions 

modelling common radiation patterns, and drawing conclusions about the ideal case DF behavior. 

The framework developed for the analysis of DF antennas and system level goals provides insights 

into the limitations of all AODF systems, linking the antenna beam shape, and in particular the 

beamwidth, to the antenna mechanical squint, the detection FOV, the minimum system gain, and 

the noise tolerance as expressed through the DFF slope. The three system goals are found to be 

inversely correlated, with improvements to any one category diminishing the others. Using this 

model, and with knowledge of the expected beamwidths of a family of antennas, it is possible to 

determine precisely whether direction finding can be achieved with an antenna, what system 

performance can be expected, and what beamwidth and gain to design for to achieve good DF 

operation.  

 Utilizing this framework a family of curved aperture horn antennas have been designed for 

wide absolute bandwidth covering >75-110 GHz, high gain, high DFF slope operation, achieving 

better than 0.5dB/degree slope and better than 0dBi minimum gain across a FOV of 40o. The 

antennas are designed for tight H-plane pattern control, and achieve <3.8o 10dB beamwidth 

variation over 75-110 GHz. Multiple configurations of the curved aperture horn are manufactured 

by numerous techniques, and good agreement with simulation is obtained. This work also provides 

design data for the construction of future curved aperture horns, which has been absent from the 

literature.  

 The TEM horn antenna has been extended to a dual polarized configuration, and 

miniaturized through the spherical modes engineering technique. This technique has been 
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extended through the addition of new current paths to the TEM horn antenna, improving modal 

behaviors and removing narrowband resonant behaviors from the structure. This structure has been 

integrated with a cavity to improve pattern behaviors for DF operation, and wide FOV coverage 

is obtained in simulation and measurement. A novel balun structure transitioning from two coax 

inputs to a four-wire line has been developed, enabling wideband feeding and removing the need 

for expensive beamforming components. Measured radiation patterns validate the design, showing 

excellent agreement with expected pattern shape.  

 Finally, a family of 3D printed coaxial components has been developed working from C-

Ka band. Manufactured devices show low loss, good internal formation, and achieve geometry 

that cannot be constructed by traditional subtractive machining. The novel compensated coaxial 

cross junction enables future designs to avoid challenges associated with wide coaxial line 

diameter. Manufactured diplexers with wide, contiguous bands are demonstrated, achieving both 

good electrical performance, and tight mechanical integration requirements, being narrower than 

9.8mm x 9.8mm to act as a wideband array feeding device. These devices advance the state of the 

art for the additive manufacture of wideband coaxial components, and provide a low cost means 

of rapidly prototyping and manufacturing high quality components.  

 

7.2 Contributions 

 The contributions of this work are summarized as follows: 

 The novel analytical framework linking receiver and system requirements to AODF 

capable beam shapes has been presented and validated. 

 The analytical framework has been demonstrated for the design of multiple antennas. 

 The impact of imperfect radiation patterns and wideband operation has been explained. 

 The curved aperture horn antenna has been adapted to the challenges of mm-wave 

fabrication. 
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 Guidelines for the future design of the curved aperture horn have been presented in the 

form of parametric plots. 

 Achieved rigorous AODF requirements over a >30GHz bandwidth at mm-wave 

frequencies. 

 Designed the TEM horn to work as a dual polarized antenna. 

 Demonstrated >5:1 bandwidth dual polarized DF operation with >60% efficiency in 

simulation, and 47-75% measured efficiency. 

 Developed a novel integrated balun to feed dual-linear four-wire transmission line. 

 Advanced the spherical mode miniaturization technique by eliminating spurious 

resonances in the combined Tem horn/Loop antenna 

 Developed >3:1 bandwidth coaxial ‘Anchor’ lines, implementing in-line quarter wave 

transformer sections 

 Developed accurately construced, high Q, coaxial-fed resonators at 30GHz, well above 

competing works in literature 

 Produced monolithic, low loss, wideband bandpass filters in self-supporting air-filled 

coaxial technology. 

 Developed miniaturized, monolithic, contiguous, wideband diplexers with low loss in self 

supporting air-filled coaxial technology 

 Developed novel coaxial cross junction geometry to optimize for parasitics present in wide 

3D printed coaxial line junctions. 

 

7.3 Future Work 

 Future work in this are should focus on a number of topics. To advance the theory of 

AODF operation further, additional functional terms should be added to the cosine, sinc, and 

gaussian beam to obtain superior modelling of two effects, the ‘pattern ripple’ caused by near field 

interactions and poorly controlled modes radiating from large antennas, and the impact of realistic 
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backlobes or noise floor behaviors. Pattern rippling can rapidly degrade the quality (i.e. reduce the 

FOV and DFF slope) for direction finding systems. Additional terms may be added to the standard 

beam models to create modelled rippling, such that the impact of rippling ‘spacial frequency’ and 

ripple amplitude can be investigated further to determine limits on acceptable pattern ripple. Such 

a term could be as in (7.1), below, treating B as some amplitude, and m as some frequency scaling 

term such that 𝐵 ≪ 𝐴 and 𝑚 ≫ 𝑘. 

𝐹(𝜃) = 𝐴𝑐𝑜𝑠𝑛(𝑘𝜃) + 𝐵𝑐𝑜𝑠(𝑚𝜃) (7.1)  

For realistic antennas, the backlobe is nonzero in many cases, and may be modelable with another 

secondary term scaled and added to the primary beam function. The correct selection and usage of 

an additional term may allow for the more accurate modelling of the nonidealities currently 

explained through the pattern concavity beamwidth.  

 Further work for the curved aperture horn could continue to examine the ways that the 

consistent beamwidth of this antenna archetype can be extended through deliberate multimode 

excitation, as well as to examine the accurate analytical modelling of this structure, as it is not 

adequately explained by the theory put forward in [68] (see appendix). 

 Additional improvements to the TEM horn must focus on improving a variety of factors. 

First developing a new mechanical design with superior mechanical stabilization and centering. 

Second the TEM horn should be examined with additional, more accurately known absorber 

models to determine superior choices of absorber material  to achieve high efficiency without 

sacrificing low frequency match. Simulations suggest that absorbers such as the ECCOSORB LS 

series may permit higher than 70% efficiency across the band, however the match below 2GHz is 

degraded in simulations examined thus far. Additional tuning of the device, and examinations of 

further ways to improve mode structure are also worth examining, such as constructing the loop 

and shorting posts for the device from spherical surfaces rather than rectilinear surfaces and posts. 

Last, further modelling of the modal structure over the course of the balun transition is called for, 

|S11| simulations demonstrate good match and low coupling to the opposing polarization, however 
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the design process involved selecting for TE11 impedance at one end of the transition and TEM 

impedance at the opposing end of the transition. Intermediate behavior involves a shift in field 

structure between the two modes that occurs over a short distance, and the impedance tapering is 

not well captured by TEM modeling of the ‘shielded’ four wire line. 

 The next most challenging step in the design of highly compact 3D printed components 

is to compensate for two effects: the impact of the large release holes utilized to achieve good 

plating, and the 90o bends necessary to achieve tight line routing. Efforts to compensate for these 

impacts through simple geometric compensation are not thus far successful and results have been 

omitted. Widening inner conductor diameter below release holes to effect a continuous impedance, 

and mitering coaxial bends to reduce bend capacitance do not result in correct compensation.  
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APPENDIX 

 

 

Appendix A: Disagreement of Curved Aperture Horn Theory and Simulation 

 The theory of nonplanar aperture type antennas is put forward in [106], which discusses 

the curved aperture horn generalized to any parabolic or cylindrical face. It reports the analytical 

aperture fields and far fields under the following assumptions: That the horn is only flared in one 

direction, either the E or H plane, that the propagating mode inside the horn is only the fundamental 

mode, that there is no reflection from the aperture, and that the normal vector to the aperture 

surface of parabolic apertures is equivalent to the normal vector for the circular case as a function 

of angle about the origin. Ignoring the normal vector approximation, which is trivially true for our 

circular profile apertures. The primary issue with these assumptions lies in the assumption of only 

the fundamental mode propagating. As will be briefly investigated below, this leads to results that 

are seemingly accurate to simulation in the case of narrow angular width horns, on the order of 60-

80o, however for wide angular width horns the calculation for the far field breaks down, producing 

extraneous sidelobes that do not exist in simulated results. (A.1)-(A.3) shows the reproduced 

equations for the H-plane curved aperture sectoral horn, with notation adapted to match the style 

of this thesis, and excluding the term which cancels due to a circular only aperture, and (A.4)-(A.5) 

show the equations of the calculated far fields in the E and H-plane respectively. Θ represents the 

theta postion of the observation point in the far field, while θ is the angle describing the position 

on the horn aperture.  The expressions provided appear to show good agreement with simulation 

for the horn described in chapter 3. As seen in Fig. A.1, below. 
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                                 (a)                                                                   (b) 

 
Fig. A.1. (a) simulated H-plane radiation pattern of designed horn from chapter 3. (b) theoretical 

H-plane radiation pattern of sectoral horn of b=3.8mm, Lhorn = 9.2mm and Wang = 70o. (c) Boresight 

gain for the theory and the horn as designed. 
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 As can be seen, the theory shows reasonable agreement with simulated performance, both 

in shape, and in relatively close agreement in boresight gain. Obviously, there will be differences 

associated with the non-sectoral nature of the designed horn introducing phase error in the E-plane,  
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as well as due to the presence of higher order modes generated by the waveguide to horn transition, 

as described by dewey [61]. However, when this calculation is applied to wide angular width horns, 

the pattern shape sharply disagrees with simulation. The likely cause of this is the generation of  

multiple modes in the wider horn. Fig. A.2, shows the H-plane radiation pattern of increasing 

angular width horns with similar dimensions to the horn designed in chapter 3, and Fig. A.3 shows 

simulated H-plane radiation patterns of horns with the same dimensions as those described in Fig.  

A.2. As can be seen, there is quite rapidly substantial disagreement between theoretical and 

simulated patterns. Future work in this area could reexamine the theoretical predictions put 

forward, and expand the number of modes utilized in calculating the radiation patterns.  

 

 
                                      (a)                                                                          (b) 

 
                                      (c)                                                                          (d) 

Fig. A.2. H-plane patterns according to theory, for Lhorn = 9mm, bap = 4mm, and Wang = 60o (a), 

80o (b), 110o (c), and 180o (d). 
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                                      (a)                                                                          (b) 

 
                                      (c)                                                                          (d) 

Fig. A.3. H-plane patterns according to simulation, for Lhorn = 9mm, bap = 4mm, and Wang = 60o 

(a), 80o (b), 110o (c), and 180o (d).  
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Appendix B: TEM Horn Modal Content 

 This appendix collects the change in modal behavior as the design of the TEM horn is 

progressed from a basic 60mm width, 60mm length horn, Fig. B.1, to the final design. As can be 

seen, the initial TEM horn has primarily power radiated in TM spherical modes, with minimal TE 

mode power over frequency. Addition of a rear loop, Fig. B.2 brings substantially more power into 

the TE11 and TE12 modes, with power still existing in the TM12 and TM13 modes. The phase 

behavior is poor, however, with phase difference between TM11 and TE11 dropping to 0 just before 

3GHz. this corresponds to rear fire radiation of the freespace device. Phase between the TM modes 

is also poor, drifting away from 0o from 1-2.5 GHz. Addition of the phasing capacitive slot 

improves behavior substantially in Fig. B.3. The TE12 mode is now excitecd, with primary power 

entering that mode through fields across the capacitive gap. Phase is substantially improved, with 

near 0o phase between TE11, TE12 and TE13, near 0o phase between TM11, TM12, and TM13, and 

150-180o phase between the collected TE and TM modes. Further modifications to the structure, 

namely adding the bowtie sections, changes the mode behavior radically. In Fig. B.4, the turn-on 

region is seen to be extended up to near 3.5 GHz. More power is directed to lower order modes 

over a greater stretch of the bandwidth, and phase between the modes is further improved. Fig. B.5 

shows similar, but somewhat degraded modal performance from Fig. B.4, and is the modal 

behavior of the TEM horn structure with realistic material thickness of 1mm, whereas Fig. B.1 to 

Fig. B.4 show antennas constructed from thin sheets. The design up until Fig. B.5 is intended, at 

least in part, to act as a standalone antenna, and higher gain is pursued with a smaller turn-on 

region and a larger TEM horn. Fig. B.6 shows the radiating element modes, after being reduced in 

size following cavity integration. This includes the reduction in size of the TEM horn, reduction 

and reshaping of the TEM horn loop, and the substitution of linear capacitive slots, which direct 

less power towards TE13. These changes show the TEM horn in it’s turn-on region for a greater 

bandwidth, extending from approximately 1.67 to near 4.5 GHz. fewer modes are excited by this 

structure, and with superior phasing. Finally, Fig. B.7 shows the behavior with the addition of the 
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shorting posts. In this design, fewer modes retain substantial power, with most power going into 

the TM modes, and the TE11 mode excited with reasonably even power across the band. Phase 

between TE and TM modes is now very linear near 150o. Fig. B.8 shows the match and gain 

performance of the isolated TEM horn radiating body with and without the shorting posts.  

 

 
Fig. B.1 Radiated relative mode power from a standard dual polarized TEM horn with aperture 

width and horn length 60mm. curves are limited to all modes that show greater than 15% power 

 

 
Fig. B.2 Thin material TEM horn with only attached loop section. Radiated modes with power 

>15% and mode relative phase. 
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Fig. B.3. Thin material TEM horn with attached loop section and capacitive gaps. Radiated modes 

with power >15% and mode relative phase.  

 
Fig. B.4 Thin material TEM horn with attached loop section, capacitive gap, and bowtie plates. 

Radiated modes with power >15% and mode relative phase.  

 
Fig. B.5 Thick material TEM horn, as in Fig. 4.1(b), standalone freespace antenna prior to cavity 

integration. Radiated modes with power >15% and mode relative phase 
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Fig. B.6 Modes of radiating element for cavity integration, with size reduction and linear slots, 

without shorting posts. Radiated modes with power >10% and mode relative phase 

 
Fig. B.7. Modes of radiating element for cavity integration, with all final features. Radiated modes 

with power >10% and mode relative phase 

 
Fig. B.8 Boresight gain and |S11| for cavity integration element in freespace, with and without 

shorting posts. 
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Appendix C: TEM Horn Operation Compared With Sinuous 

 In comparing the behaviors of the TEM horn proposed in chapter 4 and an appropriate 

sinuous antenna, it is possible to examine in depth the behaviors of a sinuous antenna designed for 

the same frequencies of interest, with a similar absorber lined cavity backing. The two antennas 

can be seen in Fig. C.1. First, the match behavior of the two designs can be compared, with the 

match behavior of the TEM horn and sinuous antennas compared with similar coaxial bundle feeds 

of 50Ω cable. As can be seen in Fig. C.2, the TEM horn is more appropriately matched with 50Ω 

cabling, however good match can be  obtained for the sinuous antenna with 90Ω bundle feeding. 

Looking next into the broadside gain and efficiency in Fig. C.3, the improvement in both categories 

for the TEM horn over the sinuous antenna can be seen. This is to be expected, as the TEM horn 

is acting as a naturally unidirectional antenna with backlobe reduced by absorber and pattern shape 

improved by recession into a cavity, meanwhile for the sinuous antenna, the use of the cavity is 

primarily to prevent an entire hemisphere of the radiation from being emitted, as well as to try to 

constructively phase whatever power is not absorbed. Fig. C.4 shows one respect in which the 

sinuous antenna is likely a superior archetype, in that sinuous antenna can achieve much wider 

direction finding FOV, as the pattern shape is well approximated by cosine beam shapes. However, 

as a receive antenna, it can be seen that the TEM horn has significant benefits. Fig. C.5 plots the 

group delay of the antennas, and Fig. C.6 demonstrates the impact of the group delay on a 

transmitted pulse through each system. The sinuous antenna behaves in a significantly more 

dispersive manner, degrading signal integrity, while group delay is nearly flat across the band for 

the TEM horn, enabling much higher fidelity of transmitted signals. 
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Fig. C.1. Geometry of TEM horn and equivalently sized sinuous antenna. 

 

Fig. C.2 VSWR of TEM horn and Sinuous antenna 
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Fig. C.3. Gain and radiation efficiency from TEM horn antenna and sinuous antenna 

 

Fig. C.4. DFF Slope for TEM horn and sinuous antenna in H-plane 
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Fig. C.5. Group delay for TEM horn and sinuous antenna 
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Fig. C.6. Time domain view of radiated pulse from TEM horn and sinuous antenna. 

 


