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Thesis directed by Professor Dejan S. Filipović 

  

 This thesis presents the analysis, design, and measurements of antennas and antenna 

systems across three frequency bands with attention to the practical aspects of antenna 

design and deployment on specific platform of interest. Low profile, wideband support, and 

high-power operation form the underlying elements that bind all the research areas together.  

The first research area deals with the design of vehicular HF antenna for use over the 3 

MHz to 30 MHz frequency range. Antenna performance for both scaled and full scaled HF 

antenna models using full wave electromagnetic analysis tools is shown for a vehicular 

platform of interest. Recent standardization of wideband HF waveforms has pushed the 

development of electrically small, vehicular HF antennas with 24 kHz tuned bandwidth. The 

antenna performance specifications are set to be at par or better than the existing vehicular 

HF antennas. The antenna must support zenith gain better than -20 dBi and bandwidth of 

better than 24 kHz. Antenna profile is a major motivating factor for this research. Traditional 

3 kHz vehicular HF antennas have profiles of 1 m or higher. The design requirement for 

antenna profile lower than 1 m over the vehicle roof is inspired from the review of existing 

HF antennas. 3D printing and scaled prototyping is shown to validate the computational 

modeling and the proposed design process.  

The second area of research showcased in this work focuses on the design, fabrication and 

field testing of a full scaled antenna on an actual military platform. Antenna design process 

developed in the first part is used to develop the full scaled antenna prototype. Special 

attention is given to practical design of the antenna to ease fabrication and integration on 

the military platform. The antenna design is approached as a modular kit so that it can be 
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easily reconfigured into different modes of operation. A COTS tuner is interfaced with the 

antenna and tunability is demonstrated over the HF frequencies. Validation of the developed 

HF antenna system is achieved through measurement data and link establishment during 

field tests. The implementation of switched reconfigurable HF antenna with support for all 

three modes of HF propagation is discussed in the end as an extension of the reconfigurable 

antenna concept to increase the versatility of the antenna system.      

 The third part of research outlined in this work deals with the integration strategies for 

isolation improvement in cylindrical RF payloads operating at the millimeter wave 

frequencies. Cutting the horn antenna at its throat is proposed for ease of fabrication and 

integration inside a space constrained payload. The antenna performance in case of a realistic 

air gap at the cut interface between the top and bottom parts of the horn antenna is shown. 

Following the antenna level analysis, a system level impact of integration strategies on the 

RF leakage and coupling between the RF front ends in a cylindrical payload is shown. 

Measurements show the impact of internal RF leakages from components on deterioration in 

the system level isolation. Use of a conductive mesh as an RF sleeve placed over the 

component is discussed. Technique for improving system isolation from 65 dB worst case to 

95 dB worst case using the proposed RF sleeves, across 18 GHz to 45 GHz is shown through 

a series of exhaustive measurements.  

 The practical considerations for platform integration of wideband antennas are covered 

in subsequent appendix sections at the end of the thesis body. The use of a low cost radome 

is proposed using a COTS Frisbee disc for a planar log periodic aperture in appendix section 

A. A spiral helix antenna is considered as a candidate for the study of antenna breakdown 

under high power conditions in appendix section B. Appendix section C discusses about the 

inspection of RF components for identification of fabrication artifacts that may lead to RF 

leakages when assembled in a system.  
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Chapter 1  

Introduction 

 

Antennas and RF systems are increasingly being populated on various platforms 

across the defense, industrial, and commercial sectors in recent times. The intended use cases 

for such antennas vary from communication, telemetry, remote sensing, surveillance, 

automotive, mobile, broadcast and satellite-based applications. The successful integration of 

an antenna system on the desired platform depends on many factors that are influenced by 

the size, shape, electrical, and mechanical properties and features of the host platform. In 

majority of the situations, the platform is populated with a number of preexisting systems 

that cannot be moved or altered. The antenna design in these cases needs to account for the 

presence and functional requirements of the existing systems. The antenna design and 

deployment on the platform becomes more challenging when the antenna is expected to 

achieve desired performance parameters without detrimentally affecting the performance of 

existing systems. Since the antenna is directly in contact with the host platform, the 

radiation from the antenna induces currents on the host platform may cause the platform to 

become a part of the larger antenna-platform structure which contributes towards radiation. 

In these scenarios, it is imperative to perform antenna design and validation with the 

inclusion of the critical platform features. A huge emphasis must be laid on the practical 

design aspects in this regard to maintain antenna operation while maintaining platform 

functionality. In general, the concept of operation of the host platform must be considered 

carefully during the antenna design phase. Seamless platform integration of antennas and 

antenna systems is therefore, a major challenge. Platform integration challenge is 
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exacerbated after factoring in the exposure to extreme environments for long operational 

cycles. Naturally, antenna design for a specific host platform would eventually be a tradeoff 

between the electrical performance of the antenna, platform integration considerations, ease 

of operation, and co-existence with other systems.   

This chapter introduces the reader to these challenges of antenna design and 

integration on specific host platforms. The research motivation for each case is elaborated, 

followed by the description of the research methodology adopted to address these antenna 

design challenges. The chapter is organized into four major sections as given below: 

• Section 1.1 discusses the research motivation for the work presented in this thesis.  

• Section 1.2 gives an overview of the connotation of terms that form the three 

underlying pillars for this research work. The terminology of antenna profile, wide 

bandwidth and high-power operation is elaborated for the understanding of the reader 

in this section. 

• Section 1.3 outlines the research questions addressed through this work. 

• Section 1.4 discusses the overview of the research methodology to analyze and address 

the research questions. An overview of the research process is discussed with brief 

discussion of the design tools, software packages and test facilities used for research. 

• Section 1.5 discusses the thesis organization and lays out a brief description of the 

research work showcased in the following chapters. 

 

1.1 Research Motivation 

The research motivation for the HF antenna work showcased in this thesis is based 

on the requirement of achieving improved electrical performance from antennas while 

simultaneously pushing towards a decrease in their physical size. The recent trend of moving 
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towards HF antennas with support for higher bandwidth is highlighted by the need for 

antennas with 24 kHz bandwidth, which is higher than the traditional 3 kHz bandwidth 

requirement of legacy HF antennas. For antennas and RF systems working at the millimeter 

wave frequencies, investigating the impact of possible internal RF leakages from components 

and RF assemblies inside a cylindrical payload is a major concern. The desire to quantify the 

leakage and prove its impact on the system level coupling and its mitigation thereafter, is 

motivated by the imminent requirement for the use of such millimeter wave repeaters in 

commercial and military networks as the use of these frequencies becomes more widespread 

and prevalent. For antennas addressed in the appendix section working at the UHF 

frequency range, the research motivation primarily comes from the power domain where 

antennas are expected be able to handle large input powers for sustained periods of time for 

 

Figure 1.1 : Pictorial representation of the work showcased in this thesis and its placement 

on the frequency scale. The thesis work covers the antenna design for HF frequency range, 

the antenna integration approaches in the millimeter wave frequencies, and the appendix 

sections that cover antennas for UHF frequencies. 
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applications related to communication, jamming, EW and electronic support. Improving the 

antenna robustness while maintaining electrical performance is also a motivating factor for 

practical antenna deployment. 

 

1.2 Connotation of terms related to this thesis 

This work revolves around three concepts of low profile, wideband support and high-

power operation for different variety of antennas and RF systems discussed in the following 

chapters. The antennas discussed in this research are distributed across three set of 

frequencies from HF through the millimeter wave band, they have different design goals and 

potential end applications. The frequencies of interest for the HF antenna research proposed 

in this work is from 3 MHz to 30 MHz. The research related to passive RF front ends for 

millimeter wave repeater payload is focused on the frequency range of 18 GHz to 45 GHz. 

The frequencies from 500 MHz to 5 GHz are the focus of the work on wideband frequency 

independent antennas showcased in the appendix sections. The illustration of the scope of 

the research showcased in this thesis is outlined in Figure 1.1 

It is important to observe that the three concepts of low profile, wideband support and 

high-power operation, together form the basic underlying theme that binds the research work 

showcased in this thesis. The subtle nuances of these three governing concepts need to be 

understood as and when the body of this research progresses across different host platforms, 

undergoes change in the frequency band of interest and moves across three independently 

unique applications. To introduce the reader to these underlying unifying concepts, and to 

provide the relevant understanding of their importance in the three proposed antenna design 

topics addressed in this work, the connotation for each of the underlying term is explained in 

detail in the following text below.  
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1.2.1 Antenna Profile 

Antenna size is a major factor governing antenna performance. The antenna size 

constraints ensure that the antenna meets the physical expectations for effective integration 

with the host platform. It is important to understand the implications of the term ‘antenna 

profile’ for the antenna designs discussed in this work. The size of the antenna is 

fundamentally governed by the operating frequency. HF antennas are typically very large 

and bulky because of the large wavelengths involved. The wavelength at 3 MHz for instance 

is 100 m. The size of a traditional half wavelength dipole at 3 MHz would be 50 m. Such large 

antennas would not be acceptable for all practical vehicular mounting scenarios. The 

platform size also adds size constraints on the antenna. The vertical height of the antenna 

above the roof of the host vehicle is referred to as the ‘antenna profile’ for the part of research 

on HF antennas. The antenna profile of most common vehicular HF antennas is 1 m or 

higher. The design goal of profile is set to be less than 1 m in order to have a practical 

vehicular antenna with smaller or comparable antenna profile as the existing vehicular HF 

antennas. The two HF antenna designs proposed herein have a profile of 0.25 m (λ/400 at 3 

MHz) and 0.8 m (λ/125 at 3 MHz) respectively, making them truly low-profile. 

The millimeter wave RF front ends described in this work are intended to be mounted 

inside a cylindrical repeater payload. The term ‘profile’ in this case refers to the conformal 

features of the antenna aperture and the RF front end that allow it to be mounted inside the 

tight space constraints of a small cylinder. The wave guide transmission lines used for the 

RF front ends have complex routing, different contours and shapes to achieve the fit inside 

the cylinder and to maintain good phase match between the two channels that combine at 

the ortho mode transducer (OMT) connected to the antenna. The performance of the 
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transmission lines as well as the electrical performance of the RF front end is desired to be 

preserved in spite of such complex profile and integration requirements.  

For wideband antennas in the UHF frequencies, the radial size of the antenna is 

defined by the lowest frequency of operation. The thickness or the height of the antenna is 

influenced by the antenna form factor which includes the antenna cavity, the beamforming 

network or feed structure under the cavity and placement of radome or superstrates on the 

antenna aperture. The term ‘antenna profile’ for this part of research refers to the physical 

height of the antenna as well as its visual appearance in the deployed configuration. An 

expendable planar log periodic antenna is proposed for mounting in a rhino configuration on 

the front of the vehicle or used as a standalone bidirectional antenna with a design that has 

a low observable profile. The antenna profile in this case means the thickness of the antenna 

with the radome. Low profile is also interpreted as the antennas ability to be disguised and 

not be recognized as a typical antenna. In the case of the UHF antennas showcased in the 

appendix, a spiral-helix antenna is described. This antenna is intended to be flush mounted 

on a planar surface. The antenna profile in this case is the antenna height above the planar 

surface in the flush mounted configuration on the host platform. 

 

1.2.2 Wideband Operation 

 Legacy HF infrastructure is designed to support 3 kHz bandwidth. Typically, HF 

radios are used with SSB modulation for carrying voice transmissions. The limited data 

transmission capabilities of legacy HF infrastructure are due to the use of some form of tone 

based encoding schemes. Operation with 3 kHz bandwidth limits the robustness and 

versatility of HF communication systems in the field. To address this, recent standardization 

of wideband HF waveforms has been defined with 24 kHz channel bandwidth for HF systems. 
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This is 8 times more bandwidth compared to traditional HF systems. 3 kHz channel 

bandwidth means a 0.1% bandwidth at 3 MHz. Although 0.1% bandwidth seems small, it is 

challenging to achieve 3 kHz bandwidth on practical vehicle mounted HF antennas due to 

their small electrical size. The migration to a 24 kHz capable system in this perspective is 

hence rightfully justified to be addressed as ‘wideband’ for the research of HF antennas in 

this work. 

 In the research segmented focused on millimeter wave system, integration techniques 

for mounting horn antenna are proposed followed by the investigation of internal RF leakages 

for RF front ends inside cylindrical payload and its mitigation thereafter. In both these cases, 

consistent antenna performance is shown over the 18 GHz to 45 GHz band. This bandwidth 

is considered ‘wideband’ as it spans over three traditional waveguide bands – WR 42 (18 GHz 

to 26.5 GHz), WR 28 (26.5 GHz to 40 GHz) and a quarter of the band covered by WR 19 (40 

GHz to 60 GHz). In a more direct, physical sense, the 18 GHz to 45 GHz band represents a 

2.5:1 bandwidth coverage which is also considered wideband for typical antenna applications. 

 The term ‘wideband’ is used in a more traditional sense for the antennas discussed in 

the appendix sections for operation over UHF bands. The expendable planar log periodic 

antenna is shown to work over 500 MHz to 5 GHz which is a 10:1 bandwidth, while the spiral 

helix antenna described for the antenna autopsy works from 500 MHz to 3 GHz, thus 

supporting a 6:1 bandwidth.  

 

1.2.3 High power capability 

 The design requirement for the proposed HF antenna is set at a minimum input power 

of 400 W under continuous wave (CW) operation. Traditional vehicular HF antennas are 

rated up to 250 W CW operation. Thus, the antenna design requirement shown in this work 
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is 1.6 times the existing power handling requirement, making it realistic to be addressed as 

high-power from a platform mounted HF antenna perspective. 

The impact of internal RF leakage on the coupling inside a repeater payload is 

addressed for the millimeter wave frequency range in this thesis. RF leakage is approached 

from an at the antenna and system level perspective. High power operation is considered as 

a desired feature for the repeater payload. Improvement in system isolation levels would 

allow for operation of the repeater at higher power levels. The proposed mitigation technique 

for RF leakage allows the coupling inside the payload to be improved from 65 dB worst case 

to 90 dB worst case over the 18 to 45 GHz band. The improvement in isolation is a design 

improvement that would enable stable high power operation of the repeater payload. 

The work on UHF antennas covered in the appendix section also looks into high power 

operating capabilities. The expendable planar log periodic antenna is based on the design 

guidelines established for high power operation for planar log periodic antennas. Special 

design considerations for the feed region and the resonating teeth are incorporated to attain 

the desired high-power capability. The spiral helix antenna is directly aimed at investigating 

the antenna performance under high input powers to understand the antenna failure 

mechanism. Deficiencies observed in the design through the analysis are then used to 

improve the antenna design and to make it capable of operating under high power conditions. 

 

1.3 Research Questions 

 The three main research questions addressed in this work are outlined below: 

• How to design low profile, 24 kHz wideband, electrically small HF antennas for 

vehicular on the move platform applications? 
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• How to address the platform integration and practical design challenges for the full 

scaled HF antenna prototype for operation on an actual military platform? 

• How to address the platform integration for isolation improvement of millimeter wave 

and quasi millimeter wave RF front ends designed for space constrained cylindrical 

repeater payloads? 

 

1.4 Research methodology 

The work presented herein follows a step by step progression of antenna design starting 

from fundamental theory and eventually maturing into practically realizable antenna 

designs, test beds and prototypes. The approach for initial studies is based on exploring the 

fundamental physical bounds and limitations to set the realistic expectations on antenna or 

RF system performance for a specific platform. Computational studies and modeling is used 

to guide the antenna design process. The focus of the research revolves around the size, 

performance and practicality of the systems proposed in this work. The computational studies 

shown are performed using two numerical simulation packages employing full wave 

electromagnetic simulation tools – namely the method of moments code Altair FEKO, and 

the finite element code Ansys HFSS [1] [2]. The data post processing is performed using 

custom scripts written in MATLAB [3]. NI AWR software package is used for circuit 

simulations related to tuning, post processing measured data and embedding, and de- 

embedding transmission lines and other component data as needed [4]. The far field radiation 

patterns and gain is measured for antennas in the 500 MHz to 45 GHz range in the in-house 

antenna measurement chamber using an NSI 700S-30, fully automated and computer 

controlled antenna measurement system operated by the Antenna Research Group, at the 



 

 

10 

 

University of Colorado Boulder [5]. All the antenna S-parameter measurements are 

performed on an Agilent 8719ES network analyzer. All the antenna fabrication is done in 

house or at the various University of Colorado machine shops. The 3-D printing and additive 

manufacturing is done in-house while the plating and post processing of 3-D printed models 

is done through a variety of specialized vendors. Majority of the PCB fabrication for antenna 

apertures and prototypes is performed at a local PCB manufacturing shop [6]. All 

measurement and test locations accessed throughout the research phase of this work are 

explicitly mentioned in the appropriate sections in the following chapters in the case that the 

research was conducted at locations other than the University of Colorado Boulder.  

 

1.5 Thesis Organization 

 The work presented in this thesis is organized as follows: 

• Chapter 2: The design, analysis and scaled model prototyping of an ultra-low-profile, 

two arm, offset fed inverted-L antenna for the amphibious assault vehicle (AAV) is 

shown. The focus of this research is to achieve wideband 24 kHz tuned bandwidth and 

antenna operation in the NVIS favored frequency ranges (3 MHz to 10 MHz). To set 

the research relevance, the chapter overviews the fundamentals of HF communication 

followed by a brief introduction to electrically small antennas. The numerical and 

analytical tools used are encapsulated followed by an overview of the inverted-L 

antenna along with comparison with other similar antennas reported in literature. 

The antenna evolution from a whip to an electrically small vehicular antenna is 

achieved using a parametric study. Antenna performance is reported based on the 

adopted computational model followed by the scaled prototyping and impedance and 
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pattern measurements. The final antenna dimensions presented at 3 MHz are λ/13 

(L), λ/31 (B), λ/400 (H), making it truly electrically small and low profile.    

• Chapter 3: The transition from scaled prototyping of vehicular HF antennas to full 

scaled prototype for the M-ATV platform is addressed in this chapter. This chapter 

builds on the antenna design process laid down in Chapter 2, while adding practical 

relevance and fabrication details required for the large antenna build. Numerical 

studies for the antenna design are reviewed before the fabrication details. The process 

adopted for achieving incremental testing goals is showcased where the antenna is 

matured through initial testing, multiple platform integrations and specialized full 

scaled HF antenna testing at various locations elaborated in the chapter. The 

culmination of these research efforts ends in the form of field demonstration of the 

antenna on the proposed M-ATV platform. Following the field demonstration, the 

antenna superstructure is re-used to develop a proof of concept for a switched mode 

HF antenna. The chapter is concluded with a summary and brief discussion on the 

practical realization of the proposed switched mode HF antenna.     

• Chapter 4: The assembly strategies for isolation improvement of a millimeter wave 

repeater is presented. The research work is motivated through current requirements 

and expectations from millimeter wave front ends and space constrained platforms. 

An overview of the fundamentals of RF shields is followed by computational analysis 

of a horn antenna. Computational model is first validated against the measurements 

performed on a prefabricated horn antenna. The impact of introducing a cut plane 

along the throat of the horn antenna is presented with the proposed assembly strategy 

for the integration of the horn antenna inside a cylindrical payload. System level 
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coupling analysis is performed and proof of internal RF leakages affecting the coupling 

is presented. The method for mitigating the impact of internal RF leakage on the 

coupling is demonstrated through measurements using proposed conductive RF 

sleeves. Discussion about the methods for component inspection are briefly discussed 

towards the end of this chapter.      

• Chapter 5: A thesis overview with the highlights of research contributions is 

presented. The concluding remarks are presented and a pathway towards the future 

work is shown. 

• Appendix A: Low cost, expendable planar log periodic antenna design comprising of 

radome made from COTS Frisbee discs is discussed. The antenna design, 

computational modeling and fabrication is shown. The main USP of the antenna is 

that it uses Frisbee disc as an effective radome without much detrimental impact on 

its consistent wideband performance.  

• Appendix B: The investigation of a compact spiral helix antenna as part of the antenna 

autopsy is shown in the second half of the chapter. The autopsy probes into the 

antenna failure mechanism and suggestions to improve the weak design aspects of 

the antenna are presented thereafter. 

• Appendix C: Preliminary component inspection techniques to detect miniature air 

gaps and fabrication artifacts in the component seams are described. The possibility 

of unintentional RF leakage from such small air gaps is a major concern for looking 

into these techniques.  
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Chapter 2  

Ultra-Low Profile Inverted-L Antenna  

for Vehicular HF Communications 

 

 

2.1 Introduction 

High Frequency (HF) communication in the 3-30 MHz frequency range enables link 

establishment over thousands of kilometers without the use of satellites or land based 

repeating infrastructure [7]. HF communications is regarded as the last line of 

communication for local and nationwide networks to coordinate relief efforts after natural 

disasters, even in this modern satellite age [8][9][10][11]. Three modes of propagation are 

distinguished, namely, ground wave, long range sky wave and near vertical incidence 

skywave (NVIS). Legacy HF radio systems and antennas support 3 kHz bandwidth; however, 

recent standardization of wideband 24 kHz HF waveforms promotes migration towards 

wideband HF systems and necessitates development of wideband HF antennas supporting 

new waveforms [12]. The antenna proposed in this chapter deals with the NVIS mode of HF 

communication operating over 3 to 10 MHz, wherein the signal is launched at high angles 

towards the zenith [13].  

The host platform for the antenna deployment is the Amphibious Assault Vehicle 

(AAV) [14]. The AAV is 8 m long and 3.3 m wide. The vehicle height from the base to the roof 

on the rear side is 2.6 m. The roof of the vehicle has a slight upwards gradient as we move 

towards the front. There are three personnel hatches on the vehicle roof for the crew. Each 

track on the AAV is 1.1 m in height and 0.7 m wide. The tracks maintain intimate electrical 

contact of the vehicle body with the ground beneath. The rear of the AAV has slanted side 
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panels. The rectangular shaped flat roof top on the AAV is 3.5 m long and 2.1 m wide. The 

center of two of the crew hatches are located 4.8 m away from the rear edge of the roof on the 

AAV. The center to center distance between the two hatches located along the length of the 

vehicle is 1.3 m. These hatches protrude 0.25 m above the vehicle roof. Across different 

variants of the AAV, these hatches serve varied functions such as an observation window, 

turret mount for weapons and so on. The dimensions of the AAV are shown in Figure 2.1. 

 

This chapter discusses the design of a low profile, on-the-move (OTM) NVIS inverted-L 

configuration operating from 3 to 10 MHz. The antenna has profile of λ/400 at 3 MHz and 

supports 24 kHz instantaneous bandwidth. The proposed design approach can be used to 

design antennas operating on various vehicular platforms, whereas this chapter shows 

design and performance of the antenna mounted over the AAV (Figure 2.2). The slanted side 

panels on the AAV help maintain clearance for the antenna structure from the vehicle body. 

 
 

Figure 2.1: Detailed Dimensions of the AAV platform.  
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An overview of some of the state of the art vehicular on-the-move HF antennas is 

shown in Figure 2.3. These antennas are currently fielded and commonly used in OTM 

operations on various vehicular platforms. Most of these antennas can be classified into a 

loop type or whip type configuration. These antennas are typically designed to support the 

legacy 3 kHz HF radios with 150 W of nominal input power. The Shakespeare 120-99 is a 

traditional whip antenna, commonly mounted on the aft sections of the host platform [15]. It 

has a profile as high as 9 m in one of its variant with an operating range of 1.6 to 30 MHz 

using a proprietary HF coupler/tuner [15]. The Cobham 3160-99 is a half-loop HF OTM 

antenna system with a proprietary tuner which requires two mounting points on the host 

platform and relies on good grounding for reliable operation [16]. The stealth 9400c (Super 

Skyrider™ ) is a Mobile HF NVIS magnetic loop antenna with continuous variable tuning 

from built in antenna tuner unit (ATU), catered towards covert HF mobile operation by 

shaping the antenna structure as a vehicular roof rack and operates over 4.5 to 22 MHz [17]. 

 
Figure 2.2: Isometric view of the proposed antenna over AAV.  
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The Harris OTM HF loop is a tuned full loop antenna with a proprietary coupler operating 

over 2 to 30 MHz [18]. The Codan 9350 is an automatic tuning HF bent whip antenna with 

the tuning element built into the base of the whip antenna for HF operation over 2 to 30 MHz 

[19]. The long length of the Codan whip is bent over the vehicle roof and secured using a 

harnessing rope for this antenna to achieve a lower profile. The Stealth 9420 is a autotuned 

NVIS HF mobile antenna with a half loop profile operating over 3 to 15 MHz in transmit 

mode with an integrated tuner at its base [20]. Most of these antennas have a profile higher 

 

Figure 2.3: Overview of currently fielded state of the art vehicular HF antennas from 

different vendors: (a) Shakespeare 120-99 mobile HF whip antenna [15], (b) Cobham 3160-

99 half loop OTM Antenna [16]. (c) Stealth 9400c actively tuned half loop antenna [17], 

(d) Harris OTM loop antenna [18], (e) Codan 9350 automatic tuning whip antenna [19], (f) 

Stealth 9420 Half Loop antenna[20]. 
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than 1 m while they also need provisions for DC power, radio and data interface cables 

running to and from the antenna / tuner for tuning operation and stable vehicular grounding 

at the mounting interfaces.  

The design of the HF antenna prototype described in this chapter is benchmarked 

against the size, features and performance of the commercial vehicular HF antennas 

reviewed above. The requirement on the antenna profile is set at less than 1m and the power 

handling requirement is set to be at a minimum of 400 W CW. The focus of this chapter is to 

demonstrate a design approach for developing a practical HF antenna with capability to 

support 24 kHz wideband HF waveforms while still maintaining the low-profile criterion 

when deployed on the AAV platform. The antenna design efforts are followed by scaled 

prototyping of the proposed concept to validate the adopted approach.  

Having low profile is vitally important for OTM antennas. High profile antennas may 

obstruct the on-board sensors and / or weapon systems on a vehicular platform as well as 

yield large radar cross section (RCS) profiles that may inhibit much desired stealth operation 

[21]. High antenna profile also causes difficulty in vehicular operation in micro terrains, 

underpasses and near high tension electric utility distribution lines making the antennas 

impractical for on-the-move use [22]. Commercially available off the shelf (COTS), state of 

the art 3 kHz Harris vehicular HF OTM loop antenna has profile of 1.5 m and -15 dBi gain 

at 3.5 MHz [23]. Profile of the legacy Cobham half-loop is 0.9 m; it has gain of -26 dBi at 2 

MHz and -17 dBi at 3.5 MHz [21] [24]. Performance of existing COTS antennas augments 

the design requirement for new wideband antennas: the profile should be less than 1 m and 

gain at zenith better than –20 dBi at 3 MHz. 

Recently, new 24 kHz capable wideband HF antennas have been reported in 

literature. A half loop antenna with profile of 0.5 m and gain better than -25 dBi at 2 MHz is 
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shown to support tunable bandwidth of better than 24 kHz [25]. However, this antenna 

requires a few access points to vehicle ground potentially complicating practical realization. 

Cobham has reported a 24 kHz capable half loop antenna with a profile of 1.25 m [26], which 

is higher than its existing 3 kHz antenna variant.  

This chapter demonstrates the antenna design, computational modeling and scaled 

prototyping of vehicular HF antenna design. The focus of the design is for the HF frequency 

bands over 3 to 10 MHz with greater detail to the near vertical incidence skywave (NVIS) 

mode of propagation. The chapter is organized into four sections as described below, followed 

by the conclusion.  

• Section 2.2 discusses the basic overview of an inverted-L antenna followed by 

fundamental studies for the inverted-L antenna with size relevance to the AAV.  

• Section 2.3 discusses the evolution of the antenna design described in this chapter. 

The performance of a single arm and two arm inverted-L antenna are discussed. 

• Section 2.4 describes the antenna performance in the NVIS band. Discussion about 

the antenna tuning, and performance of the proposed antenna under considered 

mechanical failure is shown. This section also discusses the omnidirectional 

performance of the antenna and about the impact of flaring the antenna arms to 

conform to the AAV body. 

• Section 2.5 discusses the scaled prototyping and measurements performed to validate 

the computational design process. 

• Section 2.6 talks about the practical aspects of the proposed antenna. 

• The overall summary of the chapter is laid down in Section 2.7. 
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2.1.1 Ionospheric Model 

HF Radio links are typically established over thousands of kilometers by bouncing the 

radio waves from different parts of the Earth’s ionosphere. This phenomenon of bouncing 

signals from the earths ionosphere is temporal and often influenced by operating conditions 

related to spatial and frequency domains. This special and complex behavior of HF radio 

waves as they travel through the propagation channel of the ionosphere is commonly referred 

to through the term called HF propagation.  

The ionosphere formed around the earth is divided into a few regions called as layers.  

The D layer, E layer and the F layer together comprise majority of the ionospheric regions. 

Each of these layers exhibit distinct behavior due to their interaction and exposure to 

different levels of solar radiation. These different layers are distinguished based on their ion 

density and altitude from the surface of the earth. It must be noted that these layers do not 

have sharp boundaries but rather dynamic interfaces that move based on the level of solar 

  

Figure 2.4: General representation of the ionospheric composition over day and night [27]. 
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radiation which in turn is influenced by factors such as the time of the day, the tilt of the 

rotational axis of the earth and the season of the year. A general representation of the 

composition of the ionosphere is shown in Figure 2.4 with the ionospheric variations depicted 

across day and night [27].  

The D-layer is the lowest of these ionospheric regions and typically occupies altitudes 

between 75 and 95 km. It appears at daytime but diminishes significantly during night due 

to reduced solar radiation levels. The D-layer is mainly responsible for absorption and 

attenuation of high frequency radio waves. The E-layer is the next ionospheric region above 

the D-layer. The E-layer typically manifests between about 95 and 150 km and is responsible 

for reflecting radio waves lower than 10 MHz while it offers moderate levels of attenuation 

to frequencies higher than 10 MHz. In situations of high ionic content cloud formation during 

the day, a sporadic E-layer is also observed. The formation of the sporadic E-layer is short 

lived and may be seen over intervals of few minutes to a couple of hours. The ionospheric 

region above the E-layer is called as the F-layer. The F-layer starts from 150 km and higher 

[28]. The F-layer can extend all the way to 500 km from the surface of the earth. The F-layer 

has the highest electron density among the three layers. During the day, the F-layer splits 

into two sub layers of high electron density concentration called as the F1-layer and F2-layer 

due to the high exposure to solar radiation. At night, the two sub layers fuse into one 

relatively smaller layer, commonly referred to as the F2-layer. 

 

2.1.2 HF Propagation 

HF radio infrastructure typically consists of the transmitter equipment comprised of the 

radio transmitter or source coupled to a transmitting antenna, the channel through which 

the signal travels and the receiving end equipment consisting of a receiving antenna and a 



 

 

21 

 

radio receiver unit. In the case of the HF radio links, the channel for transfer of energy 

between the transmitter and the receiver includes the ionosphere. The ionosphere is a region 

of Earth’s atmosphere, where atmospheric gas is partially ionized by solar radiation as 

described above. The existence of charged ions in the ionosphere favors communication by 

reflecting obliquely incident radio signals under specific operating conditions. The signal 

reflection occurs when the incident radio signal is lower in frequency than the electron 

plasma frequency for a set of existing ionospheric conditions defined by the electron density, 

the electron mass, and the charge of an individual electron. The highest frequency signal 

which will be reflected to the earth for a specific ionospheric layer under normal incidence 

consideration is called as the critical frequency. The critical frequency can be mathematically 

represented as [29]: 

 

 𝑓𝑐 = 9 √𝑁𝑚𝑎𝑥 ,   (2.1) 

 

where, ′𝑓𝑐′ represents the critical frequency represented in Hz, and ′𝑁𝑚𝑎𝑥′ represents the 

maximum electron density per unit volume expressed in number of electrons per m3. The 

reflection of radio signal from the ionosphere is also a function of the angle of incidence of the 

radio signal at the ionospheric layer measured from the normal to the ionospheric layer 

subtended towards the line representing the arriving radio signal. The highest frequency for 

a given angle of incidence ′𝜃′ above which the ionosphere can no longer reflect the incident 

radio signal is termed as the maximum usable frequency (MUF). MUF is mathematically 

represented as [29]: 

 

 𝑀𝑈𝐹 = 𝑓𝑐  𝑆𝑒𝑐(𝜃),   (2.2) 
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The MUF often proves to be challenging to adhere to as an upper bound for practical HF 

operations for a given set of operating conditions. Since the ionosphere has a predominantly 

dynamic nature, the MUF changes with the corresponding change in the ionospheric 

conditions. To provide a more stable upper bound on the operating frequency for a given set 

of ionospheric conditions, a more conservative parameter called as the optimum working 

frequency (OWF) is defined. Operating at or below the OWF would ideally provide stable HF 

link between two points provided there are not too many drastic changes in the ionospheric 

conditions.  Mathematically, OWF is represented as [29]: 

 

 𝑂𝑊𝐹 = 0.85 ∗ 𝑀𝑈𝐹 ,   (2.3) 

 

The cutoff frequency is referred to the frequency below which a radio wave fails to pass 

through a layer of ionosphere at a given angle of incidence required for link establishment 

between two specified points by refraction from that layer. Most of the time the cutoff 

frequency falls within the HF band for typical ionospheric and link establishment conditions. 

This makes it possible to establish long range and short-range links in the HF frequency 

band by conducting multiple signal bounces through the ionosphere.  

  

2.1.3 Modes of HF Communication 

Three modes of HF communication are generally distinguished based on the 

propagation characteristics employed to close the link between two points. The near vertical 

incidence skywave (NVIS), long range skywave, and ground wave modes are appropriately 

named after the propagation principles they exploit [29] [30] [31] [32]. NVIS links rely on 
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near vertical incidence communication, typically within 2-10 MHz frequency range. The 

launch angles required to support NVIS communication are high, ranging between 60° and 

90° from the horizon. Long range skywave and ground wave modes typically propagate at 

shallow launch angles close to horizon as shown in Figure 2.5. Long range skywave links 

require frequencies typically higher than NVIS link frequencies; whereas ground waves often 

utilize frequencies at lower end of the HF frequency range. Each propagation mode also has 

its typical link coverage characteristics. The ground wave propagation mode relies on the use 

of vertically polarized antennas that support high gain close to the horizon for achieving 

longer link distances without much attenuation of the signal from the earth. Since ground 

wave links are made of surface waves, they do not rely on the reflection from ionosphere. The 

ground wave mode is used for local communications typically less than 100 km. The ground 

wave link distances are influenced by the curvature of the earth and the severe attenuation 

of signal by the signal interaction with the ground. The NVIS mode of communication is used 

to send the signals overhead where they are bounced back from the ionosphere. To achieve 

this, the antennas used for NVIS communication must have significant part of the radiated 

energy directed towards the zenith. This allows for establishing communication in the urban 

environments over few tens of kilometers where obstructions near the antenna and 

undulating terrain might prohibit conventional point to point and ground based links. The 

long-range sky wave mode of operation is most commonly used for global communications. In 

this case, the signals can travel between two points of the HF link after multiple bounces 

from the ionosphere and the earth. Unlike the ground wave mode of propagation, antenna 

polarization does not play a significant role in the NVIS mode or the long-range sky wave 

mode of communication since the signal gets split into two polarizations as it is reflected from 



 

 

24 

 

the ionosphere. Since long range sky wave and ground wave communication require low take 

off angles close to horizon, whip antennas are often utilized on vehicles to serve these modes. 

The distance between the farthest link closed by the ground wave propagation mode 

and the shortest link distance offered by the long-range sky wave mode using a single bounce 

from the ionosphere is called as the skip zone. The skip zone does not receive any energy from 

either the ground wave mode or the long-range sky wave mode. No link can be established if 

a point lies in the skip zone for a given set of operating conditions such as operating 

frequency, transmit power, ionospheric conditions, antenna gain and the launch angle. 

However, when all three modes of HF propagation can be supported and intelligently set up, 

standalone and seamless coverage over 1000’s of kilometers can be achieved using simple HF 

communication infrastructure. 

 

2.1.4 Channel Capacity Considerations 

Traditionally, HF communication systems have been used with 3 kHz bandwidth for 

voice, command and control, and limited data capabilities. Recent standardization of 

wideband waveforms paved a path towards practical HF systems using more complex 

 

Figure 2.5: Different modes of propagation used in HF communication. 



 

 

25 

 

waveforms ranging from 3 kHz bandwidth up to 24 kHz bandwidth with 3 kHz steps [12] 

[33]. Widening signal bandwidth may help to improve channel capacity or/and link 

robustness. The estimation of channel capacity bound for various antenna gains and 

waveform bandwidths for a typical NVIS link is considered in the analysis shown in this 

section. The procedure follows to that discussed in [34]. In all cases, favorable ionospheric 

conditions are assumed. 

The channel capacity bound outlined by the Shannon – Hartley theorem is used for 

the channel capacity analysis. The Shannon – Hartley theorem states that channel capacity 

C is determined by the channel bandwidth B in hertz and signal-to-noise ratio SNR as: 

 

 𝐶 = 𝐵 𝑙𝑜𝑔2(1 + 𝑆𝑁𝑅),   (2.4) 

 

where, the channel is assumed to be a subject of additive white Gaussian noise, and 

bandwidth B corresponds to the signal waveform bandwidth. To find SNR, the received power 

Pr and noise power level N should be determined. The power of received signal Pr is given by 

modified Friis transmission formula as: 

 

 𝑃𝑟  = 𝑃𝑡 + 𝐺𝑇𝑥 − 𝐿 + 𝐺𝑅𝑥,   (2.5) 

 

where Pt is the transmitting power, GTx is the gain of transmitting antenna, L is a total 

propagation loss, and GRx is the gain of receiving antenna. All terms are given in the dB scale.  

For the estimation, the total loss ‘L’ consists of free-space path loss (FSPL), D-layer 

loss at day time (LD) and polarization mismatch loss (LP) 
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 𝐿 = 𝐹𝑆𝑃𝐿 + 𝐿𝐷 + 𝐿𝑃 ,   (2.6) 

 

The expression for free space path loss can be mathematically represented as: 

 

 𝐹𝑆𝑃𝐿 = 20 log10

4𝜋𝑑

𝜆
,   (2.7) 

 

where d is the path length, and  is the signal wavelength. 

The expression for Noise power is given with respect to thermal noise Nthrm as: 

 

 𝑁𝑡ℎ𝑟𝑚 = −204 + 10 log
10

𝐵,   (2.8) 

 

where, the unit of Nthrm is dBW and temperature of 300 K is assumed. Noise figure 

contribution of radio noise is given as [35]: 

 

 𝑁𝐹 = 67.2 − 27.7 log10 𝑓𝑀𝐻𝑧,   (2.9) 

 

The relationship between thermal noise Nthrm, noise figure NF, and total noise power N is: 

 

 𝑁 = 𝑁𝑡ℎ𝑟𝑚 + 𝑁𝐹.   (2.10) 
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Example of calculated channel capacity for a stationary base station radio setup with 

a 100 W of radiating power and 5 dBi antenna gain communicating to a portable vehicular 

radio setup with a low gain antenna is shown in Table 2.1. Gain of the receive antenna 

corresponds to typical gain of an existing 3 kHz OTM NVIS antennas. Clearly, wider 

bandwidth leads to higher channel capacity in this case. Channel capacities for day and night 

links are nearly the same because the higher loss at day time in the ionosphere is 

compensated by the higher antenna gain at corresponding higher operating frequency (7 

MHz) used during the day time for the calculations; however, this is not a general rule. 

The results for a detailed parametric study are shown in Figure 2.6. Transmitter is a 

stationary antenna with 5 dBi gain and radiating power of 100 W. Channel capacity is 

TABLE 2.1  

Channel capacity for communication between stationary and portable radio. 

  Night Day Night Day 

Signal:     

Frequency MHz 3 7 3 7 

Bandwidth kHz 3 24 

Transmitter:     

Power dBW 20 20 

Antenna gain dBi 5 5 

EIRP dBW 25 25 25 25 

Channel Specs:      

NVIS height km 100 300 100 300 

Ground range km 100 100 

Free space path loss dB 89 105 89 105 

D-layer loss dB 0 10 0 10 

Receiver:      

Polarization mismatch dB 3 3 

Antenna gain dBi -25 -10 -25 -10 

Receiving signal:      

Power dBW -92 -103 -92 -103 

Noise:      

Thermal noise dBW -169 -160 

Noise figure dB 54 44 54 44 

Noise power dBW -115 -125 -106 -116 

SNR  dB 23 22 14 13 

Channel capacity kbps 22.94 21.95 112.96 105.33 
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estimated for a range of gain values supported by receive antennas. As seen, at nighttime 

channel capacity is getting larger for wider bandwidth for all GRx. At daytime, the same effect 

holds when GRx is higher than -15 or -10 dBi approximately. With lower gain receiving 

antennas, there is an indication of saturation of the channel capacity even when wider 

bandwidth is used. In this case, the deterioration of SNR due to higher thermal noise level 

overcomes the benefit offered using wider bandwidth for enhanced channel capacity. With 

lower transmitting power, e.g. Pt = 20 W corresponding to a portable radio and various 

transmitter antenna gains and fixed 5 dBi receiver antenna gain, the saturation becomes 

more apparent (Figure 2.7). In another case, when a link is stablished between two portable 

radios (Pt = 20 W) with the same gain antennas (Figure 2.8), the channel capacity is saturated 

in most cases, unless the gain of antennas is positive. This example clearly demonstrates that 

higher antenna gain is desirable, when high throughput between portable radios is required.  

From the results of channel capacity considerations mentioned above, it must be noted 

that for a typical vehicular OTM communication scenario, the antenna gain is low at lower 

end of the HF spectrum due to their small electrical size. Operationally, there will be cases 

involving the vehicle communicating to another vehicle, to the base station or to a manpack 

portable unit on the ground. The channel capacity is directly proportional to the bandwidth 

of the channel in such cases. With an electrically small antenna with low gain, having a larger 

channel bandwidth would allow for more noise to enter the system and saturate the channel 

capacity. It must be noted that for such electrically small antennas with low gain, the system 

is thus externally noise limited.  However, the wider channel bandwidth would allow for use 

of more complex and robust signal encoding which is currently desired and is being addressed 

in the new wideband standard for HF communication. 
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(a) 

 

(b) 

Figure 2.6: Channel capacity in kbps for communication between a stationary radio 

(GTx = 5 dBi, Pt = 100 W) and receiving stations with various gains for (a) daytime 

and (b) nighttime propagation conditions [34]. 
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(a) 

 

(b) 

 

Figure 2.7: Channel capacity in kbps for communication between a radio with 

reduced transmitting power with varying transmitter antenna gains (Pt = 20 W) 

and receiving stations with GRx = 5 dBi for (a) daytime and (b) nighttime 

propagation conditions [34]. 
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(a) 

 

(b) 

 

Figure 2.8: Channel capacity in kbps for communication between two radios with 

the same antennas (GTx = GRx, Pt = 20 W) for (a) daytime and (b) nighttime 

propagation conditions [34]. 
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HF antennas and communication systems are typically large and have associated 

mechanical, electrical and practical implementation challenges. Apart from these challenges, 

these systems also need to adapt to the dynamic nature of the ionosphere due to changes in 

the solar radiation levels, atmospheric activity, and seasonal changes on a time scale that 

can span from a few minutes to a few months at end. Among the top challenges that need to 

be encountered and addressed in real time over a typical HF link are events of fading, 

ionospheric noise, spurious noise caused by solar activity and so on. Addressing these 

challenges in electrically large antennas for HF communication is often a major engineering 

problem. The use of electrically small OTM antennas for HF communication makes this an 

even greater engineering challenge. 

 

2.1.5 Electrically Small Antennas 

The special class of antennas whose entire radiating structure including its image can 

be confined inside a volume smaller than a sphere of radius ‘a’ such that the size of the sphere 

is smaller than the inverse of the wavenumber at the lowest frequency of operation are called 

electrically small antennas [36][37]. 

The relationship for the radius ‘a’ of the enclosing sphere and the wavelength for 

electrically small antennas can be represented as:  

 

 𝑎 <
𝜆

2𝜋
,   (2.11) 

 

This radius at which we characterize the electrically small nature of the antenna is called 

the radian sphere. The physical significance of the radian sphere is that it is at this distance 
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that the energy stored in the reactive near field of the antenna is equal to the radiating far 

field of the antenna in magnitude. Inside the radian sphere, the near field terms are 

dominant meaning the antenna stores energy and outside the sphere, the radiating far field 

terms are dominant meaning the antenna radiates that energy. Historically, the concept of 

electrically small antennas was first proposed by H. A. Wheeler in 1947 where he discussed 

the lumped circuit equivalence of electrically small antennas [36]. According to his 

proposition, the small electric dipole was represented as a parallel plate capacitor and the 

small magnetic dipole was represented by an inductive coil. Wheeler laid down the basis that 

antenna Q is inversely proportional to the antenna volume in this work. L.J. Chu in 1948 

further made contributions to the electrically small antenna theory by treating the antenna 

as a lumped circuit model, similar to the approach laid down by Wheeler. Chu added the 

consideration of spherical modes to establish the optimum performance bounds from an 

antenna enclosed in a radian sphere [38]. Like Wheeler, Chu defined a simple geometric 

boundary called the ‘Chu Sphere’ which separated the distinct field behavior of the antenna. 

The Chu Sphere was defined to have a radius ‘a’ and the maximum linear dimension of the 

antenna was set to ‘2a’ including its image. The spatial treatment of antenna was used by 

Chu to establish the lower bound on the Q for an electrically small linearly polarized antenna 

of a given size as [38]: 

 

 𝑄 =  
1

(𝑘𝑎)
+ 

1

(𝑘𝑎)3
 ,   (2.12) 

 

This chapter adopts the definition of electrically small antennas as [38]: 
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 𝑘𝑎 < 1,   (2.13) 

 

where, 𝑘 = 2π/λ is the wavenumber and ‘a’ is the radius of the smallest sphere that encloses 

the antenna, the host vehicle platform and their image.  

Most vehicular HF OTM antennas are electrically small in the lower HF band due to 

size constraints. Consequently, they tend to be narrowband and have very small radiation 

resistance leading to low radiation efficiency. Increasing their bandwidth while keeping 

efficiency as high as possible is thus a challenging engineering problem. 

 

2.1.6 Numerical Tools 

Since the performance of the electrically small antenna is influenced by different types 

of losses, the antenna, vehicle body and grounds need to be considered carefully during the 

design process. For accurate loss analysis, the vehicular body is made of steel (electrical 

conductivity σsteel = 1.45×106 S/m) while the antenna structure is made up of copper (electrical 

conductivity σcopper = 5.93×107 S/m). Range of lossy grounds are modeled with parameters 

given in Table 2.2 [39]. The real part of permittivity for the dry ground used for modeling is 

휀𝑟 = 2.5 and its electric conductivity is  = 10-4 S/m. For the wet ground, the real part of 

permittivity used for modeling is 휀𝑟 = 35 and its electric conductivity is  = 10-2 S/m. The 

TABLE 2.2 

Parameters for grounds used in the analysis 

Ground 𝑅𝑒 ( 휀𝑟 ) 𝜎 , [𝑆/𝑚] 

Dry 2.5 0.0001 

Wet 35 0.01 
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antenna is made up of 5 cm thick wire for this study. In all cases, the antenna corners are 

modeled with a 0.1 m (4 in) radius of curvature to accommodate for cable routing.  

 

2.2 Inverted-L Antenna 

The theory of inverted-L antenna was proposed by Harrison in 1958 [40]. The 

treatment of the Inverted – L antenna as a transmission line was introduced by King, et al. 

in 1960 [41]. They showed the approach towards a circuit level analysis of the inverted-L 

antenna in the form of a transmission line loaded with a shunt driven element placed at one 

of its ends. A simple analysis of the inverted-L antenna with the consideration of its image 

 

Figure 2.9: Simple model of the inverted-L antenna placed over a ground plane. 
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formed below the ground was shown by Fujimoto, et al. in 1987 [42]. The model of the 

inverted-L antenna considered for this analysis is shown in Figure 2.9.  

The vertical element of the inverted-L antenna with an arbitrary height ‘H’ is fed 

against the ground and oriented along the X axis. The folded section of the antenna arm with 

a length ‘L’ forms the overhanging capacitive load and is oriented along the Z axis. The 

antenna image is formed below the ground plane and is represented with a dotted line in the 

illustration. The currents flowing on the folded section of the antenna and its image; viz arm 

1 and arm 2 are in the opposite direction. The current distributions on each of the antenna 

arms are considered to be sinusoidal at resonance. The respective currents for each arm can 

be represented as: 

 

 𝐽1(𝑧) =  𝐽𝑧 𝑠𝑖𝑛 [𝑘(𝐿 − 𝑧′)] 𝑐𝑜𝑠 (𝑘𝐻) �̂�𝑧 ,  (2.14) 

 

 𝐽2(𝑧) =  𝐽𝑧 𝑠𝑖𝑛 [𝑘(𝐿 − 𝑧′)] 𝑐𝑜𝑠 (𝑘𝐿) (−�̂�𝑧) ,  (2.15) 

 

 𝐽3(𝑧) =  𝐽𝑧 𝑐𝑜𝑠 (𝑘𝑥′) 𝑠𝑖𝑛 (𝑘𝐿) �̂�𝑥  ,  (2.16) 

 

where, ‘𝑘’ is the wavenumber. Using the above described current distributions, the field 

contribution from each arm can be expressed by calculating its magnetic vector potential A 

[42]. Using the magnetic vector potentials, the current and field distribution information, the 

normalized pattern factors for the three planes can be found.   

The normalized pattern factors for Eθ are represented with the appropriate mathematical 

expressions as given below: 
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In the XY plane, 

 

 𝐹 (ф) =  𝑐𝑜𝑠 ф , (𝐹𝑟𝑜𝑚 𝑎𝑟𝑚𝑠 1 𝑎𝑛𝑑 2)  (2.17) 

 

In the YZ plane, 

 

 𝐹 (𝜃) =  0 , (𝐹𝑟𝑜𝑚 𝑎𝑟𝑚𝑠 1 𝑎𝑛𝑑 2)  (2.18) 

 

In the XZ plane, 

 

 

𝐹 (𝜃) = 𝑐𝑜𝑠 (
𝜋

2
𝑐𝑜𝑠𝜃) + 𝑗 (𝑠𝑖𝑛 (

𝜋

2
𝑐𝑜𝑠𝜃) − 𝑐𝑜𝑠𝜃) , 

(𝐹𝑟𝑜𝑚 𝑎𝑟𝑚𝑠 1 𝑎𝑛𝑑 2) 

 (2.19) 

 

Similarly, the normalized pattern factors for Eф are: 

In the XY plane, 

 

 𝐹 (ф) =  𝑠𝑖𝑛 ф , (𝐹𝑟𝑜𝑚 𝑎𝑟𝑚 3)  (2.20) 

 

In the YZ plane, 

 

 𝐹 (𝜃) = 1 , (𝐹𝑟𝑜𝑚 𝑎𝑟𝑚 3)  (2.21) 

 

In the XZ plane, 
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 𝐹 (𝜃) =   𝑐𝑜𝑠 𝜃 , (𝐹𝑟𝑜𝑚 𝑎𝑟𝑚 3)  (2.22) 

 

The corresponding radiation patterns for the inverted-L antenna obtained from the 

pattern factors represented above are shown in Figure 2.10. The radiation patterns are 

omnidirectional in the azimuthal plane and resemble that of a monopole in Y-Z and X-Y 

plane. Two Eθ components are generated, one by arm 1 and 2 and another by arm 3. These 

components vary in phase and in magnitude accordingly for corresponding variation in θ and 

ф. When these two aforementioned electric field components combine, the resultant electric 

field pattern results in a pattern that is close to omnidirectional in nature [42]. 

The analytical approach shown above is based on the consideration that the inverted-L 

antenna height is small compared to the wavelength. It must be noted that the radiation 

pattern of the inverted-L antenna changes accordingly as the ratio of H/L is varied [43]. The 

 

Figure 2.10: Inverted-L antenna patterns from the fundamental analysis of the case 

presented for the antenna placed over a ground plane. 
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antenna supports a predominantly vertical monopole type pattern for high H/L ratios where 

contribution from the vertical section ‘H’ is greater than that of the horizontal section ‘L’. 

Conversely, the antenna has a predominantly horizontal dipole type of pattern for lower H/L 

ratio. The use of this property will be extensively exploited in the following studies and design 

processes to favor NVIS type patterns from the inverted-L antenna while maintaining decent 

support for long range sky wave and ground wave modes of operation over a wide range of 

frequencies in the HF band.  

 

Figure 2.11: The inverted-L antenna pattern expressed as contribution from the monopole 

component and the horizontal dipole component over an infinite PEC ground [43]. H/L 

ratio of 3 is used for this illustration. (a) The monopole pattern contribution to the 

inverted-L radiation pattern from the vertical arm, (b) The patch antenna type 

contribution from the horizontal arm, (c) Pattern supported by the inverted-L antenna as 

a combination of the patterns supported by the vertical and horizontal arms. 
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Figure 2.11 shows the contributions of the individual arms towards the total radiation 

for an antenna with an H/L ratio of 3. This proves that by choosing the appropriate H/L ratio, 

we can engineer the patterns of the inverted-L antenna to suit our needs [43]. The pattern 

can be made to favor either a monopole, an isotropic radiator in the azimuthal plane or a 

patch type radiation.  

The analytical approach for investigating the impedance characteristics of the 

inverted-L antenna was laid down by Wunsch in 1996 [44]. The impedance of an electrically 

small inverted-L antenna with the criterion of ‘kH’ < 0.5 and ‘kL’ < 0.5 is explained using 

Pocklington’s integral equation and the integral of the far field Pointing vector. Both these 

approaches assume a known current distribution on the antenna arms.   

The current established on an electrically small dipole is distributed along the length 

of the antenna as we move away from the feed with an almost triangular current distribution. 

The general assumption that this current distribution holds good for the inverted-L antenna 

is based on the continuity equation where the currents on the ends of the antenna arms must 

be equal to zero. Thus, the currents can be represented as: 

  

 𝐼𝑧 
(𝑍) = 𝐼0 

(1 −  
|𝑧|

𝐻 + 𝐿
) , 𝑓𝑜𝑟 − 𝐻 ≤ 𝑍 ≤ 𝐻  (2.23) 

 

 𝐼𝑥 
(𝑥) =  ± 𝐼0 

(1 − 
𝑥 − 𝑎 + 𝐻

𝐻 + 𝐿
) , 𝑓𝑜𝑟 𝑎 ≤ 𝑥 ≤ 𝐿 + 𝑎  (2.24) 

 

where, ‘a’ is the radius of the wire forming the antenna arms, ‘H’ is the vertical height and 

‘L’ is the horizontal length of the bent section of the antenna. The Pocklington equation uses 

a phasor vector potential A from the known currents [45]. Using the Pocklington equation 
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and some algebraic operations shown in [44], we arrive at the resistance of the inverted-L 

antenna which is expressed as: 

 

 𝑅𝐿 
(𝛺) =  15(𝑘𝐻)2 (2 −  

𝐻

𝐻 + 𝐿
) [ 2 −

10

9
 
(𝐻2 +  

3
5

 𝐿2 +  
6
5

 𝐻𝐿𝑎)

(𝐻 + 𝐿)2 ],  (2.25) 

 

where, ‘𝐿𝑎’ = L + a. For test of consistency, if we set L = 0, the input resistance can be 

represented as: 

 

 𝑅𝐿 
(𝐿 = 0) =  10(𝑘𝐻)2 (1. 33̅̅̅̅ − (

2𝑎

𝐻
))

 

 ,   (2.26) 

 

The input resistance of an infinitesimally small monopole is represented as: 

 

 𝑅𝑀 =  10(𝑘𝐻)2 ,   (2.27) 

 

this means that the formula for the input resistance of an inverted-L antenna has a small 

deviation from the formula for infinitesimally small dipole for the special case of L = 0, and 

that the discrepancy is dependent on the value of the (2a/H) term. 

The input resistance of the inverted-L antenna derived using the far-field Pointing 

vector used to extract the total radiated power from the antenna is given as [44]: 

 

 𝑅𝐿𝑃 =  40(𝑘𝐻)2 (1 − (
1

2
) 

𝐻

𝐻 + 𝐿
)

2

 ,   (2.28) 
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this expression is independent of the wire radius ‘a’ used to make the antenna arms. For the 

special case of L = 0, this expression for the input resistance of an inverted-L antenna 

converges to the input resistance for an infinitesimally small dipole. It is worth noting that 

the input resistance of the inverted-L antenna will be equal to the radiation resistance of the 

antenna for a lossless case. In both the Pocklington approach and the far-field Pointing vector 

approach, the input resistance of the antenna is proportional to the square of the electrical 

height of the monopole represented by the factor (kH)2. Thus, the input resistance for an 

electrically small, low profile inverted-L antenna will be small. The addition of the folded 

horizontal, overhanging arm to the vertical arm improves the input resistance of the 

inverted-L antenna when compared to a monopole of the same height. The addition of the 

horizontal section also reduces the reactance of the antenna compared to the monopole case, 

making it potentially easy to match in the use case adopted in this research.  

Offset feeding can be used as a technique to change the ratio of the voltage and 

currents at the feed. It improves the current density on the horizontal section of the antenna 

when compared to a base fed inverted-L antenna and it enhances the contribution of 

radiation from the horizontal section of the antenna to help direct more energy towards the 

zenith [46] [47]. The inverted-L antenna resonates for a total length (H+L) equal to a quarter 

of a wavelength at the desired frequency of operation. When such a quarter wavelength 

inverted-L antenna is fed at its base against the ground, there is high current flow at the feed 

location as the currents travel outwards from the feed into the ground and onto the resonant 

length of the antenna. By translating the feed to a location on the vertical or horizontal arms 

of the antenna, the currents flowing at the feed reduce in magnitude as compared to the base 

fed case since they are bounded by the continuity equation at the end of the antenna arm. 

Consequently, this helps to improve the input resistance of the antenna and makes it easier 
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to feed and match. It must be noted however, that introducing offset feeding to the antenna 

improves the input impedance of the antenna but does not help in miniaturizing the antenna 

in any way or does not alter the quarter wavelength resonance frequency of the antenna.  

 

2.2.1 Antenna Overview 

The inverted-L antenna proposed herein has both, lower profile, and simplified vehicle 

grounding requirements. Improved performance is accomplished by using two arms and 

offset feed, so that the antenna name is two arm offset fed inverted-L antenna which is 

abbreviated as TAO-ILA. Typically inverted-L antennas possess nulls at zenith in radiation 

patterns, which is not desirable for NVIS communication. Herein, the null at zenith is 

significantly reduced by using offset feed and long horizontal antenna section. The offset feed 

improves current density on the horizontal sections, and thus facilitates stronger radiation 

TABLE 2.3 

Comparison of the state of the art inverted – L antennas with proposed antenna 

Performance 

Parameter 
ILA [47] 

Aircraft ILA 

[48] 

Broadband 

PILA [49] 
DFILA [50] 

TAO-ILA 

(This Work) 

Frequency 2.45 GHz 20 MHz 2.75 GHz 2.4 GHz 3 MHz 

Bandwidth (%) 2.71 @ 51.5 * 50 @ 40 @ 0.8 @ 

Electrical size 

on platform ‘ka’ 
1.72 6.3 13 1.67 0.28 

Electrical 

height 
λ/30 λ/50 λ/10 λ/4.7 λ/400 

Electrical 

length 
λ/4 λ/17 λ/17 λ/4.3 λ/13 

Gain (dBi) 4.14 (peak) 1.75 (peak) 0 (peak) 3.24 (peak) 
-20 ┼;  

-14 (peak); 

Mounting 

Platform Size 
2 λ × λ 1.5 λ × 1.3 λ 3λ × 3λ λ/2.6 × λ/4.3 λ/13 × λ/31 

   

     *VSWR 6:1                             @VSWR 2:1                       ┼Zenith gain 
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at zenith direction. Two arms improve bandwidth and enhance mechanical robustness. In 

recent times, many designs were published with the inverted-L antenna for various 

applications. A summary of reported performance figures of inverted-L antennas compared 

to the TAO-ILA is shown in Table 2.3. The antennas chosen for comparison include reported 

compact designs of inverted-L antenna on an aerial platform [48], planar inverted-L antenna 

[49] and wire inverted-L antennas [47] [50]. As seen from the comparison in Table 2.3, vehicle 

mounting constraints and low-profile requirement make the proposed antenna to be smallest 

in terms of the electrical size and profile. Clearly, very small size and profile force the antenna 

to be narrowband with low realized gain when compared to other electrically large antennas 

reported in literature, and this makes antenna design to be extremely challenging. 

 

2.2.2 Fundamental Limits 

The minimal quality factor ‘Q’ supported by a lossless, electrically small antenna with 

a given fractional bandwidth ‘BW’ and center frequency ‘𝑓𝑜’ can be derived from the 

expression for bandwidth estimate shown in [51]: 

 

 𝑄𝑚𝑖𝑛 
=  0.71 (

𝑓𝑜

𝐵𝑊 (10 𝑑𝐵)
)

 

,   (2.29) 

 

where, ‘𝑓𝑜’ = 3 MHz and BW(10 dB) is the 10 dB impedance bandwidth (VSWR 2:1). The size 

of an antenna can be based on one of the known fundamental limits equations. For the 

purposes of this work, we use the expression laid down by Gustaffson et al. [52] [53]: 
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 𝑄  
=  (

1.5 

(𝑘𝑎)3 𝛾1
𝑛𝑜𝑟𝑚 

)

 

,   (2.30) 

 

plugging the value of ‘𝑄𝑚𝑖𝑛’ in the above expression, we can arrive at the minimum physical 

antenna size ‘𝐿𝑚𝑖𝑛’ that is required to support the desired bandwidth criterion as: 

 

 𝐿𝑚𝑖𝑛 =  2𝑎 =  
𝜆

𝜋
(

1.5 

𝑄𝑚𝑖𝑛 𝛾1
𝑛𝑜𝑟𝑚 

)

 
1
3

,   (2.31) 

 

The summary for the results of minimum physical antenna size required to support 3 kHz 

and 24 kHz bandwidth at 3 MHz for lossless antennas with form factors corresponding to a 

solid sphere, a loop and a dipole are listed in Table 2.4. From the results, it is clear that a 

lossless antenna would have to be impractically large to support the required bandwidth of 3 

kHz at 3 MHz. The results for 24 kHz bandwidth further stress the huge size required for a 

lossless antenna to be able to support 24 kHz bandwidth down at 3 MHz. For instance, the 

minimum size of a dipole antenna to support 24 kHz bandwidth at 3 MHz is 22.2 m while the 

minimum size for a loop antenna to achieve the same 24 kHz bandwidth would be 13.2 m. 

Such large antenna sizes suggest that the lossless antennas with 24 kHz bandwidth support 

TABLE 2.4 

Antenna dimensions to achieve 3 kHz and 24 kHz bandwidth at 3 MHz. 

Antenna 

Type 
𝛾1

𝑛𝑜𝑟𝑚 
𝑄𝑚𝑖𝑛: 3 kHz 

bandwidth 

𝐿𝑚𝑖𝑛[m]:  

3 kHz 

bandwidth 

𝑄𝑚𝑖𝑛: 24 kHz 

bandwidth 

𝐿𝑚𝑖𝑛[m]:  

24 kHz 

bandwidth 

Spherical 1 710 4.1 88.75 8.2 

Loop 0.24 710 6.6 88.75 13.2 

Dipole 0.05 710 11.1 88.75 22.2 
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would be out of the realm of practicality for potential installations and operation on small 

vehicular platforms. 

While the discussion of minimum antenna size does not consider any losses, the actual 

application scenarios are associated with practical losses that cannot be avoided. These losses 

inherently contribute to an increase in the VSWR bandwidth. They include, but are not 

limited to ohmic losses in the antenna and vehicle body, losses due to the ground and 

matching network and the losses from other impacts and contributions from the antenna 

environment. It is hence imperative to consider a fundamental approach for the antenna with 

the inclusion of losses to move towards a more practical consideration of our problem. By 

 

(a) 

 

(b) 

Figure 2.12: Antenna performance for lossless case over PEC ground with variation in 

height and length of the folded section: (a) geometric representation of the parametric 

setup, (b) Parametric region of interest where the antenna satisfies both the bandwidth 

and gain criteria. Antenna height and length are limited to 10 m. (λ/10 at 3 MHz) for this 

analysis. 
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including the impact of losses on the fundamental performance of the antenna, we can set 

realistic performance expectations thereafter. 

To verify if a lossless inverted-L antenna can achieve the required performance over 

an infinite PEC ground, the parametric study for varying the antenna size is performed by 

means of method of moments (MoM) code Altair FEKO [1]. An inverted-L antenna is formed 

from a simple monopole by folding part of the monopole orthogonal to its vertical height to 

introduce a capacitive load as shown in Figure 2.12 (a). This capacitive load helps to improve 

antenna radiation resistance and bandwidth when compared to a regular monopole of the 

same vertical height [41] [44]. The antenna tuned bandwidth is estimated based on the 

untuned input impedance [51]. The variation of antenna bandwidth and the zenith gain for 

various antenna heights (H) and the lengths of the bent segment (L) are shown in Figure 2.12 

(b). Zenith gain is considered as a design parameter as it impacts the NVIS link quality. The 

study is conducted at 3 MHz, where the antenna is electrically the smallest. The wire 

thickness is maintained at 5 cm which compares to that of most commercially available HF 

whips [54] [55]. Clearly, in lossless case the antenna should be tall to have bandwidth wider 

than 24 kHz and gain higher than -20 dBi. For example, when L = 8 m (AAV length), the 

antenna should be at least 6.5 m tall to satisfy gain and bandwidth requirements. For shorter 

platforms, the required height should be even higher. Such lossless, tall antennas with long 

folded sections would not be structurally stable and they therefore prove to be impractical for 

vehicular deployment.  

With an assumed highest profile of antenna over the AAV platform as 1 m, the size of 

the Chu sphere that encompasses the antenna and the vehicle is ≈ 4.7 m. This size would 

correspond to an electrical size of ‘ka’ ≈ 0.3 at 3 MHz. The product of fractional bandwidth ‘𝐵′ 

and linear efficiency ‘𝜂′ for a lossy antenna is given as [56]: 
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 (𝐵𝜂)𝑚𝑎𝑥 =
1

√2 𝑄
,   (2.32) 

 

The Q factor for an inverted – L antenna is given as [57]: 

 

 𝑄 =
6 {[𝑙𝑛 (

𝐻
𝑟 ) − 1] + 𝐿 [𝑙𝑛 (

2𝐿
𝑟 ) − 1]}

𝑘3𝐻2(𝐻 + 𝐿)2
,   (2.33) 

 

 

Figure 2.13: Calculated efficiency for an inverted-L antenna to support 3 kHz and 24 kHz 

bandwidth with varying antenna profiles. The antenna is made from wire of radius 2.5 cm 

and the length of horizontal section of the antenna ‘L’ is kept at 8 m for this study. 
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where, ‘H’ is the antenna profile, ‘L’ is the length of the horizontal section, ‘r’ is the radius of 

the antenna wire, and ‘k’ is the wave number. A study of the percentage efficiency for the 

antenna with corresponding change in its vertical height ‘H’ for L = 8 m, is shown in Figure 

2.13. Keeping profile H = 1 m, the length of horizontal section L = 8 m, and wire radius r = 

2.5 cm, we can see that the antenna efficiency should be 0.6% to support 24 kHz bandwidth 

at 3 MHz. Note that in the legacy case, when bandwidth is 3 kHz, the same antenna structure 

will need to be 5% efficient, which is 8 times higher efficiency when compared to the 24 kHz 

case. Such low efficiency figures indicate that antenna gain will be very low to support the 

desired bandwidth. Low efficiency also indicates that accurate loss analysis is critical for the 

antenna design.  

For practical vehicular deployment, ohmic losses in antenna and platform together 

with losses in grounds are unavoidable. In addition, electrically small antennas require 

tuners (couplers) to operate over a wide frequency range. The tuner losses impact system 

performance and must be included in the design analysis. Consequently, a design parameter 

referred to as ‘effective tuner resistance’ is introduced, which accounts for the tuner losses in 

the form of a series resistance modeled at the feed point of the antenna. It is important to 

recognize that the effective tuner resistance is a means to facilitate antenna design. However, 

it can be used to estimate the associated tuner loss, and thus sets the design guidelines for 

tuners for low profile wideband HF OTM antennas [58]. 

 

2.3 Antenna Evolution 

The evolution of the proposed design of the inverted-L antenna from a simple whip is 

shown in Figure 2.14 (a). Typical HF whips have 5 or 10 m profile and cannot be used for 

OTM operation. To support NVIS communication and reduce profile, whip antennas are 
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physically bent and secured into horizontal orientations [59]. Tilting the whip orthogonally 

to its vertical section above the vehicle yields a simple base fed inverted-L (Figure 2.14 (b)). 

With offset feed, impedance match can be improved, and in addition, the feed location on the 

horizontal section of the antenna makes horizontal current density more uniform, therefore 

improving zenith gain (Figure 2.14 (c)). Introducing the second arm effectively increases 

antenna volume, leading to better bandwidth performance (Figure 2.14 (d)). Herein, a 

parametric study of the antenna gain and bandwidth values against changing profile and 

feed location is described to evaluate the performance of the antenna for NVIS operation.  

 

 

Figure 2.14: The step by step design evolution of the antenna from a traditional whip 

concept to the two arm offset fed inverted – L antenna. (a): Traditional whip antenna 

shown mounted on the AAV, (b) Transition to a base fed inverted-L configuration, (c) 

Introduction of offset feed with single arm inverted-L antenna, (d) Proposed two arm offset 

fed inverted-L antenna design. 
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2.3.1 Single Arm Inverted-L Antenna Configuration 

Gain at zenith and bandwidth of the single arm inverted-L antenna mounted on AAV 

is evaluated at 3 MHz for different profiles and offset feed locations (Figure 2.15). The 

horizontal length of the antenna is kept at 8 m, which corresponds to the length of AAV. 

Antenna performance is reported in terms of the minimum antenna profile required to 

achieve the desired 24 kHz bandwidth and gain of -20 dBi. The study is performed over dry, 

wet and PEC grounds, and the worst case results are shown. As seen, the antenna satisfies 

the performance criteria with a profile higher than 0.625 m (λ/150 @ 3 MHz), and thus this 

configuration satisfies the desired study objectives. However, it is beneficial to have as low a 

profile as possible to facilitate improved vehicle maneuverability and reduced visual 

signature during operation. 

 

2.3.2 Two arm Offset fed ILA Configuration 

 Two arms make the antenna effectively larger, and thus help to improve its bandwidth 

performance [60]. Geometry of this configuration is shown in Figure 2.16.  The decision of 

using two arms is based on the reasons of practicality. Increased number of arms with offset 

feed pose severe obstructions on the AAV roof where the cargo loading doors are located and 

make the antenna impractical. Consequently, a practical two arm design wherein the two 

arms run along the edge of the vehicle is adopted. The analysis is performed using a similar 

parametric study as described for a single arm case (Figure 2.16). Clearly, with two arms the 

antenna profile can be reduced to 0.25 m. In this way, the profile is reduced by 63% compared 

to the single arm configuration. The antenna satisfies set gain and bandwidth requirements, 

when feed is offset by 5 m from the rear of the vehicle and the effective tuner resistance is 5 

Ω. 
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Figure 2.15: Parametric study results for a single arm inverted – L antenna having gain 

at zenith better than -20 dBi and 24 kHz bandwidth. The results indicate that the single 

arm antenna requires a minimum profile of 0.625 m in the worst case above dry, wet and 

PEC grounds. Inset above shows geometrical modifications considered in this study. 
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Figure 2.16: Parametric study results for proposed TAO-ILA satisfying gain criterion of 

better than -20 dBi and 24 kHz bandwidth. The results indicate that the TAO-ILA requires 

a minimum profile of 0.25 m in the worst case above dry, wet and PEC grounds. Inset 

above shows geometrical modifications considered in this study. 
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2.4 Antenna Performance in the NVIS Range 

 The calculated input resistance and reactance of the TAO-ILA obtained from MoM 

code Altair FEKO, with the tuner effective resistance taken into account is shown in Figure 

2.17 and Figure 2.18, respectively. Also shown alongside is the result for the dry ground case 

obtained from the finite element method (FEM) code Ansoft HFSS [2].   

The antenna has a resonance at ~6.3 MHz and anti-resonance at ~9.2 MHz. As 

expected, the input resistance of the antenna is very small at the low frequency end and it 

increases with frequency where the antenna becomes electrically larger. Also, the input 

 

 

Figure 2.17: Input resistance of the TAO-ILA with 0.25 m profile and offset feed at 5 m 

from the rear. Additional 5Ω effective tuner resistance is taken into account. 
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resistance profile remains consistent over different grounds which suggests that same tuning 

 

 

Figure 2.19: Total zenith gain for the TAO-ILA loaded with 5 Ω of effective tuner 

resistance. Results show that antenna is satisfying the gain criterion for all the 

frequencies between 3 and 10 MHz. Antenna performance over dry ground is the worst at 

low frequency end. 

 

 

Figure 2.18: Input reactance of the TAO-ILA with 0.25 m profile and offset feed at 5 m 

from the rear. Additional 5Ω effective tuner resistance is taken into account. 
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approach can be used to tune this antenna over different grounds.  

  Zenith gain result plotted in Figure 2.19 shows that the best gain performance is over 

PEC ground (as expected) since the ground redirects a large amount of energy towards the 

upper hemisphere in this case. Overall, there is very good agreement between the MoM and 

FEM codes for the input impedance and zenith gain shown for the dry ground case. The total 

gain patterns for the antenna are shown in Figure 2.20. From the patterns it can be seen that 

antenna favors NVIS type communication.  

 

 

Figure 2.20: Simulated total gain patterns for the TAO-ILA over dry, wet and PEC 

grounds. 
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2.4.1 Antenna Tuning 

Typically, OTM HF antennas are operated over specific frequencies in the HF band 

as permitted by the operational and licensing arrangements. Most of the HF antennas have 

a tuning element connected at the feed to tune the antenna to the desired frequency of 

operation. Given the electrically small size of the vehicular HF antennas, the changing 

environment and grounds over which they must work and the wide range of frequencies that 

need to be covered by these antennas, use of a tuning network is imperative. Among the 

possible tuning techniques, a two-element tuning network represents the simplest tuning 

approach.  

The tuned bandwidth estimates for the TAO-ILA with real grounds are shown in 

Figure 2.21 along with the calculated bandwidth supported by a lossless L-matching network. 

 

 

Figure 2.21: Bandwidth estimate for the TAO-ILA loaded with 5Ω of effective tuner 

resistance. The antenna supports bandwidth better than 24 kHz over different grounds 

for the entire frequency range from 3 MHz to 10 MHz. 
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The loss in the tuner elements is embedded in the antenna impedance with the effective tuner 

resistance when the lossless L-matching network is used. From the bandwidth estimates, it 

is clear that the antenna can support bandwidth better than 24 kHz over the entire frequency 

range. It can also be seen that bandwidth estimate and the bandwidth supported by the L-

matching network over the PEC ground are in agreement thus validating the bandwidth 

estimation. It is important to note that the comparison with the L-matching network is a 

mere fundamental approach for validation of the bandwidth estimate. A single two element 

matching network will not be able to practically tune the antenna over such a wide frequency 

range especially when the antenna reactance changes from capacitive at the low end to 

inductive after the first resonance and then back to capacitive after the antiresonance. 

Tuning such an antenna over these reactance values as they changes across frequency is out 

of the scope of this work but would ideally demand for a typical three element tuning network 

like a T-network or a 𝜋 – network as discussed in [61].   

The tuner efficiency with the consideration of the effective tuner resistance ‘RT’ can 

be given as:   

 

 𝜂𝑇(𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑) =
1

1 + 𝑅𝑇/𝑅𝐴
,  (2.34) 

 

where, ‘RA’ is the unloaded antenna input resistance. For our case, the value of RT  = 5Ω. At 

3 MHz, the unloaded antenna input resistance is 0.4 Ω over dry ground. The tuner efficiency 

is very low and estimated to be around -11.3 dB. Nevertheless, such low tuner efficiency 

widens the antenna bandwidth while maintaining the antenna zenith gain better than -20 

dBi as desired. The measured tuner efficiency from the actual prototype can be expressed as 

[62]:   
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 𝜂𝑇(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑) =
|𝑠12|2(1 − |Γ𝐿|2)

|1 − 𝑠22Γ𝐿|2
,  (2.35) 

 

where S12 and S22 are the tuner s-parameters with port 2 facing to the antenna load, and L 

is the antenna reflection coefficient. 

 

2.4.2 Antenna Performance in Case of Mechanical Failure 

 The bandwidth and gain performance of the TAO-ILA is evaluated in the event of a 

mechanical failure (Figure 2.22). The analysis of mechanical failure of the TAO-ILA considers 

that the antenna sustains a hit at the front section between the antenna feed and the nose of 

the AAV or at the rear section between the feed and the mounting base as shown in Error! 

Reference source not found.. In case of the frontal impact, it is considered that the arm 

falls off after impact while in case of the rear section hit, the arm is electrically broken but is 

mechanically held in place as part of the antenna structure thereby acting as a vestigial 

parasitic element. Bandwidth estimate and gain at zenith are shown in Figure 2.23  and 

Figure 2.24, respectively. Clearly, the TAO-ILA can support communication at a reduced 

bandwidth but with similar gain performance even after such impact. The TAO-ILA satisfies 

zenith gain and wide bandwidth requirements over 96% of the NVIS frequency band in case 

of the front failure. For the case of rear failure, the antenna supports wider than 12.5 kHz 

bandwidth and zenith gain better than -20 dBi over the entire NVIS band. Consistent 

performance under failure thereby adds to reliability and robustness of the proposed 

antenna. 
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Figure 2.23: Bandwidth estimate of TAO-ILA under mechanical failure. The worst case 

bandwidth supported is at 5.25 MHz and equal to 12.7 kHz over PEC ground for the rear 

failure scenario. 

 

 

Figure 2.22: Considered cases of mechanical failure for the TAO-ILA. 
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2.4.3 Wobble of Wave (WoW) 

 The omnidirectional behavior of the antenna is characterized by means of the wobble 

of the wave (WoW) which is defined as: 

 

 𝑊𝑜𝑊 =  𝐷𝑚𝑎𝑥,𝑑𝐵 − 𝐷𝑚𝑖𝑛,𝑑𝐵 ,    (2.36) 

 

where, directivity D is calculated in the pattern cut of interest. The WoW is particularly 

important for a vehicular HF antenna as it shows the antennas potential to support ground 

wave and long-range sky wave communications in all directions. As seen from Figure 2.25, 

the WoW of the TAO-ILA is compared to that of a legacy 9.8 m HF whip antenna mounted 

vertically. 

 

 

Figure 2.24: Simulated gain at zenith of the antenna under mechanical failure. From the 

gain performance it can be seen that the antenna supports gain of better than -20 dBi over 

majority of the frequency band of interest. 
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The WoW comparison is made at an angle close to the horizon. We see that over dry 

ground, the WoW of the TAO-ILA is less than that of the whip from 5 MHz to 10 MHz. Over 

wet ground, the WoW of the TAO-ILA is better than of the whip from 4 MHz to 8 MHz. Thus, 

over majority of the frequency band, the TAO-ILA will provide similar or slightly better omni-

directional coverage as compared to a whip that is routinely used for long range skywave and 

ground wave communications. 

 

 

 

 

Figure 2.25: Omni-directionality of the TAO-ILA over dry, PEC and wet ground in terms 

of the WoW measured at 10º from the horizon and plotted across frequency. The smaller 

the WoW, better is the antenna in terms of omni-directional performance for ground wave 

and long range skywave communications. 
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2.4.4 Flared Antenna Arms 

 

 

Figure 2.26: Analysis of antenna flaring and its impact on the operational range of the 

antenna performed at 3 MHz. We see that the antenna configuration with straight arms 

has a performance benefit of 0.25 m lower profile over the configuration with flared arms. 
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Flaring the antenna arms at the front of the AAV is studied as part of the various 

design aspects considered for the proposed antenna to make it more practical. The proposed 

antenna over the AAV has straight arms along the length of the vehicle. The antenna profile 

above the vehicle is given the highest importance in this design approach as the antenna 

profile is one of the most challenging and important parameters for practical use in this 

design. However, an antenna which has the arm tips at the front of the AAV bending inwards 

so that they match the AAV body shape may be desired under certain considerations related 

to operations, fleet management, stowage, shipping and deployment. It is also vital to 

acknowledge that from practical implementation viewpoint, any bending above vehicle top 

for better conformal shape may block the view of the crew through the hatches.  

The antenna shape is made conformal to the AAV body by flaring the arms outwards 

at the front of the vehicle as we move towards the feed from the nose based on the above 

discussion. The results of operational range analysis for straight and flared arm 

configurations are shown in the Figure 2.26. As seen, the antenna configuration with bent 

arms achieves 24 kHz bandwidth and objective gain at zenith, only with profile of higher 

than 0.5 m contrasting to the 0.25 m profile of the straight arm geometry. This result is 

expected, since antenna with flared arms has more metal underneath forcing strong 

interaction between the currents on the arms and the currents on the roof of the AAV, thereby 

deteriorating its performance. 

          

2.5 Prototyping and Measurements 

 The fabrication and testing of a full-scale HF antenna system on a vehicular platform 

is an expensive and time consuming process. Instead, a 50 times smaller prototype is utilized, 

where the vehicle is built by means of 3D printing. 
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2.5.1 Additive Manufacturing 

 The scaled AAV model is 3d printed by using fused deposition modeling (FDM) method 

on MakerBot Replicator 5th Generation Desktop 3D printer [63]. Accuracy of the FDM 

method is acceptable, while fabrication time is fast, and the cost is low. The base material 

used for the vehicular model fabrication is the 1.75mm diameter MakerBot PLA filament. 

The vehicular model for the AAV used in fabrication is sourced from the online open source 

repository – “3D Warehouse” [64]. The model is scaled and prepared for print in three parts 

[65]. Printing by parts allows for achieving better control over the quality at relatively fast 

print time. The non-critical features of the vehicle are eliminated. The tracks are printed as 

a separate part with the highest print resolution settings. The upper and the lower hull of 

the vehicle are printed as two separate parts with relatively coarse resolution. Printing the 

 

 

Figure 2.27: Description of the fabrication of the scaled vehicle model. The model was 3D 

printed by means of FDM additive manufacturing process and copper plated afterwards. 
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parts separately also allows for post processing and finishing on each part. Once the 

individual parts are finished, they are bonded together using commercial epoxy-resin 

mixture. The finished vehicular model is prepared for copper plating which is done using a 

commercial electroplating process [66].  The model is sealed before plating. Plating is done 

 

 

 

Figure 2.28: Description of the fabrication and installation of the single arm offset fed 

inverted-L antenna on the scaled AAV model. (a) 3D printed ad copper plated, 50 times 

scaled model of the AAV, (b) One arm offset fed inverted-L antenna fabricated from a 2.2 

mm diameter coaxial cable, (c) Scaled model of the AAV with the single arm offset fed 

antenna mounted on a 1.2 m x 1.2 m (0.4 λ x 0.4 λ at flow) ground plane for impedance 

measurements, (d) A close up photo of the single arm inverted-L antenna mounted on the 

scaled AAV model. 
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using 2 ounce copper deposition per square foot. The thickness of plated layer of copper is 70 

μm. The detailed additive manufacturing process to fabricate the copper plated 3D printed 

vehicular model is shown in Figure 2.27. The frequency range of 3-10 MHz translates to a 

scaled frequency range of 150-500 MHz. The skin depth at the scaled frequency range varies 

from 5.3 μm at 150 MHz to 2.9 μm at 500 MHz, and thus the copper thickness is much larger 

than the skin depth. 

 

 

 

Figure 2.29: Description of the antenna integration on the vehicular platform. 
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2.5.2 Scaled Antenna Fabrication 

 Scaled antenna models for a single arm offset fed inverted-L antenna as well as the 

more complex two arm offset fed antenna are fabricated. The single arm offset fed inverted – 

L model is made from a single 2.2 mm (0.086”) diameter coaxial cable. The offset feed is 

established by stripping the coaxial cable shield from the center conductor at the desired feed 

location. The scaled model for the single arm offset fed inverted-L antenna is shown in Figure 

2.28. The fabrication details of the two-arm offset fed antenna are shown in detail here. The 

scaled antenna structure is made of sections of 2.2 mm (0.086”) diameter semi rigid coaxial 

cable and 0.5 mm (0.020”) diameter copper rod. The plumbing and cutting of each section of 

the antenna is done with precision to match the scaled dimensions as close as possible to the 

reference full scale design. All the individual sections are soldered together, and the complete 

antenna structure is tested for continuity. The antenna is then mounted on the scaled 

vehicular platform using custom fabricated copper mounting brackets and fastened using 

copper tape. The mounting bracket assembly allows for a modular setup such that multiple 

 

 

Figure 2.30: Computational model (FEM) of the single arm offset fed inverted-L antenna 

mounted on the AAV scaled prototype. 
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antennas can be mounted and tested on the same vehicular platform. The vehicle antenna 

integration is illustrated for the two arm antenna in detail in Figure 2.29.  

 

2.5.3 Computational Modeling 

 The computational model for the vehicle is created using ANSYS HFSS and Altair 

FEKO. The details of the computational model for the single arm offset fed inverted-L 

antenna are shown in Figure 2.30. This model is kept computationally simple to prove the 

concept of offset feed using the stripped outer conductor of a coaxial cable. The detailed 

 

 

 

Figure 2.31: Computational models used to validate prototype measurements. 
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computational models for the scaled TAO-ILA on the AAV prototype are shown in Figure 

2.31.  

The vehicle is made from copper in both, FEKO and HFSS models. In the HFSS model, 

the antenna deployed on the vehicle is modeled out of 2.2 mm diameter copper coaxial cable 

and 0.5 mm diameter copper rod is used for the front section of the antenna after the feed. 

The soldering blobs formed at the antenna feed and the mounting brackets at the rear side 

of the vehicle are modeled by means of 1 mm thick solder coating layer set on the base metal 

that forms the solder joint. Antenna is fed with a wave port at the base of the mounting 

bracket and sealed with a PEC puck enclosure. This resembles the actual coaxial feed used 

in the measurements performed on the scaled model. In the FEKO model, wire port is used 

at the feed location. The vehicle and antenna is made up of copper. Solder patches are 

introduced at the joints. Coaxial cable of 165 mm length and 2.2 mm diameter is embedded 

to move the reference plane to the rear bottom side of the antenna in the results.  

 

 

Figure 2.32: Measured and simulated impedance of the single arm offset fed scaled 

prototype. 
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2.5.4 Impedance Measurements of Scaled Prototype 

The impedance measurement of the scaled model is performed on a 1.22 m × 1.22 m 

square ground plane.  The size of the ground plane corresponds to an electrical size of 0.4 λ 

× 0.4 λ at the lowest frequency of operation for the scaled prototype. The vehicle is placed in 

the center of the ground plane and fed through a coaxial cable from the bottom. Stable and 

solid electrical grounding is established by connecting the base of the vehicle and its tracks 

to the ground plane surface by use of copper tape. The outer shield of the coaxial cable feeding 

the scaled model is connected to the ground plane. Measurements with and without ferrite 

beads are conducted for the single arm configuration to make sure there are no return 

currents that may radiate from the VNA coaxial cable that feeds the antenna during the 

measurements. Once the stability of results with and without the ferrite beads is verified, 

the measurement on the two arm prototype is performed without the ferrite beads. The 

impedance measurement results for the single arm offset fed inverted-L antenna are shown 

 

 

Figure 2.33: Measured and simulated impedance of the scaled prototype. 
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in Figure 2.32. Good stability in the results can be seen between the measurement with and 

without ferrite beads. The slight difference in the FEM simulation and the measured results 

is attributed to small differences in the fabricated model as compared to the computational 

model which are later fixed in the two-arm prototype measurement as shown below.  

The results of the measurement for the two-arm prototype are shown in Figure 2.33. 

Excellent agreement between the measurements and simulated results makes us confident 

in the used computational setup for such an electrically small problem. The results also 

establish good correlation with the physical measurement setup and demonstrate the validity 

of additive manufacturing process adopted for quick and cost-effective fabrication.  

 

 

 

Figure 2.34: Tuned reflection coefficients obtained analytically based on measured 

impedance of the scaled prototype. L-matching network with COTS elements was used. 
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TABLE 2.5 

Matching network specifications for scaled prototype 

Freq. 

(MHz) 

Tuning 

Inductor 

(nH) 

ATC Part No  

(Q factor) 

Tuning 

Capacitor (pF) 

ATC Part No.  

(Q factor) 

Tuned 

Bandwidth 

(MHz) 

150.3 51.11 

0603WL510JT 

(28.22 @150 

MHz) 

130 

ATC800C131 

(726 @150 

MHz) 

1.7 

186.8 27.06 

0402WL270JT 

(28.41 @185 

MHz) 

110 

ATC800C111 

(589.2 @185 

MHz) 

2.7 

224.3 11.02 

0402WL110JT 

(28.94 @220 

MHz) 

120 

ATC800C121 

(439.5 @220 

MHz) 

1.8 

254.5 2.4 

0402WL2R4JT 

(21.06 @255 

MHz) 

100 

ATC800C101 

(386.3 @255 

MHz) 

2.3 

294.3 43.38 

0402WL430JT 

(25.07 @290 

MHz) 

27 

ATC600L270 

(389.3 @290 

MHz) 

5 
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TABLE 2.5 (Cont.) 

Matching network specifications for scaled prototype 

Freq. 

(MHz) 

Tuning 

Inductor 

(nH) 

ATC Part No  

(Q factor) 

Tuning 

Capacitor (pF) 

ATC Part No.  

(Q factor) 

Tuned 

Bandwidth 

(MHz) 

324.3 51.29 

0402WL510JT 

(19.08 @325 

MHz) 

11 

ATC600L110 

(987.3 @325 

MHz) 

7.1 

360.5 36.42 

0402WL360JT 

(34.77 @360 

MHz ) 

2 

ATC600S2R0 

(3.77k @360 

MHz) 

10.2 

394.5 11.06 

0402WL110JT 

(41.04 @395 

MHz) 

20 

ATC800R200 

(698.4) 

9.9 

426 1 

0402WL1R0JT 

(27.95 @430 

MHz) 

24 

ATC800R240 

(530.4 @ 430 

MHz) 

10.2 

464.8 33.93 

0805WL330JT 

(57.78 @ 465 

MHz) 

13 

ATC800R130 

(889 @ 465 

MHz) 

9.5 

501.3 44.59 

0805WL430JT 

(60.0 @ 500 

MHz) 

7.5 

ATC800R7R5 

(1398 @ 500 

MHz) 

10.2 
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2.5.5 Scaled Prototype Tuning Analysis 

The plot with tuned impedance for the scaled prototype at various frequencies is 

shown below in Figure 2.34. Values of L’s and C’s for matching elements together with tuned 

bandwidth are listed in Table 2.5. Tuning studies were performed in AWR. The parameters 

of reactive tuning elements correspond to the respective available COTS parts listed in Table 

2.5. The expected bandwidth of this prototype is better than 1.2 MHz which maps to a full 

scale tuned bandwidth of 24 kHz. As seen, in all cases bandwidth is wider than 1.7 MHz, 

which corresponds to 34 kHz for the full-scale antenna. The higher bandwidth in the 

prototype is due to thicker wire radius used for the antenna arms, the contributions of losses 

from the Q  factors of the chosen tuning elements, and the addition of some losses due to the 

use of solder at various antenna interfaces.  

It is important to note that wide impedance bandwidth can be easily achieved by 

introducing loss at the expense of reduced radiation efficiency. However, the work 

highlighted in this chapter shows the approach to achieve the required bandwidth together 

with the required gain, which is a more complicated task. It also considers fundamental limits 

and estimates if the design objectives are practically realizable.  

 

2.5.6 Pattern Measurements of Scaled Prototype 

The pattern measurements for the described scaled model are performed over the 

available 350 MHz to 500 MHz range. The vehicle is mounted on a 0.5 m diameter circular 

ground plane. Using a larger ground plane can help reducing the impact of the ground plane 

on the radiation patterns however the size is limited by the specifications of the measurement 

chamber used. Figure 2.35 shows the measured and simulated normalized patterns of the 

scaled prototype. The patterns are seen to be symmetric over the cut plane that runs along 
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the width of the vehicle. For the plane along the length of the vehicle, there is some squint in 

the patterns towards the back of the vehicle due to the influence of the small size ground 

plane used for the measurements. Overall good agreement between the measured and 

simulated patterns is seen. Some deviation is observed at the low frequency end where the 

measurements are the most challenging because of the small electrical size of the antenna 

and vehicle system, and chamber imperfections.  

 

2.6 Discussion on Practical Aspects 

 The proposed antenna on the AAV is shown to support 24 kHz bandwidth and on the 

move operation over 3 to 10 MHz with a profile of 0.25 m. NVIS performance with radiation 

towards the zenith is discussed. The antenna has omni-directionality (WoW) that is 

comparable to the whip antennas, and thus it also supports long range sky wave and ground 

wave communications. At higher frequencies from 10 MHz to 30 MHz the antenna has 

consistent radiation patterns over the upper hemisphere leading to a better support of long 

range skywave and ground wave modes [58]. For frequencies lower than 3 MHz, the antenna 

becomes electrically very small. The gain dip at zenith becomes more prominent, and thus it 

becomes very challenging to address the required zenith gain criterion. Possible extension of 

the antenna operation down to the lower frequencies can be done by increasing the zenith 

gain with an increase in the antenna profile. The practical realization of the proposed 

antenna can be achieved by a structure made from hollow tubes, appropriate adapters and 

fixtures [58]. The offset feed can be implemented in a similar way as it is implemented in the 

scaled model design where the coaxial cable center conductor and the shield are split at the 

feed such that the signal carrying conductor is connected to the front side of the antenna 

structure while the shield of the cable is connected to the aft side of the antenna structure. 



 

 

77 

 

The front side of the antenna may need a support to ensure no mechanical stress is developed 

at the feed region, for instance, using nonconductive load bearing support sections. The 

coaxial cable can be fed through the hollow tubes that form the antenna arms and routed 

from the back of the vehicle through a grommet assembly made in the roof. Chokes must be 

installed at the feed to eliminate any undesired return currents from flowing on the shield of 

the feed cable. High power capable, low loss cables like the LMR-400 can be used in this 

assembly [67]. Presence of two arms allows for redundancy in the design such that a spare 

coaxial feed cable can be embedded in the second arm. In the case that the primary feed cable 

fails, the antenna can be fed using the auxiliary feed cable. A coaxial switch can be 

implemented at the antenna feed to switch between the feed cables under such situations. 

This specific implementation of the described antenna with the provision for an auxiliary 

feed mechanism will further add to its reliability and robustness.  

 

2.7 Summary 

 The entire research and development process resulting in a novel design of an 

electrically small, low profile, on the move capable vehicular HF antenna, with increased 

bandwidth is discussed. The overview of ionosphere and HF propagation shows that HF links 

can provide a possibility for long and short-range communication established without 

satellites or repeaters. Traditional ionosphere communication relies on 3 kHz links, whereas 

wider bandwidth waveforms with upto 24 kHz bandwidth have been standardized recently. 

Channel capacity estimates of ionospheric NVIS links typically improve with wider 

bandwidth links, when at least one of nodes has a high gain antenna (GTx ~ 5dBi) and high 

transmission power is used (Pt = 100 W). When communication between two portable nodes 
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with low gain antennas and limited transmitting power (Pt = 20 W) is considered, channel 

capacity is almost independent of bandwidth, indicating a saturation in the channel capacity. 

For the overall performance with the set bandwidth and gain criterion in mind, studies show 

that the inclusion of losses is necessary to assess the realistic performance for an electrically 

small antenna. The antenna evolution shows that a low profile inverted-L antenna can 

 

 

Figure 2.35: Measured and simulated normalized patterns of the scaled prototype. 
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potentially replace the existing whip antennas for purposes of on-the-move operation with 

better performance for NVIS mode of operation. The proposed antenna has gain better than 

-20 dBi above 3 MHz and bandwidth better than 24 kHz over different grounds with a profile 

of only 0.25 m (λ/400 at 3 MHz). Two-arm configuration is more robust, improves antenna 

performance and enables profile reduction of 63% as compared to a single arm topology. The 

antenna design process developed in this thesis can be adopted for various platforms and the 

desired performance criterion for gain and bandwidth can be achieved by adjusting the 

effective tuner resistance, profile and offset feed parameters favorably. The design is 

validated by means of scaled prototyping. Additive manufacturing is shown to be a time and 

cost-effective approach to model and test scaled HF antenna prototypes over a vehicular 

platform. The measurement results for impedance as well as the patterns provide confidence 

in the computational approach used throughout this work. 
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Chapter 3  

Full Scale Prototyping and Platform Integration of 

Vehicular HF Antennas 

 

 

3.1 Introduction 

The development of HF antennas for vehicular platforms requires a multi-

dimensional design approach focusing on the electrical and mechanical performance of the 

antenna structure over the selected vehicular platform. At HF frequencies, ranging from 3 to 

30 MHz [7], the vehicular antennas tend to be electrically small, owing to the large 

wavelengths and the relatively small size of the desired vehicular platform. The small 

electrical size of the antenna forces strong currents to flow onto the vehicular platform from 

where they radiate, making the vehicular platform an integral part of the antenna. Besides, 

the HF antennas considered herein are expected to support radiation at zenith for NVIS and 

at horizon for long range and ground communication, which is extremely challenging. This 

means that taking a specific vehicular platform into account during design is beneficial and 

may be necessary for successful accomplishment of the design goal.  

Vehicular HF antennas with low vertical profile are desired for ease operation in micro 

terrains, underpasses and in urban environments. These antennas often need to support on 

the move (OTM) operation. Vehicular HF antennas are also expected to integrate seamlessly 

with the vehicular superstructure and co-exist with other on-board infrastructure on the 

platform. They need to be easy to maintain and repair and be low cost and light weight. These 

expectations add to the practical design constraints of the antenna and limit the volume 
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available for the antenna deployment on the vehicular platform. The culmination of all these 

design requirements across various domains make the design of HF antennas on vehicular 

platforms extremely challenging.  

The maximum dimension of low-profile HF OTM antennas is restricted by the size of 

the vehicular platform which is typically 3 to 10 m in length and 2.5 to 5 m in width. The 

wavelength at 3 MHz is 100 m. Since the total size of the antenna – vehicle system is very 

small compared to the wavelength at HF frequencies, they are electrically small and support 

impedances with small input resistance and high reactance. These electrically small 

antennas support fundamental mode radiation patterns like the Hertzian electric dipoles or 

a Hertzian magnetic dipole at the low frequency end. As the antenna grows larger in 

electrical size with increase in operating frequency, these patterns change. This means that 

the antenna patterns need to be studied and engineered to favor the different modes of HF 

propagation at different frequencies. 

This chapter discusses the design, fabrication, integration, and field testing of a low 

profile, 24 kHz capable, vehicular HF antenna that has the potential to support near vertical 

incidence skywave (NVIS), groundwave as well as long range sky wave propagation modes 

over 3 to 30 MHz. Fabrication details for the antenna structure are illustrated. The antenna 

has built in tuner housed at its feed. Tuning with a COTS tuner is demonstrated. Impedance 

and pattern measurements for the full-scale HF antenna are shown and the challenges 

related to measurements are also discussed. The design approach described in Chapter 2 is 

used to design the antenna over the desired platform of the Oshkosh Mine Resistant Ambush 

Protected – All Terrain Vehicle (M-ATV) [68]. The focus of this chapter is the inverted-L mode 

of operation for the proposed antenna over the M-ATV. However, the same antenna structure 
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can also be reconfigured into loop mode or top loaded monopole mode of operation as may be 

required in different applications and operational scenarios [69]. 

The design of the full scaled HF antenna prototype described in this chapter is 

benchmarked against the size, features and performance of commercial vehicular HF 

antennas reviewed in Chapter 2. The requirement on the antenna profile is set at less than 

1 m and the power handling requirement is set to be higher than 400 W CW. The focus of 

this chapter is to design, fabricate, and discuss details about the field test for a practical 

prototype antenna with capability to support 24 kHz wideband HF waveforms while 

maintaining the desired low-profile criterion when deployed on the M-ATV platform.  

The chapter is organized into five sections followed by the summary as described below.  

• Section 3.2 discusses the features of M-ATV, the vehicular platform of interest, to lay 

the foundation for the antenna design process.  

• Section 3.3 discusses the antenna design process and the computational modeling 

details and results. 

• Section 3.4 shows the full-scaled prototype fabrication and integration over the steel 

pedestal platform at The University of Colorado Boulder. 

• Section 3.5 shows antenna measurements and field demonstration performed on the 

M-ATV platform mockup to validate the design. 

• Section 3.6 talks about the details of the vehicular integration of the full scaled 

antenna on the M-ATV platform, impedance measurement results and field 

demonstration performed thereafter. 

• Section 3.7 discusses the concept of an electrically switched reconfigurable HF 

antenna. 

• The extract of the chapter is summarized in Section 3.8 
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3.2 M-ATV Vehicular Platform 

The vehicular platform of interest for the design and demonstration of the full scale 

wideband HF antenna prototype is the Oshkosh Mine Resistant Ambush Protected-All 

Terrain Vehicle (M-ATV) [68]. This platform is designed to be the near future replacement 

for the currently used light weight all terrain platforms. The vehicle is 6.2 m long and 2.5 m 

wide with a height of 2.7 m. The prominent features of the vehicle that need to be considered 

in the HF antenna design include the presence of a crossed dipole for satellite 

communications in the rear, fog lamps on the front side of the roof, presence of personnel and 

weapons mounting hatch on the roof top, VHF antenna mounts on the front side near the A 

pillars, and a full size spare tire in the rear mounted high above the bumper. 

With a 1 m profile of antenna over the M-ATV platform, the size of the Chu sphere 

that encompasses the antenna and the vehicle is ≈ 3.8 m. This size would correspond to an 

electrical size of ‘ka ≈ 0.24’ at 3 MHz. For a single arm inverted-L antenna with a height of 1 

m and length equal to the length of the M-ATV platform (~6 m), the efficiency of the antenna 

needs to be less than 4.2% to support legacy 3 kHz bandwidth and less than 0.5% to support 

24 kHz wideband instantaneous tuned bandwidth at 3 MHz, based on the analytical 

approach for bandwidth and efficiency of electrically small antennas, discussed in chapter 2. 

Such low efficiency suggests that antenna gain performance will be sacrificed. As seen from 

the review of vehicular HF antennas in chapter 2, practical vehicle mounting constraints and 

low-profile requirement limit the best achievable antenna performance. The proposed 

antenna with the details of the M-ATV platform are shown in Figure 3.1. 



 

 

84 

 

 

3.3 Antenna Design 

The design of the proposed antenna prototype was performed as per the design process 

described in chapter 2. The antenna design is evolved from the traditional whip type HF 

antenna, mounted on the rear of the M-ATV. The performance of the bent whip was analyzed 

before transitioning to a single arm base fed inverted-L antenna. A second arm was added to 

enhance the bandwidth performance of the antenna without increasing its feed complexity. 

Tuner box was added to the rear of the vehicle and directly integrated with the antenna 

structure for the two-arm antenna model mounted on the M-ATV platform. The step by step 

antenna evolution is described in Figure 3.2.  

 

 

Figure 3.1: Full scale antenna prototype mounted on the M-ATV platform. 
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3.3.1 Mechanical Reconfigurability 

The full scaled prototype antenna is built with a structure that can mechanically 

reconfigure into an inverted-L mode, loop mode, and top loaded monopole mode of operation 

as shown in Figure 3.3. Each mode has its own set of benefits that could be exploited for the 

antenna to adapt to diverse communication requirements, and platform scenarios. Monopole 

based antennas (inverted-L or top loaded monopole antennas) require a single electrical 

ground point for mounting leading to easier platform integration. Additionally, monopole 

based antennas are less sensitive to losses from the surroundings. The input impedance of a 

monopole does not show anti-resonance behavior within the NVIS frequency range, with the 

considered antenna size on the M-ATV platform. This means that the considered monopole 

type antenna would have has less impedance variation as we move higher in frequencies, 

making it easier for tuning. The loop type of antenna on the other hand has better NVIS 

performance at the cost of requiring two ground points, and higher sensitivity to tuner and 

environment losses.  

 

 

Figure 3.2: Antenna evolution for the full-scale prototype mounted on the M-ATV. 
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The proposed inverted-L antenna on the M-ATV was specifically designed to share 

most of the basic hardware between itself and its loop or top loaded monopole counterparts. 

The decision of having a base fed inverted-L antenna was influenced by the practical 

necessity for the prototyping campaign to demonstrate and evaluate performance of different 

antennas types on the selected vehicle. Base feeding also allows for the tuner integration 

right at the antenna feed, which is important as the impedance seen by the tuner is an 

accurate representation of the antenna input impedance. The ability of the antenna to be 

reconfigured into different modes of operation was also approached as a risk mitigation 

strategy for the prototyping campaign because much details about the vehicular platform 

were not available in the open domain literature. 

 

 

Figure 3.3: Mechanical reconfiguration of the antenna from Inverted-L mode of operation 

to loop mode and top loaded monopole mode of operation on the M-ATV [34]. 
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3.3.2 Numerical Studies 

 The antenna design is performed in MoM code Altair FEKO [1]. The vehicular body 

and the tuner box are made of steel (electrical conductivity σ steel = 1.45×106 S/m). The antenna 

arms are built from 3.175 cm (1.25 in) diameter aluminum tubes (electrical conductivity σ 

aluminum = 3.8×107 S/m). Lossy grounds, defined in chapter 2 are used to compute antenna 

performance. The tires are modeled as rubber (dielectric constant εr = 3.0; relative 

permeability μr = 1; electrical conductivity σ rubber = 1×10-15 S/m). The non-conductive arms at 

the front that support the inverted-L antenna arms are made from chlorinated polyvinyl 

chloride (CPVC) pipe of 3.81 mm (1.5 in) diameter (dielectric constant εr = 3.7; tan(δ) = 0.0096) 

[70]. The calculated input resistance and the reactance of the proposed two arm inverted-L 

 

 

Figure 3.4: Input resistance of the two arm Inverted-L antenna mounted on the M-ATV 

with 0.8 m profile and 6 m length. Additional 2Ω effective tuner resistance is taken into 

account.  
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antenna deployed on the M-ATV is shown in Figure 3.4 and Figure 3.5 respectively. 

 

Figure 3.6: Bandwidth estimate for the two arm inverted-L antenna mounted on the M-

ATV loaded with 2Ω of effective tuner resistance. The antenna supports bandwidth better 

than 24 kHz over different grounds for the entire frequency range from 3 to 30 MHz.  

 

Figure 3.5: Input reactance of the two arm inverted-L antenna mounted on the M-ATV 

with 0.8 m profile and 6 m length. Additional 2Ω effective tuner resistance is taken into 

account. 
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Bandwidth performance is shown in Figure 3.6. The antenna performance with additional 2 

Ω of effective tuner resistance, considered as part of the antenna system is reported herein. 

This 2 Ω effective tuner resistance value sets the requirements for the tuner performance to 

achieve the desired bandwidth and gain goals with the proposed antenna.   

 The antenna impedance shows a resonance around 8 MHz on the low end and around 

23 MHz on the high end. The antenna has an antiresonance around 15 MHz on the low end 

and around 29.5 MHz on the high end. The input resistance of the antenna is small at the 

low end and progressively increases as we go higher in frequency till the first antiresonance. 

Over the entire frequency range of interest spanning from 3 MHz to 30 MHz, the antenna 

wraps around the Smith chart two times as we move up in frequency.  

 

 

Figure 3.7: Simulated total gain patterns for the two-arm inverted-L antenna mounted on 

the M-ATV over dry, wet and PEC grounds. 
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The input reactance of the antenna over different ground follows similar trend 

showing that this antenna can be tuned using the same tuning topology at a given point in 

frequency over different types of grounds. The tuned fractional impedance bandwidth is 

estimated based on the untuned antenna input resistance R and reactance X as described in 

chapter 2. The bandwidth estimation of the antenna over different grounds, as shown in 

Figure 3.6 demonstrates that PEC ground is the worst case in terms of bandwidth. The 

simulated antenna gain performance over dry grounds is shown in Figure 3.7. Dry ground is 

the worst-case scenario for gain of the two-arm inverted-L antenna mounted over the M-ATV. 

The patterns show that in the NVIS frequency range (3 to 10 MHz) the antenna is capable of 

supporting NVIS, ground wave and long-range sky wave patterns. At frequencies above 15 

MHz, the antenna favors long range sky wave and ground wave modes of communication. 

With the given profile of 0.8 m, this antenna satisfies the design requirements of 24 kHz 

bandwidth starting from 3 MHz with the considered 2 Ω of effective tuner resistance. 

However, performance at 2 MHz can be improved by using a higher profile or by making 

current distribution in the horizontal sections more uniform, for example, with an offset feed 

as shown in chapter 2, or by the use of reactive loading, which is the part of future study. 

  

3.4 Full Scale Prototype 

 After designing the antenna with computational tools mentioned in the previous 

sections, the antenna design was transitioned from the digital design files into a full scaled 

prototype. The antenna fabrication was carried out in form of an incremental process where 

every functional element of the antenna was tested and validated one at a time. Every 

element was tested for mechanical fit and functionality before moving to the electrical tests. 
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The simulated input resistance and reactance of the two-arm inverted-L antenna for 

the M-ATV emphasized the importance of good fabrication for the success of the antenna 

since every possible loss in the antenna was desired to be minimized. Measurement and 

fabrication capabilities required for realizing such electrically small antenna on a vehicular 

platform were developed and verified as part of the process. The developed capabilities were 

eventually used towards the realization of the full scaled design on the M-ATV.  

 

3.4.1 Antenna Fabrication 

 The full-scale prototype fabrication was conducted at the University of Colorado 

Boulder. Since accurate vehicle dimensions were not available at the time of fabrication, and 

access to the M-ATV could not be granted, the antenna was built out of interconnecting 

 

 

Figure 3.8: Fabrication and assembly of the proposed antenna full scaled prototype. 
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modules. These modules were designed to be connected and realigned with respect to each 

other to enable flexible adjustment of the antenna dimensions to fit on the vehicle. The ability 

of the individual antenna sections and modules to be flexible to adapt to the vehicle 

dimensions added a lot of confidence in the fabrication stage as the antenna had a high 

likelihood of easy platform integration compared to a rigid structure made from fixed lengths. 

The step by step fabrication and assembly of the full scaled antenna is shown in Figure 

3.8. The antenna superstructure was chosen to be made from 3.175 cm (1.25”) diameter 

aluminum tube sections which are interconnected with 1” copper pipe sections. The selection 

of a tube and pipe combination was made so that the outer diameter of the copper pipe 

matched the inner diameter of the aluminum tube to give a high tolerance sleeve contact 

between the aluminum – copper – aluminum interface. Standard COTS plumbing and 

structural parts such as flanges, elbows and reducers were used in the model to ensure ease 

of fabrication, achieve low development cost and to minimize the number of custom parts 

required for the antenna. While the two arms of the antenna were chosen to be made from 

cylindrical tubular structures with 4 feet long sections connected with the copper pipe 

sleeves, the right-angled sections of the arms were made from 1 feet long, welded sections of 

the aluminum tubes. The rear base of the antenna was fabricated with 6.35 cm (2.5 in) square 

busbar sections. The use of busbars allowed the antenna mount and the base to bear the 

entire structural load of the antenna and transfer it effectively onto the vehicle chassis while 

maintaining good structural integrity. Custom adapters were developed for the transition 

between the rear busbar section and the tubes forming the antenna arms. The antenna feed 

was established between the busbar sections and the antenna base using 7.62 cm (3 in) thick 

and 11.43 cm (4.5 in) tall insulating ceramic support posts. The details of the different parts 

of the prototype are shown in Figure 3.9.  
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Figure 3.9: Fabrication details for the full scaled half-loop prototype showing the welding 

process to form the right-angled sections of the loop arms, the fabrication of custom 

adapters and the build details of the feed.  
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3.4.2 Preliminary Testing 

 The first set of tests with the fully assembled antenna system was performed at the 

University of Colorado Boulder. The test aimed to assess the integration of the antenna parts 

along with the COTS tuner and radio, and to acquire the experience for measurement, tuning 

integration, and operation of such electrically small antennas. A number of links at various 

frequencies and with various power levels were established with a remote test site in order 

to perform system integration tests and to acquire NVIS communication experience. Majority 

of these tests focused on working with the antenna in the loop mode as it was the most 

challenging variant to tune and operate due to its small input resistance. There were two 

 

 

Figure 3.10: Map of Boulder, Colorado, showing the various test locations considered for 

the preliminary NVIS link tests. 
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operation sites established to perform the testing. One site was responsible for the operation 

of the loop antenna from the Engineering building at the University of Colorado Boulder, 

while the other group set up an HF station with a tri-band fan dipole at a remote location in 

the mountains close to Boulder, Colorado. A few locations were considered for this test. All 

 

 

Figure 3.11: Setup for the HF station atop the roof of the engineering center at the 

University of Colorado Boulder. Seen in the top inset is the structure of the antenna 

configures in the Dual Arm Half Loop Antenna (DHLA) mode. The top right inset shows 

the details of the tuner box, the feed region and the COTS tuner installed inside the tuner 

box [34]. 
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the selected locations were across mountains so that the ground wave component would be 

severely suppressed (Figure 3.10). The Barker reservoir location, 12.8 mi away from the 

University location was chosen for the further tests after surveying the selected locations.  

  The setup for the two arm half-loop antenna atop the engineering center at the 

University of Colorado Boulder is shown in Figure 3.11. The setup consists of the prototype 

configured in the dual arm half loop antenna (DHLA) mode connected to the COTS Palstar 

HF-Auto tuner and its control unit [71]. The tuner is interfaced to a COTS 3 kHz HF radio 

[72]. Measurement equipment to get VSWR and impedance data from the antenna is set up 

close to the antenna in the command center. The antenna can be seen mounted on the 

metallic scaffolding with a wooden base used as a temporary support. All the parts made for 

the antenna were tested for tolerance and fit with its corresponding mating parts during the 

first assembly routine for the prototype. The structural integration also proved that the 

ceramic supports chosen for the build could support the entire weight of the antenna while 

still maintaining electrical isolation between the signal side connected to the antenna arms 

and the ground connected to the metallic scaffolding below the antenna. The setup for testing 

at the remote site is shown in Figure 3.12. The HF station was set up inside of a vehicle 

stationed next to the fan dipole antenna used for tests. The remote site was powered by a 

heavy-duty lead acid battery and a standby generator.  

The link establishment tests were performed on various amateur radio frequency 

bands from 3.5 to 28 MHz for the prototype configured in the inverted-L mode, top loaded 

monopole mode and the loop mode with a minimum of 5 W and maximum of 100 W of transmit 

power using the CW and LSB modulation modes. NVIS contacts with the remote team as 

well as with numerous local amateur radio operators were established. Apart from this, long 

range skywave contacts with operators from other parts of the USA as well as with some 
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international amateur radio stations were also established during these tests. The tests 

demonstrated successful integration of all components in the system and provided necessary 

operational training for the team. Impedance measurements performed during this 

preliminary testing phase pointed to high impact of parasitic reactance associated with 

 

 

Figure 3.12: Setup for the HF station at the remote site for the preliminary testing of the 

two arms half-loop antenna at the University of Colorado Boulder. 
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surroundings on the antenna impedance and on the position of anti-resonance in particular. 

Note that the effects of parasitic reactance are not typically seen during these tests with 

regular sized, electrically large dipole antennas as much as they were seen with the 

electrically small prototype antenna.  

 

3.5 Antenna Measurements on Platform Mockup 

A few field tests focused on interfacing the 24 kHz wideband HF radio with the 

developed antenna system. These field tests were carried out before integrating the antenna 

system on the M-ATV. These antenna measurement and system integration campaigns were 

performed between January and September 2015. The antenna pattern measurements were 

performed at the SPAWAR Antenna Pattern Range (APR) measurement facility at the Point 

 

 

Figure 3.13: Aerial Rendering of the SPAWAR HF Antenna Pattern Range at the Point 

Loma Naval base in San Diego, California [74]. 
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Loma Naval Base in San Diego [73]. The details of the APR site are shown in Figure 3.13 

[74]. The purpose of the antenna pattern measurements was to evaluate the performance of 

the antenna and validate the performance computed from the computational modeling 

exercise. Results of the measurements conducted demonstrate the validity of the developed 

design and showcase their utility for integration into the future HF OTM platforms. 

 

3.5.1 Integration on Platform Mockup 

 The developed antenna system was mounted on a mockup platform made from a 

rectangular aluminum box. The mockup platform was used to simulate the antenna mounted 

 

 

Figure 3.14: Setup for pattern measurements of the full scaled two arm inverted-L 

antenna mounted over the M-ATV mockup platform at the SPAWAR HF Antenna Pattern 

Range located at Point Loma Naval base in San Diego, California [75][76]. 
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on the M-ATV and provide similar operational environment. The size of the aluminum box 

used for the mockup platform is 4 m (L) x 2 m (W) x 1 m (H). The box is raised on four wooden 

shipping crates with dimensions of 1.5 m (L) x 1 m (W) x 0.8 m (H) to simulate the effect of 

electrical isolation between the metal body of the M-ATV and the ground as it is mounted on 

four tires. The rear end of the mockup platform was made to have the same mounting 

structure and hole pattern as would be used in the actual M-ATV to check for fit and 

functionality of the designed mechanical mounts and fixtures. The feed is realized using the 

ceramic feed through posts that separate the signal and ground side of the antenna. The 

tuner box is housed inside the aluminum mockup platform box. The entire assembly is placed 

over a rotating turntable at the center of the APR for the pattern and gain measurements. 

The Palstar HF-Auto COTS tuner is installed inside the tuner box and the RF coaxial cable 

feeding the antenna and the control cable for the tuner are routed to the tuner box through 

a rotary joint located under the APR turntable. The antenna arms are supported in the front 

using two CPVC supports, similar to the case when it would be mounted on the M-ATV. The 

pattern measurement setup is shown in Figure 3.14.  

 

3.5.2 Pattern Measurements  

Pattern measurements for the full scaled antenna prototype configured in inverted-L 

mode as well as the loop mode, mounted on the M-ATV mockup platform were performed. 

There were several objects electrically close to the range behaving as scaterers, and thus 

special post-processing and time gating is used to filter out reflections from nearby 
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structures. The measured directivity patterns for the inverted-L mode are shown here in 

Figure 3.15.  

The measured zenith gain for the Inverted-L mode are shown in Figure 3.16. From 

the two results we can see that the null at zenith at lower frequencies has been weakened 

significantly owing to the energy redirected from the large conductive ground below the 

antenna. The peak gain over the 3 to 10 MHz NVIS band saturates at -9 dB while the zenith 

gain is -18.4 dB at 3 MHz increasing to -10 dB at 10 MHz. 

 

 

Figure 3.15: Measured directivity of the full scaled two arm inverted-L antenna mounted 

over the M-ATV mockup platform at the SPAWAR HF Antenna Pattern Range located at 

Point Loma Naval base in San Diego, California. 
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3.6 Vehicular Integration  

The proposed antenna is integrated onto the M-ATV with other existing vehicular 

antenna systems in situ. Not a single modification of preexisting antennas and other systems 

present on the M-ATV was allowed, thus making this assembly even more challenging. The 

full scale prototype can be seen in Figure 3.17. Aluminum is chosen as a compromise between 

weight, machinability and structural strength. Feed region is established at the rear center 

 

 

Figure 3.16: Measured Zenith gain of the full scaled two arm inverted-L antenna mounted 

over the M-ATV mockup platform at the SPAWAR HF Antenna Pattern Range located at 

Point Loma Naval base in San Diego, California. 
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of the vehicle. The antenna is mounted on the M-ATV using fixtures that secure a mounting 

plate on the rear chassis of the M-ATV. The details of the integration achieved using the 

individual parts of the antenna are shown in detail in Figure 3.18. The mounting plate houses 

the tuner box and the feed region of the antenna (Figure 3.18 (a)). Antenna is fed against the 

vehicle body and is electrically isolated from the vehicle at the feed using four 7.5 cm 

diameter, 12 cm tall ceramic insulators. The tuner’s signal line was connected to the antenna 

structure through a feed post running through one of the ceramic insulators, and the antenna 

ground was connected to the tuner box housing which in turn connects to the homogenous 

vehicular ground through the chassis. The feed layout is done so that the peak electric fields 

are well below breakdown for 400 W of input RF power in the worst-case scenario. Rear base 

of the antenna is made from rigid aluminum framework made from 6.5 cm wide square 

busbar tubing while the inverted L sections are made from 3.5 cm diameter round tubing. 

Copper interconnecting sleeves are used for joining the aluminum tubes (Figure 3.18 (b)). 

Such a flexible assembly allowed for fine adjustment of the antenna structure dimensions on 

 

 

Figure 3.17: Full scale prototype of proposed antenna deployed on M-ATV. 
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the platform as described before. Since the aluminum and copper sleeve joints are prone to 

oxidation and corrosion, they were polished before each set of measurements. To use the 

joints over the duration of several measurements without deteriorating the contact due to 

oxidation, oxide inhibiting electrical joint compound called ‘Penetrox-13A’ was used at the 

sleeve joint interface [77]. The signal and control cables are routed from the side of the tuner 

box (Figure 3.18 (c)). The tapering tips of two arms are made from COTS PRC series HF 

collapsible whips. The front tips of the whips are secured by means of a nonconductive cord 

to the front bumper of the vehicle for stability. The cantilever beam formed by each arm is 

supported by 5 cm diameter CPVC columns mounted on brackets located at the front of the 

vehicle. These brackets are mounted at the base of the fog lights at the junction of the roof 

and the A-pillar of the M-ATV.  

   

   (a)                               (b)                                (c) 

Figure 3.18: Details of the various parts used in the integration of the 2-arm inverted-L 

antenna prototype with the M-ATV: (a) mounting of the tuner box and antenna on the M-

ATV chassis. Also shown is a close up view of the feed region, (b) modular aluminum tube 

sections connected using copper sleeve joints, (c) tuner interface with signal, DC power and 

remote-control cables. 
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3.6.1 Preliminary Impedance Measurements  

 Flexible, low loss LMR 400 coaxial cable was used to connect the radio with the 

antenna. The antenna tuner box housing the COTS Palstar HF Auto tuner at the feed was 

sealed using silicon based epoxy resin for weather protection against rain, moisture, dust and 

dew. The location of the tuner at the feed of the antenna itself, helps for precise tuning. The 

antenna was driven from a remote location, to better facilitate inter-operability with the 

radio, network, data and other engineering teams. This also allowed for operating under 

changing weather conditions as most of the equipment except the tuner could be housed 

indoors. To achieve this, the radio, tuner control unit and antenna measurement equipment 

were placed either inside a nearby building or inside a mobile laboratory setup inside a large 

van. Both these locations were at about 200 feet from the antenna prototype mounted on the 

 

 

Figure 3.19: Details of the measurement setup used on the field for the antenna prototype 

mounted on the M-ATV. 
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M-ATV. The coaxial cable feeding the antenna was choked using ferrite beads and a large air 

core inductive coil choke to prevent any uncontrolled and undesired radiation from return 

currents flowing on the outside of the coaxial cable shield. The drooping tips of the whips 

protruding from the two arms of the inverted-L antenna are tied to the front bumper using 

non-conductive cords for maintaining stability throughout the measurements. The details of 

the measurement setup mentioned above are shown in Figure 3.19. Impedance 

measurements for the inverted-L mode of operation are shown in Figure 3.20. The impedance 

measurements of the antenna confirmed the expectations – the impedance goes through a 

series resonance at 7.5 MHz and anti-resonance at 14.5 MHz. This corresponds to a 0.5 MHz 

 

 

Figure 3.20: Measured and modeled antenna input impedance of the inverted-L antenna 

prototype mode mounted on the M-ATV. Untuned impedances are shown from 2 to 

15 MHz. The dashed circle indicates the 2:1 VSWR condition. 
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drift in the resonance and antiresonance locations of the measured antenna compared to the 

computational model predictions. The drift can be attributed to the limited knowledge of 

materials used in the M-ATV, the difference in the modeled and actual dimensions of the M-

ATV, the impact of paint and other platform related entities on the antenna performance and 

the variation in the deployed antenna environment compared to the modeled wet and dry 

ground scenarios. Practically, this drift in impedances did not matter on the field as the tuner 

attached to the antenna was capable of operating the antenna over a wide range of 

frequencies, including at antiresonance. The antenna was thus able to be operated in a tuned 

configuration when connected to the radio at the desired frequency of operation.   

 

3.6.2 Field Demonstration 

 The developed antenna prototype was showcased and demonstrated as part of the 

ONR’s annual technology demonstration event called “Agile Bloodhound 2015 (AB-15)” at the 

Marine Corps Base Hawaii (MCBH), Hawaii. As part of the technology evaluation, it was 

demonstrated that all the modes of operation of the antenna, the inverted-L mode, loop mode 

and the top loaded monopole mode were tuned by the COTS tuner. A set of tests with WB HF 

Trellisware radio were also conducted [78]. The antenna was successfully integrated with the 

24 kHz wideband radio in the loop mode and the inverted-L mode of operation. The developed 

half-loop antenna system on the M-ATV was demonstrated and wideband HF connectivity 

between two testing locations was established using 24 kHz wideband waveforms. Link 

between the two sites separated by 14.5 km (9 mi) was established at 8.006 MHz. Analysis of 

time delay of arrival and signal strength of received raw data information over the HF link 

over the proprietary interface of the WB HF Trellisware radio was used to determine that 

the main communication mode was NVIS [78]. With an average input power of 30 W (230 W 
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peak) a file of 99196 bytes was transmitted from the OTM half-loop to a horizontal half-

wavelength dipole in about 200 seconds, which corresponds to average data transfer rate of 

4 kbps. The maximum bitrate was seen up to 40 kbps. A long range skywave link over 7000 

km was established at 14.243 MHz from Hawaii to Indiana, by using a conventional 3 kHz 

radio and input power of 100 W [72].  

 

Figure 3.21: Fabrication details of the reconfigurable half-loop / inverted-L antenna switch 

box using standard hardware parts and switches. 
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3.7 Switched Reconfigurable HF Antenna Concept 

 The combination of inverted-L and half-loop antenna designs into a reconfigurable 

switchable antenna structure would have the benefits of the performance advantages and 

 

Figure 3.22: Full installation of the reconfigurable antenna system on the roof of 

engineering center at the CU Boulder. Metallic scaffolding provides a ground for the 

antenna. The lower part of the figure virtually depicts the flow of current in the two 

different operational modes of the antenna. 
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discussed peculiarities of both these antennas in a single superstructure. The inverted-L and 

half-loop antennas proposed in this chapter have their respective benefits and challenges. 

For instance, inverted-L antenna has better omni-directionality within the NVIS frequency 

range, which is important for ground wave communications while the half-loop antenna has 

features that can better support NVIS communication. Switching between different antenna 

modes under specific operating conditions, ionospheric conditions or communication 

requirements allows for improved overall antenna performance at the expense of added 

hardware complexity and sophisticated concept of operation.  

 

3.7.1 Utilization of Existing Antenna Hardware 

 The hardware for this reconfigurable antenna design has been borrowed from the 

antenna system developed and used for the Agile Bloodhound 2015 demonstration as it is 

described previously. The reconfigurable antenna however, is fabricated by combining the 

two antenna concepts into a one operational structure, where the half-loop and the inverted-

L modes are switched using a rotary position switch. Mechanical switch is utilized for the 

proof of concept purpose; in the final design, electronic switching can be realized. Each arm 

houses the rotary position switch at the junction of the half-loop mode and the inverted-L 

mode joints. The exact fabrication and assembly of the reconfigurable mode switch box is 

illustrated in Figure 3.21. The rotary switch is used as a best choice for handling high 

currents that would exist during operation on the arms of the antenna in the half-loop mode.  

The antenna is tested at the University of Colorado Boulder over large metallic 

scaffolding on the engineering building roof, which was used as a mounting base in place of 

the M-ATV body. Once the switch box is fabricated, it is internally wired with 8 AWG multi 

stranded flexible wire soldered on to the rotary switch to establish the connection at 
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appropriate switch poles, such that it connects the antenna arm connected to the feed to the 

inverted-L or the half-loop mode extensions to reconfigure the antenna on the move. The 

complete installation of the antenna is shown in detail in Figure 3.22 with the virtual 

representation of current flow when the antenna is switched for use in either inverted-L mode 

or the half-loop mode.  

 

3.7.2 Computational Modeling and Measurement Results 

 The switched reconfigurable antenna is modeled in Altair FEKO. Each of the antenna 

arms are modeled with a 0.8 Ω series resistor placed at the switch. The 0.8 Ω series resistor 

corresponds to the contact resistance offered by the switch in the connected state. For the 

switch position combinations, two computational models are created. The first model 

configures the antenna in the inverted-L state while the second model configures the antenna 

in the loop mode of operation. The computational model for the inverted-L mode is solved 

with the switch on the antenna arm connecting the feed side of the antenna to the long whip 

 

 

Figure 3.23: Computational model used in Altair FEKO to verify the operation of the 

switched reconfigurable antenna. 
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section and disconnecting the shunting leg. For the loop mode of operation, the switch 

connects the feed side of the antenna to the shunt legs of the half loop antenna while 

disconnecting electrical contact from the long whip sections.  For the computational model, 

the vestigial elements are also modeled even if they are electrically disconnected to capture 

their impact on the antenna due to parasitics. The antenna model is simulated on a steel 

pedestal 5 m (L) × 7 m (B) × 0.8 m (H). This pedestal corresponds to the metal grill platform 

that would be used to mount the antenna during actual field tests at the Engineering center 

at CU Boulder. The computational model used for this analysis is shown in Figure 3.23. The 

antenna dimensions – 0.8 m profile and ~6.5 m length with 2.4 m width are maintained the 

same. The antenna hardware parts and material properties are also modeled same as 

previously described in section 3.3 through 3.6. This model does not include the 

considerations for effective tuner resistance but includes the switch contact resistances to 

 

Figure 3.24: Input resistance of the two-arm switched reconfigurable antenna mounted on 

the steel pedestal with 0.8 m profile and 6 m length. Additional 0.8 Ω switch resistance is 

taken into account for both the switches housed on the antenna arms. 
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study the impact of the switching on the antenna. The computed resistance of the switched 

reconfigurable antenna in the inverted-L mode and the loop mode of operation is shown in 

Figure 3.24. The input resistance of the inverted-L mode of operation is seen to be higher 

than the loop mode of operation at the low frequency end. This will make tuning the inverted-

L mode much easier at the low end and make it relatively less impacted by other losses from 

the environment as compared to the loop mode of operation at the lower frequencies. The 

input reactances for the switched reconfigurable antenna in the inverted-L mode and the loop 

mode of operation are shown in Figure 3.25. The input resistance is small at the low end 

confirming electrically small nature of the antenna. The ohmic loss from the switch impacts 

the input resistance in the case of the half-loop antenna while it does not contribute much to 

the loss at the low end in case of the inverted-L mode due to the continuity equation bounds, 

currents established through the switches in the two configurations, and the relative position 

 

Figure 3.25: Input reactance of the two-arm switched reconfigurable antenna mounted on 

the steel pedestal with 0.8 m profile and 6 m length. Additional 0.8 Ω switch resistance is 

taken into account for both the switches housed on the antenna arms. 
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of the feed compared to the location of the switches. From the impedance data, the antenna 

has an antiresonance at 12 MHz in the inverted-L mode of operation while the loop mode of 

operation has an antiresonance at around 18 MHz. The separation of these antiresonances 

in the frequency domain allows for a fallback option for the antenna to be operated in the 

other mode at these frequencies in case tuning at the antiresonance proves to be challenging 

due to rapid changes in the input resistance and reactance influenced due to changes in the 

environment as the vehicle moves. 

 

 

Figure 3.26: Measured impedances of the two-arm switched reconfigurable antenna 

mounted on the steel pedestal with rotary switches on the antenna arms. 
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3.7.3 Preliminary Measurements  

 The measured impedances of the two antenna modes are shown in Figure 3.26. As 

expected, the antenna is seen to be predominantly inductive for the loop mode and 

predominantly capacitive for the inverted-L mode of operation with the two configurations of 

the switches. The two modes of operation are tuned using the COTS Palstar tuner [71]. The 

tuned impedances for the reconfigurable antenna is measured for the half-loop mode of 

operation with the Palstar tuner. The antenna can be tuned all the way down to 2 MHz using 

the COTS Palstar HF-Auto tuner for the half-loop mode of operation. Figure 3.27 shows tuned 

impedance measurements for this mode over 3 to 10 MHz overlaid in one plot. Contrary to 

the half loop mode of operation, the inverted-L mode can only be tuned down to 2.7 MHz 

owing to the limitation of the shunt inductor range used in the Palstar tuner in this case. The 

tuned impedances measured over 3 to 10 MHz from the inverted-L mode of operation for the 

 

Figure 3.27: Measured S parameters of the two-arm switched reconfigurable antenna 

mounted on the steel pedestal with rotary switches on the antenna arms. 
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reconfigurable antenna with the Palstar tuner are shown overlaid in one plot in Figure 3.28. 

  

3.7.4 Discussion for Switched Mode Operation 

The switched reconfigurable mode antenna looks quite attractive as a concept for 

application in vehicular HF antennas. Some important questions and challenges need to be 

addressed in this direction by a more thorough follow on study for a wholistic design analysis, 

including:  

• Manual mechanical switching may not be suitable for OTM operation. More 

convenient automatic switching can be achieved with relays driven RF switches and 

the automatic tuning capabilities of the tuner. 

 

Figure 3.28: Measured S parameters of the two-arm switched reconfigurable antenna 

mounted on the steel pedestal with rotary switches on the antenna arms. 
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• Switch is shown to introduce extra loss. This leaves less room for possible tuner loss 

in the half-loop mode. To maintain acceptable gain performance, half-loop size may 

need to be larger than the equivalent antenna without switches.  

• Since HF NVIS OTM antennas are electrically small, significant currents and 

voltages can be established across the feed during operation. Simple straight 

switching may result in large power reflection back to tuner with possible damaging 

equipment. Concept of switchable operation should be carefully considered. 

• In addition to the half-loop / inverted-L re-configurable antenna, switching between a 

monopole and half-loop can be another combination. In later case, antenna can be 

designed to be more compact in horizontal dimensions. 

 

3.8 Summary  

 The design and full scale prototyping of a low profile, wideband, OTM capable 

vehicular HF antenna is discussed. Antenna shows promise to support all modes of HF 

communication. This study paves the way for the design of electrically small HF antennas 

over other land and ship based platforms in the future. 

The design approach discussed in chapter 2 is adopted herein for the development on 

the M-ATV platform. The proposed antenna is made with mechanical reconfigurability in 

mind. For the inverted-L mode of operation for the M-ATV, the antenna has two arms with 

base feed. The antenna dimensions are: profile of 0.8 m (λ/125 at 3 MHz), 6.5 m length and 

2.4 m width. The proposed antenna can be mechanically reconfigured on the vehicle in three 

modes of operation including the half-loop mode and the top loaded monopole mode, although 

this chapter focuses specifically on the inverted-L vehicular antenna design and development 
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aspects. Each of the modes has its own set of benefits in terms of support of HF propagation 

modes, requirement of access to grounds on the vehicle, sensitivity to losses in the 

environment, ease of tuning and others. Majority of the antenna structure and features are 

maintained common between the three modes of operation to make mechanical 

reconfiguration easier.  

Computational analysis of the antenna is discussed for the inverted-L mode. The 

results from the computational analysis show that the vehicular antenna can support the 

desired 24 kHz wideband HF operation with zenith gain better than -20 dBi over the M-ATV 

platform. Computed impedance over different grounds show that the impedance profile of the 

antenna is consistent with change in grounds and encourages the use of same tuning 

architecture over various grounds. The computed antenna patterns show that the antenna 

has a slight null in gain pattern close to zenith at low frequencies and this null gets weaker 

at higher frequencies. 

The full scaled prototyping and fabrication process is discussed in detail. The 

evolution of the antenna from a concept to a computational model and then to an early stage 

prototype by adhering to the previously demonstrated design process is described. Practical 

aspects of antenna fabrication and fitting for various parts of the antenna on the vehicular 

host platform are considered to realize the antenna. Adjustable sleeve joints with the 

aluminum-copper-aluminum interface are shown to be a practical interface that provides an 

antenna structure with the desired dimensional flexibility for platform integration. The 

antenna is fed using feed through ceramic posts. The feed is demonstrated to work well from 

an electrical as well as structural point of view. Successful integration of a COTS tuner to 

tune the antenna over desired HF frequencies of operation is demonstrated. The use of COTS 

tuner over the entire range of frequencies, including the region of antiresonances shows that 



 

 

119 

 

the antenna can be tuned and operated at anti resonance in static conditions. Modular 

mounting and integration provisions of the antenna are used to integrate the antenna onto 

various platforms such as a steel pedestal, the M-ATV mockup on the aluminum box, and the 

actual M-ATV without much modification to the antenna structure throughout the 

development and field testing process. Preliminary testing results and the process adopted 

to familiarize with the aspects of field operations and HF communications are shown. Use of 

mountainous terrain for separation between the AUT site located at the engineering building 

of CU Boulder and the remote test site is shown to ensure that NVIS mode of communication 

is established for all tests during the preliminary testing phase. 

Antenna pattern and gain measurements are performed at the SPAWAR APR facility 

in San Diego, CA. An M-ATV platform mockup is used for these measurements due to 

limitations of the measurement facility and the lack of availability of an M-ATV vehicle at 

the testing site. The electrical and mechanical integration of the antenna on the platform 

mockup is shown. COTS tuner is interfaced with the antenna on the platform mockup for 

these measurements. The tuner is shown to tune the antenna over all frequencies from 3 to 

30 MHz in a static case in both the tuning scenarios, first over the vehicular mockup and 

later over the M-ATV platform in spite of the presence of antiresonances. It is important to 

note that on-the-move conditions were not tested on the M-ATV, since OTM operation of the 

antenna system is prohibited due to safety and certification related constraints. It is expected 

that in a dynamic case, where the host vehicle moves, the antenna may need some re-tuning 

to counter the impact of the changing environment on the antenna impedance, irrespective 

of the proximity of the operating frequency to anti-resonance. The details of such dynamic 

on-the-move tuning for a vehicular HF antenna such as the one proposed herein are outside 

the scope of the current work showcased in this chapter. The gain and pattern measurement 
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data confirm that the proposed antenna can support NVIS mode of propagation at the low 

frequency end and ground wave and long-range sky wave modes of propagation over the 

higher frequency ranges since it has significant radiation directed towards the horizon at 

higher frequencies. Quantitatively, the measurement results relate well with the 

computational analysis for the antenna placed over a PEC ground with the peak gain 

saturating at -9 dB in the 3 MHz to 10 MHz NVIS frequency range. The zenith gain is shown 

to be better than -18.4 dB at 3 MHz and increases to -10 dB at 10 MHz.   

The computational design is validated by means of the full scaled measurements and 

field experiments. The vehicular integration of the proposed antenna is shown. The soldier 

friendly antenna can fit in a kit measuring 1.5 m (L) x 0.3 m (W) x 0.2 m (D) and weighs less 

than 12 kg. It can be deployed on the M-ATV within 15 minutes by a two person/soldier team 

as was done throughout the field demonstration campaigns. The antenna can work with all 

existing vehicular antennas and systems in place. Ferrite beads and choking coils are used 

to avoid any return currents on the coaxial cable from radiating. Impedance measurements 

on the M-ATV are shown to agree well with the predictions. This gives confidence in design 

tools used. There is a drift of 0.5 MHz between the measured and computed resonance and 

antiresonance locations and the difference is ascribed to the lack of accurate knowledge of 

materials on the M-ATV, the simplified computational model, grounds and the measurement 

environment.  

The field demonstration of the antenna mounted on the M-ATV is performed. 

Successful integration with a WB HF radio is conducted. The antenna in half-loop 

configuration on the M-ATV is used to demonstrate wideband HF connectivity between two 

testing locations using 24 kHz wideband waveforms. The link is set up over a distance of 14.5 

km (9 mi) at 8.006 MHz. Analysis of delay and signal strength confirms that the main 
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communication mode was NVIS. With an average input power of 30 W (230 W peak) a file of 

99196 bytes was transmitted from the OTM half-loop to a horizontal half-wavelength dipole 

in about 200 seconds, which corresponds to average data transfer rate of 4 kbps. The 

maximum bitrate up to 40 kbps is seen to be supported by the antenna system. For the 

inverted-L mode of operation of the antenna, a long range skywave link over 7000 km was 

established at 14.243 MHz from Hawaii to Indiana, by using a conventional 3 kHz radio and 

input power of 100 W.  

 The proof of concept validation for a switched reconfigurable mode vehicular HF 

antenna is demonstrated in the last part of this chapter. The existing antenna hardware is 

modified to house a switch on each arm to reconfigure the antenna in the inverted-L or the 

loop mode of operation. Computational modeling results show that the antiresonances of the 

two modes of operation are spread in frequency thereby giving the advantage of a fall back 

in case tuning the antenna around the antiresonance frequencies proves to be challenging in 

rapidly changing environments. Impedance measurements show expected results where the 

antenna is inductive for the loop mode and capacitive for the inverted-L mode of operation. 

COTS tuner is interfaced to this antenna and tuning over 3 to 10 MHz is demonstrated.  

 The practical challenges with the realization of this antenna are discussed in the 

concluding part of this section. From the discussion, it is clear that the design and 

development of an antenna with easy, practical and possibly OTM, electronically switched 

structure for the different modes of operation of the antenna would be highly desired despite 

the practical challenges. Such an antenna would truly be beneficial for flexible antenna 

reconfiguration to diverse communication conditions and operational scenarios in the future. 
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Chapter 4  

Assembly Strategies for Isolation Improvement of 

Millimeter Wave Front Ends on Space Constrained 

Cylindrical Payloads 

 

 

4.1 Introduction 

The part of electromagnetic spectrum with frequencies between 3 Hz to 3 THz 

comprises of the radio spectrum [79]. Electromagnetic waves are used for various applications 

across the radio spectrum for modern telecommunications, sensing, weather forecasting, 

satellite operations, remote sensing, telephony, automotive applications and so on. Like most 

other resources, the radio spectrum is also a fixed commodity that is compartmentalized into 

various sub sections based on the range of wavelengths, atmospheric attenuation, and 

interaction for efficient management. Typical characteristics of the radio waves in a 

particular frequency range, and the local as well as national administrative guidelines laid 

out for governance and regulation influence such classification of frequencies into different 

bands. The allocation of various services across different radio frequency bands helps avoid 

interference of multiple services with each other. The international body that coordinates 

and presides over the shared global use of the radio spectrum is called as the International 

Telecommunication Union (ITU) [79], while radio spectrum is regulated in the USA by the 

Federal Communications Commission (FCC) [80]. The need to service emerging commercial 

applications, coupled with the proliferation of wireless technology has led to spectrum 

congestion and a push to migrate towards the unused spectrum at higher frequencies. The 

millimeter wave band, ranging from 30 GHz to 300 GHz is viewed as a potential resource for 
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deploying new services [79]. Commercial and military applications at millimeter wave seek 

to exploit the wider fractional bandwidth and channel capacity. Propagation characteristics 

of millimeter waves allow for better spatial reuse and smaller wavelengths mean a scope for 

reduction in hardware size. Current allocation for millimeter wave frequencies include: fixed 

wireless, mobile wireless, space research, earth exploration, radio astronomy, fixed satellite, 

aeronautical radio navigation, radiolocation, satellite based broadcasting, amateur radio, 

amateur radio satellite, inter satellite communication, satellite based radiolocation, 

terrestrial broadcasting, satellite and terrestrial broadcast of standard frequency and time 

signals, and deep space communication and research [80]. Such a wide diaspora of services 

emphasizes the importance of millimeter waves. Typically, the frequencies from 18 GHz to 

30 GHz exhibit most of the characteristics and benefits of the millimeter waves band and 

therefore are also regarded as millimeter wave frequencies in this work. 

The frequency range of 18 GHz to 45 GHz form the focus of this chapter. 

Computational studies highlighting the impact of integration strategies for a horn antenna 

planned for deployment inside a space constrained cylindrical payload are shown. The system 

level integration and analysis of antenna and transmission line plumbing for a millimeter 

wave repeater system is discussed. The results of the antenna level analysis inspire the 

system level design methods. The system level analysis addresses the impact of internal RF 

leakage in a cylindrical payload on the overall system isolation performance. Practical, low 

cost mitigation techniques for curbing the identified internal RF leakages are demonstrated 

through isolation measurements. This chapter is organized into four major sections followed 

by the summary as described below.  

• Section 4.2 discusses the research motivation for the work presented in this chapter. 

Typical millimeter wave front ends are described with a focus on their fabrication. 
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The challenges related to integration in a space constrained payload are shown.  

• Section 4.3 discusses the fundamentals of shielding and RF leakage at millimeter 

wave frequencies. 

• Section 4.4 discusses the antenna level analysis for integration and RF leakage. A 

horn antenna made from individual metal parts assembled together is considered. The 

impact of the seams on the antenna performance is discussed. 

• Section 4.5 discusses the system level integration of a simple millimeter wave RF 

repeater system. An approach for the analysis of system level internal RF leakage is 

shown. Isolation measurements suggest that internal RF leakage can be a concern for 

the repeater operation. Mitigation technique to curb the internal RF leakage is 

proposed and the isolation results are shown through a series of measurements. 

• Section 4.6 summarizes the chapter and lays out the important conclusions. 

 

4.2 Motivation 

The propagation mechanics for radio frequencies in the millimeter wave band can be 

understood based on four factors of transmission, reflection, diffraction and refraction [81]. 

The transmission losses experienced by an RF signal in free space are accounted by the free 

space path loss. For a simple setup with two antennas, one hooked up to an RF source and 

the other to a receiver on the other side, the free space path loss is given by [82]: 

 

 𝐹𝑆𝐿𝑑𝐵 = 20 log10 (
4𝜋

𝑐
) + 20 log10 𝑓 + 20 log10 𝑅 −  G𝑇𝑥 − G𝑅𝑥 ,  (4.1) 

 

where, ‘𝑓’ represents the frequency of the propagating signal expressed in Hz, ‘𝑅’ is 

the line of sight distance between the transmitting and receiving antennas, expressed in 
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meters, while ‘𝑐’ represents the speed of light in vacuum expressed in m/s. The terms ‘G𝑇𝑥’ 

and ‘G𝑅𝑥’ represent the antenna gain in dB for the transmitting and receiving side 

respectively. From the equation, we can see that the free space path loss has a direct 

proportionality to the operating frequency ‘𝑓’ and the distance between the two antennas ‘𝑅’. 

For instance, the free space path loss for two isotropic antennas separated by 1 m distance 

at 20 GHz is 58.5 dB. Similar analysis for a frequency of 40 GHz with isotropic antennas 

separated by 1 m distance gives a free space path loss of 64.5 dB. It is worth noting that as 

frequency is getting higher, the absorption of signals from atmospheric elements such as 

water vapor and oxygen starts becoming significant. The atmospheric attenuation of radio 

waves at sea level is shown in Figure 4.1 [83]. Other factors such as diffraction from edges, 

attenuation through hydrometeors like rain, fog, mist, flurries, hail or snow and blockage by 

foliage and scattering effects start becoming dominant for millimeter wave frequencies as 

compared to frequencies in the UHF range [84] [85]. The free space path loss increases with 

frequency, making the path loss a significant design parameter to be considered at millimeter 

 

Figure 4.1: Average atmospheric absorption of millimeter waves [83]. Atmospheric 

conditions represented by trace A: Sea level; T = 20°C; P=760 mmHg; H2O = 7.5 g/m3. 

Atmospheric conditions represented by trace B: Altitude = 4 km; T = 0°C; H2O = 1 g/m3. 
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wave frequencies. However, for all practical purposes, millimeter wave systems look 

appealing because of the benefit of support for larger bandwidths and the promise of small 

system size compared to current systems operating at lower frequencies. Given the above 

background of millimeter wave systems, the design of large scale, reliable and practical 

millimeter wave wireless infrastructure needs to address the impacts of the path loss and 

other environmental losses. The propagation properties and atmospheric absorption suffered 

by millimeter waves therefore make it imperative to use repeaters for range extension and 

achieving uniform, reliable, and wide area coverage over millimeter wave frequency ranges.    

 

4.2.1 Millimeter Wave Front Ends 

  The typical examples of antennas used in millimeter wave applications include 

travelling wave antennas as well as aperture antennas [86]. The antenna elements such as 

the monopole, dipole and loops are not readily used in millimeter wave applications owing to 

narrow bandwidth and integration challenges.  The use of slots, patches and active antennas 

is common in millimeter waves. Traveling wave antennas at these frequencies include leaky 

wave antennas, slotted waveguide, tapered slot antenna, and loaded dielectric rod antenna 

[87]. The aperture antennas used in millimeter waves include horn antennas, and lens based 

or reflector based antennas [87]. Other variants such as the substrate integrated waveguide 

antenna, and planar Yagi-Uda arrays are also extensively used in millimeter waves [87]. 

 The horn antennas are well known and widely used in the commercial and defense 

sectors at millimeter waves [88] [89]. Recent advances in additive manufacturing have 

supported the proliferation of light weight, low cost horn antennas on aerial platforms for 

communication and wideband sensing applications [90] [91] [92] [93]. The potential for 

millimeter wave horn antenna applications range from high power operations, highly 



 

 

127 

 

directive systems, wideband phased arrays, space and satellite communications [94] [95]. It 

is important to note that horn antennas for satellite based applications often require 

integration of complex features inside the throat to support specific illumination profiles 

based on the desired service area for the satellite. Integrated injection probes, and complex 

feed structures that allow for multiband operation from the same structure are also desired 

in horn antennas for satellite applications. For instance, the K/Ka band antenna for earth 

observation mission can have multiple feeds and complex OMT integration [96]. The horn 

antennas for space applications need to be lightweight and compact with provisions for 

support brackets and mounting hardware built into the antenna body [97]. Satellite 

applications often use horn antennas either as radiators or as feed elements. The use of horn 

antennas allows to combine few bands together in one structure or incorporate a ‘horn-in-

horn’ design with the high band horn element integrated into the center core of a low band 

coaxial horn [98] [99]. The complexity of these designs mentioned above is justified by the 

corresponding savings in weight, smaller size or the reduction in overall system level 

complexity on the satellite. However, it must be noted that such complex horn antennas 

require specialized manufacturing processes. Such horn antenna designs are often 

manufactured in two or more parts and are joined together with fixtures owing to the 

limitations of the conventional CNC and wire EDM tools, and to maintain simplicity in 

fabrication. This fabrication and integration approach of making the antenna in parts 

necessitates a radial cut in the horn antenna throat. Example of some fabricated horn 

antennas made from different parts integrated together with the cut feature along the throat 

are described in detail in the references [96] [97] [98]. The integration of a complex K/Ka 

band feed horn for satellite payload with three LP OMT’s integrated at the feed for operating 

at 18, 24 and 36 GHz is shown in [96]. A lightweight machined corrugated feed horn antenna 



 

 

128 

 

operating at C band is shown to be fabricated in two conical parts joined together for the 

antenna region and multiple waveguide plumbing parts joined together for the OMT 

connected to the antenna [97]. A multiband corrugated horn feed for satellite ground stations 

is shown to be made from multiple injection probe sections connected to two conical parts 

that are joined together using fixtures to form the complete antenna structure [98]. The 

impact joining parts and introducing seams and cut features on the horn antenna on its 

performance is studied in the first half of this chapter. Such integration approach for 

antennas to make the fabrication and integration easier can be a cause for concern in repeater 

applications where the antenna seams that joins the individual parts together becomes a 

cause for RF leakage which in turn deteriorates the system level isolation. 

 

4.2.2 Space Constrained Payloads 

Space constraint is a major challenge for satellite payloads and repeater applications. 

These payloads have strict power, mechanical and thermal specifications. The capability of 

handling high powers and low loss at millimeter wave frequencies makes the use of 

waveguide plumbing an ideal choice for transmission lines in these applications. The 

assembly of RF components using existing fabrication techniques is challenging due to the 

payload size constraints, and the complexity of the waveguide plumbing. Consequently, if the 

RF front end and waveguide plumbing is fabricated in parts and assembled step by step 

inside the payload to address the desired system level integration challenges, the concerns of 

RF leakage and system level isolation arise. An example of a satellite repeater system with 

the integration inside the payload is shown in [100]. From the description of the system, the 

tight integration of the RF components and the waveguide plumbing inside the space 

constrained cylindrical shell of the repeater payload is clearly seen [100]. The deterioration 
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in system level isolation and self-coupling from RF leakages is highlighted as a potential 

problem. The system description also talks about the noise issues due to multiple reflections 

inside the metallic cylindrical payload.  

It is required that the transmit and receive channels in a repeater are adequately 

isolated to avoid feedback that can cause magnitude and phase errors in the repeated signal 

or send the repeater into uncontrolled oscillations [101]. To maintain stable repeater 

operation, the total gain of the transmit channel needs to be set lower than the isolation level 

between the transmit and receive channels. Thus, the repeater gain is bounded by the 

isolation level achieved, meaning that high levels of isolation would be desired for operating 

the repeater at higher power levels. Typically, the isolation between Rx and Tx channels in 

a repeater is required to be higher than 85 to 90 dB [102]. Since the repeater is comprised of 

many parts connected together, RF energy leakages can occur at multiple levels in the 

repeater system. The coupling mechanism in repeater payloads works through three major 

paths: free space coupling, coupling through the surface currents on the payload and the 

coupling through the internal RF leakages from various sources. Potential ways to reduce 

the coupling may include treatment of the individual components as well as treatment of the 

entire integrated system. For instance, the free space coupling can be reduced by increasing 

the antenna separation, engineering the antenna patterns with low gain at horizon and by 

aligning orthogonal antenna polarizations when deployed on the payload. The coupling 

through surface currents can be addressed using absorber or by design of a reactive 

impedance surfaces that can suppress the surface currents flowing between the transmit and 

receive antennas [103] [104] [105]. Technique to mitigate the internal RF leakages from 

waveguide components is suggested with the use of a pin wall based design in [106].  It is 

vital to recognize that the impact of internal RF leakages on the system level isolation can 
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be severe and that component level reduction in RF leakage alone is not enough for a complex 

repeater system. The measurement results shown later for the described payload show that 

internal RF leaks deteriorate the isolation to below 80 dB, making the repeater operation 

practically impossible. A low-cost solution for mitigation of internal RF leakages for 

millimeter wave and quasi millimeter wave repeater payloads is hereby presented with 

measurement results that prove its effectiveness.  

 

4.3 RF Shielding Fundamentals 

Use of RF shields is one of the way for mitigating the impact of RF leakages coming 

from the antenna and waveguide plumbing interfaces. It is worth noting that although 

traditional shields made from metal sheets can work at millimeter wave frequencies, they 

need to be installed very carefully for effective shielding. Integration of metallic sheets as 

shields is very cumbersome and complicated given the dense packing and complex cross 

sections of components inside the repeater payloads. Achieving the tight mechanical 

tolerances desired for good integration becomes very challenging in such scenarios. Small 

crevices and joints at the metal shield and host payload platform interface are undesired as 

they cause leakage of RF energy and deterioration in the shielding effectiveness. The shields 

would also need effective seals made from conductive sealant material at the seams between 

the shield and the payload body as an added measure to restrict leakage from the joint 

between the shield and the payload. Installing metal sheet shields also adds weight and 

inhibits any future modifications to the payload which might be undesired from maintenance 

and servicing perspective and not preferred in many use cases such as test beds, prototypes 
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and modular repeater systems. To circumvent the problems with metallic sheets for use as 

RF shields, the use of flexible metallic meshes is proposed in this work as a mitigation 

approach for internal RF leakage. Metallic meshes are easier to integrate inside the payload. 

Achieving good shielding inside the payload is easier with metal mesh shields as their 

flexibility allows for changes to the payload configuration and parts. Metallic meshes allow 

for use of passive and active / forced air cooling inside the payload unlike sheet metal shields. 

Metallic meshes also have weight advantage compared to traditional sheet metal shields and 

are less prone to damage from shock and vibe in various operating environments.  

A summary of the theory of scattering from wire grid structures is shown by Wait 

[107]. The low frequency analysis of apertures loaded with meshes is shown by Casey in [108]. 

Following this analysis, the analytical approach for the analysis of shielding effectiveness of 

metallic meshes is explained by Casey in [109]. The geometry of the wire mesh considered 

 

Figure 4.2: Geometry of the wire mesh considered for the analytical approach. The mesh 

grid is square and the wires forming the mesh are considered to be fused together at the 

junctions. The two considered cases of incident electromagnetic plane wave polarization 

(parallel and inclined) with respect to the lossless mesh are also shown alongside. The E 

field vector polarization is parallel to the mesh surface in case (1) and inclined to the mesh 

surface in case (2). 
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for this analysis is shown in Figure 4.2 (left). The mesh is considered to be lossless. The mesh 

wire radius is represented as ‘𝑟𝑤’while the inter wire spacing – center to center is ‘𝑎𝑠’. Two 

cases of plane wave polarization for the incidence on mesh surface are considered.  

Casey developed expressions for shielding effectiveness of a mesh screen. The 

shielding effectiveness is a measure of the ratio of the incident field strength without a screen 

to the field strength with the screen interposed between the source and the measuring device. 

For the plane wave case, field effectiveness is a transmission (insertion) loss. Shield 

effectiveness for the two cases shown in Figure 4.2 is [109]: 

 

 𝑆𝐸1(𝜃) = −20 𝑙𝑜𝑔10

(2𝜔𝐿𝑠/𝑍0) 𝑐𝑜𝑠𝜃

√1 +  (2𝜔𝐿𝑠/𝑍0)2 𝑐𝑜𝑠2𝜃
 ,  (4.2) 

 

 𝑆𝐸2(𝜃) = −20 𝑙𝑜𝑔10

(2𝜔𝐿𝑠/𝑍0) (1 −
1
2

𝑠𝑖𝑛2𝜃)

√(2𝜔𝐿𝑠/𝑍0)2 (1 −
1
2 𝑠𝑖𝑛2𝜃) + 𝑐𝑜𝑠2𝜃

 ,  (4.3) 

 

where, ‘𝑍0’ is the free space impedance and sheet inductance ‘𝐿𝑠’ is: 

 

 𝐿𝑠 =
𝜇𝑜𝑎𝑠

2𝜋
ln(1 − 𝑒−2𝜋𝑟𝑤/𝑎𝑠)−1

  ,  (4.4) 

 

Casey also defined a polarization independent shield effectiveness ‘𝑆𝐸0’ as: 

 

 𝑆𝐸0(𝜃) = −10 𝑙𝑜𝑔10 {
1

2
 |𝑇1(𝜃)|2 + 

1

2
 |𝑇2(𝜃)|2} ,  (4.5) 
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Figure 4.3: Shielding effectiveness of lossless wire mesh with plane wave incidence across 

frequency and for various angles of incidence. The mesh parameters used are: mesh grid 

size 𝑎𝑠 = 195 μm; mesh wire radius 𝑟𝑤 = 45μm. At normal incidence, SE0 = SE1 = SE2. 
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Figure 4.4: Shielding effectiveness of lossless wire mesh with change in incidence angle of 

the plane wave incidence for 18, 30 and 45 GHz. The mesh parameters used are: mesh 

grid size 𝑎𝑠 = 195 μm; mesh wire radius 𝑟𝑤 = 45μm.  
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The shielding effectiveness for a sample PEC mesh with mesh grid size 𝑎𝑠 = 195 μm, 

mesh wire radius 𝑟𝑤 = 45μm, and incidence of plane wave is shown in Figure 4.3. The 

parameters for the mesh shown here correspond to the parameters of the actual conductive 

mesh fabric used in the measurements. It is seen that the mesh can potentially improve 

isolation by 30 – 35 dB depending on the incident angle. The shielding effectiveness of the 

same mesh with change in angle of incidence for 18 GHz, 30 GHz and 45 GHz is shown in 

Figure 4.4. 

From the plots shown above, we can see that the shielding effectiveness of wire meshes 

is a function of the incidence angle of the plane wave on the mesh surface. We can also see 

that the polarization independent shielding effectiveness first increases slightly with 

increase in angle of incidence and then decreases as we approach angle of incidence 𝜃=90°. 

At angle of incidence of 𝜃=90°, both the SE0 and SE2 asymptotically approach zero while SE1 

reaches a very high value. The analytical study helps us set some expectations of the 

performance and behavior of wire mesh shields for practical use as will be shown later in this 

chapter. 

  

4.4 Analysis of horn antenna with cut plane 

 The impact of integration and fabrication provisions on the antenna performance is 

studied. The focus of this investigation is to assess the impact of a radial cut plane in the 

throat of a horn antenna. Fabrication limitations may necessitate the cutting the horn 

antenna at its neck for meeting payload integration requirements. Impact of such cutting on 

the antenna performance is discussed. Steps to model the impact of small cut features inside 

the throat of a prefabricated horn antenna on its electrical performance are demonstrated. 

Simulation results for the reflection coefficient of the prefabricated antenna with a purposely 
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introduced, well defined air gap show good agreement with measurements. The corroboration 

between the simulation and measurement is used to validate the computational modeling 

process adopted for the antenna level studies performed thereafter. 

Fabrication of horn antenna in parts introduces seams and air gaps at the mating 

interfaces. Impact of these air gaps formed between the metal parts of the horn antenna is 

investigated. Leakage of fields into the air gap formed due to the cut operation is shown. 

Analysis of horn performance for a uniform air gap model and a more practical, random air 

gap model is shown herein. Measures to mitigate the RF leakage from the horn body by using 

a shorting pin wall are discussed as part of the antenna assembly. The proposed path towards 

the development of an 18 – 45 GHz horn antenna designed to be integrated inside a space 

constrained cylindrical repeater payload is discussed [90]. Space constraints inside the 

platform and required conformal mating necessitate the development of the antenna as a 

modular two-part system. The possibility of RF leakage from the mating of the two parts of 

the horn antenna inside the platform motivates the development of the discussed mitigation 

strategies. The experimental validation of the impact of small cut features inside the throat 

of a prefabricated horn antenna is first shown as a means of validating the adopted 

computational modeling techniques. The computational modeling for this validation 

experiment is analyzed in an FEM solver, ANSYS HFSS and the results are validated 

through measurements [2]. The impact of the presence of a uniform air gap between the 

mating faces of the top and bottom parts of the integrated antenna is discussed. Modeling 

and analysis of horn antenna performance with a more realistic, non-uniform, random air 

gap is described in detail towards the end of this section.  
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4.4.1 Validation of Computational tools 

The impact of small features on the throat of a horn antenna is computationally 

modeled and thereafter validated using measurements. The antenna used for this validation 

is prefabricated based on the design described in [110]. For purposes of validation, the horn 

antenna is modified with a cut pattern inside its throat region (Figure 4.5). Minute radially 

oriented sectorial gaps are introduced in its throat. The cutting operation is performed using 

a 0.4 mm (1/64”) diameter milling tool. The antenna is mounted on a rotary table to achieve 

the cut operation. The description of the fabrication process is shown in Figure 4.6.  

The computational model used is shown in Figure 4.5 along with the details of the 

horn antenna. The antenna is a flared quad ridge horn antenna with an aperture opening of 

45.72 mm (1.8 in) in diameter and height of 76.2 mm (3 in) with a ground plane bezel of 71.12 

mm (2.8 in) outer diameter. The cut operation performed on the prefabricated horn is 

replicated in the computational model. The antenna VSWR before and after introduction of 

 

Figure 4.5: Computational model used to model the impact of a radial cut inside the throat 

of the horn antenna. 
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the cuts is shown in Figure 4.7. Cutting the antenna at the throat has significant impact on 

its match over the entire band of operation. There is good agreement between the measured 

and simulated results for the horn antenna with the cut along its throat. This gives us 

confidence in the computational model described herein as well as the computational tool 

used in this analysis. Good agreement between the measured and the simulated S-

parameters shows the capability of the computational tool used to handle such complex 

problem involving small features inside the throat of the horn antenna. The agreement 

between the measurement and the simulation results lays the foundation for the studies 

performed on a more complex, realistic antenna shown in the following sections.  

 

Figure 4.6: Fabrication process for introducing radial cuts in the throat of the 

prefabricated horn antenna. The antenna is used as a validation test bed to verify the 

modeling capability of the computational tool.  
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4.4.2 Study on Flared Quad Ridge Horn Antenna 

A more realistic and complex horn antenna considered for the assembly and leakage 

studies is shown in Figure 4.8 below. The total height of the flared horn antenna is 40.64 mm 

(1.6 in). The antenna aperture has a diameter of 36.83 mm (1.45 in). The antenna is divided 

into three parts for purposes of mechanical assembly and integration inside the payload. The 

top section houses the antenna aperture and is 12.7 mm (0.5 in) tall, the bottom section is 

27.94 mm (1.1 in) tall and comprises of the antenna throat and the feed section. The pin wall 

assembly is sandwiched in between the top and bottom sections of the antenna. The assembly 

is made from 12.7 mm (0.5 in) long, 0.4 mm (1/64 in) diameter pins placed around the rim of 

the antenna interface joining the top and bottom sections. The pins are set at a diameter of 

39.37 mm (1.55 in) with a 5° radial separation.  

 

 

Figure 4.7: Impact of radial cuts on the antenna match. The comparison between 

measured and simulated performance of the antenna after cutting shows good agreement 

between the two. 
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4.4.3 Impact of Antenna truncation 

The impact on the performance of a horn antenna due to a uniform air gap introduced 

between the mating faces of the top and bottom parts is considered in this section. The study 

is performed with a focus on the location of the cut plane that hosts the uniform air gap as 

well as the size of this uniform air gap. To move towards a more realistic integration scenario, 

the horn antenna is considered with the level of mechanical integration details as described 

in Figure 4.8. A pin wall is introduced between the top and bottom parts. The pin wall 

assembly provides dual function in this design. It serves as a mechanical feature for the 

alignment of top and bottom antenna sections and electrically acts as a shorting wall for the 

fields entering the air gap formed between the faces of the top and bottom mating sections. 

The distribution of normalized fields leaking inside the uniform 25.4 μm (1 mil) air gap 

formed between the mating faces of the top and bottom sections of the antenna at 45 GHz is 

 

Figure 4.8: Proposed assembly scheme for the horn antenna integration inside the 

repeater payload. 
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shown in Figure 4.9. Majority of the fields are well bounded inside the shorting ring formed 

 

Figure 4.9: Field distribution inside a uniform 25.4 μm (1 mil) air gap formed at the 

interface between the mating faces of the top and bottom antenna parts. The normalized 

fields can be seen to be well bounded in the case of the pin wall assembly and fields leaking 

out of the antenna body can be seen for assembly without the pin walls. 

 

 

Figure 4.10: Impact of the cut plane location on the horn antenna match. Setting the cut 

plane location closer to the feed of the horn antenna has a deteriorating effect on the horn 

antenna performance. 
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by the pin wall assembly in the case with the pin wall assembly while local hot spots with 

high concentration of fields can be seen near the edge for the case without the pin walls 

suggesting that the fields will leak outside the antenna body. The pin wall assembly thus 

shows potential to be used as a mitigation technique to avoid RF leakage from the seams and 

joints in the antenna body.  

The impact of the cut plane location on the antenna performance is shown in Figure 

4.10. The antenna cut plane location ‘𝐻’ for one case is set at 10.16 mm (0.4 in) from the feed 

while it is set to 30.48 mm (1.2 in) for the second case. Both the cases have a uniform 25.4 

μm (1 mil) air gap between the mating faces of the top and bottom antenna parts. The two 

cases are compared to the baseline case where the antenna is made from one monolithic piece 

of metal. From the S11 data for the three cases, we can see that moving the cut plane closer 

to the feed of the horn antenna has a deteriorating effect on its match. The spikes seen in S11 

occur due to high concentration of fields inside the uniform 25.4 μm (1 mil) air gap at certain 

frequencies. Such degradation in performance is highly undesired and makes the stable 

operation over the entire frequency band challenging. The high fields can lead to arcing, 

electro migration and severely reduce power handling.  

Using the above computational study results and considering mechanical fabrication 

limitations for the thickness of the top part of the antenna, the cut plane location on the 

antenna is fixed at 27.94 mm (1.1 in) away from the feed as shown in Figure 4.10. Once the 

cut plane location is decided, the impact of the size of the uniform air gap is studied on the 

antenna performance. The performance of the antenna for a 25.4 μm (1 mil) and 50.8 μm (2 

mil) uniform air gap at the interface between the mating faces of the top and bottom antenna 

parts is shown in Figure 4.11. The 50.8 μm (2 mil) uniform air gap degrades the antenna 

match and impacts the performance more than a 25.4 μm (1 mil) uniform air gap. This result 
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lays emphasis on having a tight intimate contact between the two mating faces of the antenna 

top and bottom parts to ensure good overall performance. The results for the impact of the 

uniform air gap on the antenna performance motivate further detailed investigation of air 

gaps in the seams of a horn antenna due to integration artifacts in a more realistic scenario 

as discussed in the next section.  

 

Figure 4.11: Performance of the horn antenna with a 1 mil and 2 mil air gap between the 

mating faces of the top and bottom parts of the antenna is compared against the baseline 

design. The baseline design assumes that the antenna is made from a single monolithic 

piece of metal. The study shows that 2 mil air gap has higher degradation (more spikes) 

in antenna S11 when compared to the case with 1 mil air gap. 
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4.4.4 Antenna Performance with Realistic Air Gap 

Multiple machining operations need to be performed sequentially on the individual 

metal pieces to fabricate the individual antenna parts. The typical machining operations a 

part would undergo are listed in Table 4.1 along with the typical finish and surface roughness 

introduced by that machining operation on the machined face of the part [111].  It must be 

understood that for all practical reasons, the air gap between the mating faces of the top and 

bottom parts of the antenna is dependent on the machining operations performed on the 

individual parts during fabrication. The air gap will also be influenced by the compression 

forces applied by the fixtures that hold these parts together in the final assembly. To account 

for these factors and to model the antenna seams close to the real integration scenario, a non-

uniform air gap is modeled between the mating faces of the top and bottom antenna parts. 

TABLE 4.1 

Surface roughness of typical machining processes 

Machining Process 

Minimum surface 

roughness (mils) 

Maximum surface roughness 

(mils) 

Milling 0.01 1 

Turning 0.008 1 

Electro discharge 

machining (EDM) 

0.3 0.5 

Laser cutting 0.008 0.25 

Fine saw 0.03 2 

Planing 0.15 1 

Shaping 0.15 1 
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 The pin wall assembly is also included in the model of the antenna with a realistic, 

non-uniform air gap. The details of the non-uniform air gap are shown in Figure 4.12. The 

air gap is comprised of 72 sectors, each with a 5° angular spread and an inner radius of 8.382 

mm (0.33 in). The outer radius of each sector forming the non-uniform air gap is randomly 

varied between 11.43 mm (0.45 in) and 20.32 mm (0.8 in), and the air gap thickness for each 

sector is randomly varied between 2.54 μm (0.1 mil) and 50.8 μm (2 mil) to account for the 

air gap features created due to the fixture placement and the various machining operations 

described in Table 4.1, that might be performed on the part. Parameters for each non-uniform 

air gap are generated in the specified range using a python script for a random function and 

the air gap is implemented in FEM solver ANSYS HFSS using python script [2] [112]. Thus, 

every non-uniform air gap is a unique combination of the various parameters described 

earlier. The performance of the antenna with a few different non-uniform air gap models is 

 

Figure 4.12: Non-uniform air gap introduced between the mating faces of the top and 

bottom parts of the antenna. The non-uniform air gap is expected to be a more realistic 

representation of the air gap formed between the two parts of the antenna. The details of 

the sectors forming the airgap are shown in (a). While an example with two random non-

uniform air gap patterns generated using the adopted method are shown in (b) and (c). 
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shown in Figure 4.13. It can be seen that the antenna match is deteriorated at specific 

frequency points where there are local hot spots formed with the fields leaking into the air 

gap. It can also be seen that the location of such local field hot spots is truly sporadic and 

random for every air gap for the considered horn antenna assembly.   

Furthermore, a detailed look at the fields inside the realistic air gap formed from the 

mating faces of the antenna show that the high concentration of fields developed inside the 

air gap creates undesired spikes for the antenna in S11. The field concentration inside the air 

gaps disturbs the fields and currents inside the throat of the antenna resulting in the 

excitation of undesired higher order modes and standing waves. Theses higher order modes 

are seen to contaminate the radiation patter of the antenna at the frequencies where we 

observe the spikes in antenna S11. An example of the field concentration inside the air gap is 

 

Figure 4.13: Antenna performance with four non-uniform air gap models is shown above. 

We can see that different random air gap models affect the antenna performance 

introducing undesired spikes in the S11 over the desired bandwidth.  
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shown in Figure 4.14. The E plane and H plane radiation patterns for the antenna are 

presented in Figure 4.15, and Figure 4.16, respectively.  

The analysis of antenna with a radial cut on the throat of the horn antenna hereby 

shows that payload integration methods and techniques must be used very prudently with 

attention to RF leakage and antenna performance in mind.  For a repeater-based application, 

especially when repeater performance under high power levels is desired, the design should 

be addressed from mechanical as well as RF standpoint. The integration of antenna from 

parts raises the risk of increased RF leakage from the seams. The performance of the antenna 

is impacted through sudden spikes in the antenna S11, the high concentration of fields inside 

the air gaps formed at the seams, and the contamination of radiated patterns at these 

frequency points. Such performance deterioration may impact the stability and performance 

 

Figure 4.14: High concentration of fields formed inside the air gap cavities causing the 

undesired spikes in the antenna S11 performance. 
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of the repeater system and set it into uncontrolled oscillations. In a real system, these issues 

must be addressed through careful design and analysis. Measures such as the use of seals 

and gaskets at the seams can be resorted to curb these undesired performance impacts due 

to presence of antenna seams. Computational results for antenna models having the air gap 

at the seams filled with conductive epoxy material or solder alloy material show that the 

detrimental impacts of the air gaps at the seams on the antenna S11 performance can be 

 

Figure 4.15: E-plane radiation patterns for the horn antenna modeled with the realistic 

air gap and with no air gap. Consistent patterns similar to the monolithic case are 

supported across the band except at 35.75 GHz and 37.5 GHz (not shown above), the points 

where the antenna S11 has spikes due to the high fields concentrated inside the air gap. 
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eliminated (not shown here). However, the use of such conductive filler materials has its 

limitations from an operational and maintenance standpoint. The issues of RF leakage may 

also need to be addressed separately in some cases when such filler materials are to be used 

as will be discussed in the following section of this chapter. The results shown for the impact 

of a cut plane in the throat of the horn antenna thereby form the motivation for the detailed 

system level RF leakage and isolation analysis in the next section of this chapter.  

 

Figure 4.16: H- plane radiation patterns for the horn antenna modeled with the realistic 

air gap and with no air gap. Consistent patterns similar to the monolithic case are 

supported across the band except at 35.75 GHz and 37.5 GHz (not shown above), the points 

where the antenna S11 has spikes due to the high fields concentrated inside the air gap. 
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4.5 RF Leakage Analysis 

RF leakage characterization is performed with a repeater model considered to be set 

inside a cylindrical payload. Various concerns and cautionary references have been 

mentioned in previous works related to RF leakage and self-coupling in literature in the past, 

and majority of these works have been on much lower frequencies [100] [101] [102]. The 

research presented in this work focuses on the characterization and mitigation of RF leakage 

for passive component suite aimed at operating as part of a millimeter wave repeater. The 

measurements are performed over 15 GHz to 40 GHz frequency range.  

 

4.5.1 Measurement Setup 

 The measurement and analysis of the system level RF leakage is performed on a 1 m 

long metal cylinder with the transmit and receive antennas mounted at either ends of the 

cylinder on the curved cylinder walls. To study the impact of coupling from direct exposure 

of the victim antenna assembly to the source antenna assembly having RF leakage, the 

system level measurements are performed on an open-ended cylinder. Use of an open ended 

cylinder for RF leakage analysis also ensures that only the direct path coupling is accounted 

for in the measurement data and any higher order effects that may come from multiple 

bounces or echoes from the metal end caps of the cylinder are eliminated from the 

measurement. The source and victim antennas have a lip which is contoured at the aperture 

to match the inner curvature of the cylinder walls for achieving an intimate contact. 

Mounting fixtures are used to hold the antennas and passive waveguide suite in place against 

the cylinder walls. The passive RF assembly for the transmit and receive ends comprise of a 

horn antenna hooked up to an ortho mode transducer (OMT) and phase matched 
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transmission lines based on the design suggested in [106]. The use of double ridge waveguide 

transmission lines with integrated pin wall assembly aim at reducing the RF leakage from 

the lines as compared to a split block approach without the use of pin wall assemblies. The 

antenna is fed using a custom made coaxial to waveguide adapter working over 18 to 45 GHz 

[106]. The passive RF assembly is connected to a VNA and the coupling (S21) between the two 

ports is measured in different system configurations. The calibration plane of the VNA is set 

to the end of the coaxial cable used to connect the VNA to the coaxial to waveguide adapter 

used to feed the antenna assembly. Initial measurement setup is tested in the anechoic 

 

Figure 4.17: Measurement setup for characterization of internal RF leakage on a 1 m long 

metal cylinder used as a repeater platform. The setup shown in the image refers to the 

preliminary indoor measurements performed inside an anechoic chamber. 
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chamber to verify and eliminate the undesired measurement artifacts seen due to the poor 

calibration, unstable instrumentation setup, discontinuities in the transmission line and 

connector interfaces connecting the VNA to the antenna assembly, reflections from 

measurement environment, and impact of surface currents reflecting from the edges of the 

cylinder. Most of the above factors impacting the isolation measurements are eliminated 

through a step by step validation process. Clean measurements performed eventually inside 

the anechoic chamber however have a disadvantage of being contaminated by the reflections 

from the anechoic chamber ceiling, which impacts the quality of isolation results. Therefore, 

after achieving a stable measurement setup, the next set of measurements are done outdoors 

with the antennas facing upwards towards the sky to eliminate the coupling of reflected 

energy between the transmit and receive antennas. The measurement setup for the indoor 

testing performed inside the anechoic chamber is shown in Figure 4.17. 

 

4.5.2 Baseline RF Leakage Measurements 

 The goal of the baseline RF leakage measurements performed indoors is to achieve a 

stable measurement setup before migrating to the detailed outdoor measurements. The 

indoor measurement setup helps in setting the right measurement parameters on the VNA 

to achieve enough sensitivity to capture the low coupled energy levels between the two 

antenna assemblies and to fine tune the setup to capture the coupling all the way down to 

the measurement system noise floor. The stable instrument configuration used for the indoor 

measurements comprise of 10 Hz IFBW, 0 dBm port power, start frequency of 15 GHz and 

stop frequency of 40 GHz (highest frequency of measurement is limited by the maximum 

frequency of operation of the VNA). The indoor measurements are conducted with 751 

samples across frequency. This setup for the indoor measurements takes 3 minutes per sweep 
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and 30 minutes for calibration. A Tacti-Cal model number TC-CK-24 calibration kit is used 

to calibrate the measurement setup. The measurement data of the coupling (S21) is recorded 

and later post processed to transform it into the time domain (S21(t)) using Fourier transform. 

The transformed time domain data is time gated to isolate the impact of the direct internal 

RF leakage using appropriately timed windows. For the indoor measurements, the time 

gating window is started at the fall of the first peak of the coupled energy level that 

corresponds to the energy coupled between the two antenna apertures and the window is 

stopped at the time corresponding to the rise of the second peak of the coupled energy level 

which corresponds to the energy coupled from the ceiling reflections. The inverse Fourier 

transform of the time gated data yields the impact of internal RF leakage on the system level 

isolation. The noise floor for the measurement setup is obtained by recording the S21 with the 

two measurement ports terminated into 50Ω loads of the Tacti-Cal TC-CK-24 calibration kit. 

For every measurement setup, the measurement system noise floor is recorded and used as 

a validation tool to achieve stable measurement environment before detailed isolation 

measurements are initiated. Evaluating the measurement S21 noise helps to ensure that the 

setup is configured properly and there are no errors in calibration or discontinuities in the 

transmission line path connecting the antennas to the VNA.  

The result for coupling in the baseline setup with the two passive RF front ends 

mounted on the cylinder are compared against the measurement with the direct path 

between the two passive RF front ends being blocked with a 12.7 mm (0.5 in) thick metal 

shield and 101.6 mm (4 in) thick absorber slabs placed on either side of the metal shield are 

shown in Figure 4.18. The data for the measurement S21 noise is also plotted alongside. From 

the difference in the measured time domain coupling (S21(t)), one can see that the baseline 

case shows higher energy levels between the first peak formed from the external free space 
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coupling of the antennas and the second energy peak which corresponds to the energy 

reflected from the anechoic chamber roof and coupled back into the receive antenna. It is 

important to note that time domain coupling (S21(t)) bears no units as it is a ratio expressed 

in linear scale. To further support the theory of reflection of energy from the roof of the 

anechoic chamber, the antenna aperture is loaded with a slab of absorber and measured. The 

result for the measurement with this configuration is shown in Figure 4.19. The suppression 

of the second peak in the measurement result proves the hypothesis that the second peak is 

manifested on account of the reflections from the roof of the anechoic chamber. Further 

validation of this fact is established through the change in time at which the reflected energy 

 

Figure 4.18: Preliminary indoor measurements for the baseline setup. The noise floor of 

the measurement system for the discussed set of measurement parameters is shown 

alongside the measurement of the baseline setup with metal shield and absorber slabs 

between the RF front ends inside the cylinder is shown. 
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peak occurs in multiple isolation measurements where the cylindrical payload position is 

rotated so that the antennas face the anechoic chamber side walls changing the physical 

distance traveled by the energy before reflecting from either the roof or the saidewalls (not 

shown here). It is worth noticing the change in the magnitude and increased number of 

ripples in the S21(t) for the case of absorber loaded aperture compared to the unloaded case. 

Loading the aperture can cause reflections at the absorber – aperture interface resulting in 

formation of standing waves inside the antenna and transmission line assembly. The 

formation of such standing waves would alter the way energy is distributed along the path 

from the launch at the coaxial to waveguide adapter to the antenna aperture. The standing 

 

Figure 4.19: Measurement of the antenna aperture loaded with absorber slabs. The first 

peak at 5 ns is seen but the second prominent peak at 20 ns is prominently suppressed. 
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waves thus result in more energy being available over time to leak out from the interfaces 

compared to the unloaded aperture.     

The measurement of passive RF front ends with baseline setup and the setup with 

absorber slabs placed on the edge of the metal cylinder are conducted to validate the impact 

of reflection of surface currents from the cylinder edges on the isolation measurements. The 

results for the measurement are shown in Figure 4.20. Consistent isolation profile between 

the baseline case and the case with absorber slabs placed on the cylinder edges show that 

there are no edge effects impacting the isolation inside the cylindrical payload. It is also 

important to note that substantial energy levels can be seen between the two major peaks in 

 

Figure 4.20: Measurement of the antenna aperture loaded with absorber slabs on the 

edges. The results show that there is not much difference in the two cases. This proves 

that there are no edge effects, energy levels between the two peaks are from RF leakage. 
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both the baseline measurements and the measurement with the absorber slab placed on the 

edge of the cylinder. This proves that the energy between the two peaks is from the direct 

path coupling between the two antenna assemblies inside the cylindrical payload.  

 After the preliminary indoor testing, where the measurement process is validated 

with the above-mentioned steps, the measurement of the cylinder is done outdoors for a more 

detailed look at the internal RF coupling with the repeater operation in mind.  

 

4.5.3 Outdoor RF leakage Measurements 

The measurement setup for outdoor measurements is put together based on the 

experience from the indoor measurements. The entire measurement apparatus was mounted 

 

Figure 4.21: Measurement setup used for the outdoor measurements. A VNA is seen 

mounted on the lower shelf of the utility cart while the passive RF front ends are mounted 

on the cylinder placed on the top. Antennas are facing the sky in this setup. 



 

 

158 

 

on a flatbed utility cart. The VNA is placed on the lower shelf on the cart accompanied by 

provisions for routing the coaxial cables to the payload and routing the electrical connections 

to an outlet. The top shelf of the cart houses the cylinder with the passive RF front ends 

mounted inside in a similar fashion as described in the preliminary indoor measurements. 

The main goal for measurements performed outdoors is to eliminate the artifacts of reflection 

from the ceiling and to obtain cleaner measurements that are easy to analyze and help to 

quantify the impact of internal RF coupling. The measurement setup was kept the same as 

the indoor measurements except for one change. The outdoor measurement setup campaign 

uses 3126 number of samples. The other measurement parameters for the VNA were kept 

the same as the indoor measurements. With the higher resolution in the 3126 sample points 

 

Figure 4.22: Measurement of the antenna aperture loaded with absorber slabs and metal 

shield in the center. The results show that the energy level seen in the baseline case is 

due to the coupling through internal RF leakage path.  
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for the frequency sweep, each sweep over the desired frequency range takes approximately 

10 minutes. The measurement setup calibration takes 90 minutes in this case. The larger 

number of samples was iteratively fixed after multiple measurements where the goal was to 

increase the time span of the measured S21 in time domain for the energy levels from the 

internal coupling to decay down to the measurement S21 noise. This ensured that the time 

domain data could be gated over desired time intervals to see the time gated coupling from 

internal RF leakages without introducing any aliasing effects. A photo of the mobile 

measurement setup used for the outdoor measurements is shown in Figure 4.21. The data 

for the outdoor measurement with the baseline setup and the setup consisting of the metal 

shield and the absorber slabs placed in the center of the payload is shown in Figure 4.22. The 

 

Figure 4.23: Time gated data for the impact of internal RF leakage on the coupling 

between the transmit and receive channels of the measured setup. The baseline design 

has significantly higher coupling compared to the case with absorber and the metal shield. 
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energy peak corresponding to the coupling due to ceiling reflections is eliminated as expected. 

More interesting to observe is the difference between the baseline case and the case with 

absorber and the metal shield suggesting that all of the energy coupled after the free space 

external coupling between the two antennas is due to the internal RF leakage inside the 

cylinder. The time gated data for the coupling shown in Figure 4.23 is processed from the 

sharp falling edge of the blue curve (7 ns) to the end of the time window (125 ns) for the 

available data. The result of the measurement shows that with a 1 m separation of the two 

antennas on the cylindrical platform, the contribution of internal RF leakage to the system 

deteriorates the isolation to be worse than 90 dB over majority of the band. This result is 

concerning for a repeater use case as this problem is expected to get worse with the cylinder 

end caps being used for practical applications. It is important to understand that the problem 

of internal RF leakage cannot be treated by the implementation of solutions that address the 

coupling through the free space path or through the surface currents. It is also important to 

note that RF leakage is reported in this system in spite of the precautions taken in the 

payload at the component level through the use of pin walls that reduce the RF leakage as 

suggested in [106]. This means that the RF leakage is also occurring at the multiple seams 

on the components and from the flanges that connect two components end to end. One of the 

ways to address the coupling is using compensation or cancellation techniques at the active 

level. However, keeping the repeater functionality in mind, one can see that such a system 

would ideally require a simple solution to address the issue of internal leakages since any 

level of additional compensation in the back end to improve the transmit and receive channel 

isolation will significantly impact the system level complexity.  
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4.5.4 Internal RF Leakage Mitigation 

The problem of internal RF leakage described in the previous section can be mitigated 

using conventional techniques such as introducing a metal shield between the source and the 

victim. For instance, the measurement validation to prove the presence of internal RF 

leakage on the coupling uses a metal shield placed inside the cylinder payload at the center 

and is backed on both sides with absorber slabs. Another approach is to use conductive 

polymer gaskets at the flanges to treat the leakage from the mating interfaces. However, as 

discussed before, the metal shields or absorber stuffing are not the most practical in a 

 

Figure 4.24: Transmit and receive channel passive RF front ends with proposed mesh 

based conductive RF sleeves. (a) Back side of the transmit RF front end, (b) front side of 

the transmit RF front end, (c) back side of the receive RF front end, (d) front side of the 

receive RF front end. 
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complex space constrained payload. The conductive gaskets may have limited operating 

flexibility and are not ideal for moisture, salt fog, extreme temperature swings, dust and 

other environments. Another measure for mitigating internal RF leakage is through the use 

of conductive epoxy and conductive sealants to seal the components. The use of conductive 

epoxy however prohibits device maintenance and the epoxied joints may be subjected to 

cracking and leakages over extended periods of time. It is apparent from this that conductive 

epoxies may not be effective and practical for initial testing and prototyping where constant 

changes to the payload are desired.  

To address these concerns and to mitigate the impacts of internal RF leakage on the 

test bed with the cylindrical repeater payload used so far, we propose the use of conductive 

mesh fabric to be used as sleeves for the RF front ends. A photo of the RF front ends with the 

conductive RF sleeves mounted on them is shown in Figure 4.24. The passive RF front ends 

are covered in the custom made RF sleeves made from low cost conductive mesh fabric [113]. 

The mesh is made from polyester base, while there are metallic threads embedded in the base 

material with a composition of 23.4% Copper, and 10.9% Nickel by weight. The mesh 

thickness is 0.09 mm with a thread density of 130 threads pr square inch. The mesh has a 

loss (sheet resistance) of less than 0.1 Ω/sq (Ohm per square). The mesh is light in weight 

with a weight of 45 g/m2. The total additional weight on both the RF front ends after the 

sleeves are mounted on them is less than 10 gm. The cost to implement the RF sleeves on 

both the RF front ends is less than $20. The two RF front ends with the RF sleeves mounted 

on them will be used for the measurements that follow. The sleeves are made by taking the 

projection of the RF front ends on three principal planes and then cutting mesh patches that 

match the projection shapes. The patches are stiched together using conductive steel thread. 

Coppertape is applied over the seams to ensure good contiguous electrical connectivity across 
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the seam. Other validation tests performed to try out alternate means of reducing the impact 

of RF leakage on the coupling (not shown here) ascertain that the use of coppertape alone to 

seal and cover the component seams and flange interfaces inside the payload do not help to 

reduce the level of internal coupling inside the cylindrical payload. The measurement data 

for the payload with the mesh sleeves is shown in Figure 4.25. The time gated measurement 

data for the coupling with the sleeves mounted on the RF front ends is shown in Figure 4.26. 

From the data, we can see that the coupling is significantly reduced in the case when the RF 

sleeves are used on the RF front ends. The data is time gated with reference to the sharp 

falling edge of the energy peak (7 ns) that corresponds to external free space coupling for the 

 

Figure 4.25: Coupling performance of the passive RF front ends with and without the 

conductive RF sleeves. We can see that the internal RF leakage is eliminated when both 

the transmit and receive side is covered with the conductive RF sleeves.  
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measurement of the RF front ends with sleeves. The time gating window is terminated at the 

maximum length of the available data (125 ns) where the coupling energy decays out into the 

measurement system noise floor. It is also worth noting that the data for RF front ends with 

sleeves on both sides agrees very closely with the Data for the RF front ends isolated using a 

thick metal shield and absorber slabs on either side of the metal shield (Figure 4.27). Such 

good agreement between the two cases proves the excellent RF shielding characteristics of 

the proposed method. The time gated data for the comparison of the measurement setup with 

the absorber slabs and metal shield compared against the baseline setup and the setup with 

the conductive RF sleeves is also shown alongside in Figure 4.28.   

 

Figure 4.26: Time gated data for the impact of internal RF leakage on the coupling 

between the transmit and receive channels of the measured setup with and without the 

proposed RF sleeves. The baseline design has significantly higher coupling compared to 

the case with the sleeves. 
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After investigating the effectiveness of the conductive RF sleeves as a mitigation 

technique for internal RF leakages in a cylindrical payload, the effectiveness of the 

conductive epoxy as a potential mitigation resource for internal RF leakage is evaluated. A 

layer of conductive epoxy is applied to the entire RF front end assembly at the component 

seams as well as at the flange interfaces. Isolation measurements are performed with the 

same setup and at the same location to maintain consistency between the case with RF front 

 

 

Figure 4.27: Comparison of the proposed RF sleeves against a metal shield backed on both 

sides by absorber slabs. Seen in the inset is a close up of the data for the measurement of 

the RF front ends with sleeves compared against the data for the RF front ends with a 

metal shield and absorber slabs placed in between the victim and aggressor. The data 

shows that the coupling for the RF front ends having the RF sleeves is very closely 

approaching the coupling in the case of the antennas with the metal shield and absorber 

slabs placed in between them.  
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ends mounted with the RF sleeves and the case with the RF front ends treated with the 

conductive epoxy seal coating. The comparison of the conductive RF mesh sleeves against the 

RF front end with the conductive epoxy is shown in Figure 4.29. The measurement with the 

RF front ends treated with conductive epoxy shows some traces of energy leaking between 

the 2 ns and 3.5 ns time frame. This leakage is attributed to the direct path leakage from the 

transmission lines before the energy gets to the external coupling path between the 

apertures. This leakage is not observed in the case of the conductive RF sleeves. Looking at 

the time axis past the coupled energy peak corresponding to the external coupling through 

 

 

Figure 4.28: Comparison of the time gated frequency response for isolation with RF front 

ends mounted with the proposed RF sleeves against the measurement for a metal shield 

backed on both sides by absorber slabs. We can see that the proposed RF sleeves are 

effective in curbing the undesired impact of internal RF leakage. 
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the antenna apertures, one can see that the coupling level in the RF front ends treated with 

conductive epoxy can be seen to be slightly higher than the coupling level for the case with 

the RF front ends being covered in the conductive RF sleeves. These measurement results 

highlight the practicality of the use of conductive mesh based RF sleeves for mitigating 

deterioration in system level isolation due internal RF leakages. The proposed method is 

shown to mitigate the isolation deterioration to levels that are at par or slightly better than 

the conventional methods involving the use of an absorber backed metal shield or the use of 

conductive epoxy sealant coatings on the payload component seams and interconnect flanges. 

 

 

Figure 4.29: Comparison of the data with RF front ends mounted with the proposed RF 

sleeves and the measurement for the RF front ends treated with conductive epoxy to seal 

the seams and the interconnecting flanges. One can see that the isolation performance of 

the RF front ends with the epoxy treatment is slightly worse as compared to that of the 

RF front ends with the conductive RF sleeves.  
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4.6 Summary 

 The chapter is focused on investigating the impact of practical integration strategies 

and fabrication decisions on the performance of the horn antenna, followed by the analysis of 

the impact of internal RF leakages from the component seams and interconnect flanges on 

the isolation. The impact of a radial cut plane on the performance of a horn antenna is shown 

with validation of the computational model against the measured S11 for a prefabricated horn 

antenna. Good agreement between the computational results and measurements encourages 

the use of available computational tool to investigate the impact of cut plane location on a 

more realistic horn antenna. The results show that the cut plane should be located as far 

away as possible from the feed of the horn antenna where maximum dense fields exist. The 

effect of a uniform air gap is also studied on the performance of the antenna. The results for 

the uniform air gap study show that the antenna S11 deteriorates due to the presence of the 

uniform air gap since the air gap acts as a discontinuity in the horn antenna throat. Pin wall 

assembly is proposed as a measure to ease the integration process and aid the mechanical 

alignment of the antenna parts. The pin wall assembly also helps to curb the leakage of RF 

fields at the cut plane location of the horn antennas by shorting the fields inside the air gap.  

The horn antenna performance is studied for a more realistic scenario with a 

randomly generated air gap comprising of several distinct sectors modeled together to form 

the gap. The parameters that define the sectorial dimensions of the randomly generated air 

gap such as the thickness and radius are randomly selected. The results of the random air 

gap study show that any cut along the throat of the horn antenna can significantly affect its 

wideband performance if the antenna is not properly integrated or if the air gaps so formed 

are not addressed in the final design. High field concentration inside the random air gaps is 
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shown to cause the observed spikes in the antenna reflection coefficient. The impact of these 

fields on the contamination of antenna patterns is also discussed.  

 The characterization and mitigation of internal RF leakage is addressed in the second 

part of this chapter. The measurement setup comprises of two passive RF front ends with the 

antenna, OMT and waveguide transmission lines mounted 1 m apart on a metal cylinder. 

The use case of a repeater system is considered as a test bed to show the impact of internal 

RF leakage on the system level coupling. Baseline measurements of the two passive RF front 

ends establish the proof for existence of internal RF leakage and its detrimental impact on 

the coupling levels. The baseline measurements are performed indoors to first set up a stable 

measurement environment before detailed measurements are done outdoors. Since the level 

of coupling to be measured is very low, even measuring inside an anechoic chamber causes 

undesired measurement artifacts because of reflections from the chamber walls which causes 

contamination of the measured coupling data. The outdoor measurements are performed 

with the antennas facing towards the sky to eliminate any energy coupled between the two 

antennas through reflections. The outdoor measurements show that the isolation can 

deteriorate to as low as 65 dB only due to the contribution from the internal RF leakages. 

The presence of internal RF leakage is observed in spite of the use of pin walls as a 

precautionary measure in the design of the waveguide and transmission line components, 

suggesting that the leakage is occurring from the components, the flange interconnect 

interfaces between the two components, and the mating interface between the antenna and 

the metal walls of the cylindrical payload. A low cost, easy to install RF sleeve made from 

conductive mesh is suggested as a mitigation strategy to eliminate the internal RF leakage. 

Use of the conductive RF sleeves reduces the internal RF leakage and improves the system 

level isolation across the 18 to 40 GHz frequency range from 65 dB worst case to better 96 dB 
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worst case, when only the internal coupling is taken into account. The technique to address 

the coupling issue due to internal RF leakage using components sealed with conductive epoxy 

is also discussed. The result of the RF front ends with the conductive epoxy are compared 

against the results of the conductive sleeves. The conductive sleeves are seen to perform 

comparable or better than the epoxied components. The prospects for future work related to 

this part of the research should be aimed at investigating and mitigating isolation 

deterioration from external coupling paths. Eventually, the techniques to improve isolation 

described herein can be combined with the techniques for isolation improvement from 

external path coupling so that a holistic approach to improve isolation can be developed. 
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Chapter 5  

Summary and Future Work 

 

 

5.1 Thesis Summary 

 The research showcased in this work moves across two major areas of expertise. The 

concepts of low profile, wideband support and high-power operation is seen to be the common 

underlying theme across the research areas presented herein.  

The research shown in the HF frequency range is addressed towards the design of low 

profile vehicular HF antenna design. Full wave computational analysis is used to design the 

proposed antennas. The adopted design approach is shown to be validated through series of 

measurements performed on a scaled model prototype. The full scale antenna design is 

fabricated and evaluated through field tests and outdoor antenna measurements. The 

fabricated full scaled HF antenna is integrated on the vehicle and demonstrated by 

establishing HF links at different frequencies of interest.  

The research on the millimeter wave RF front ends looks into the impact of integration 

strategies and accompanied fabrication provisions on antenna performance. The impact of 

integration strategies is approached from an RF leakage perspective. The focus of the 

analysis is to evaluate the impact on isolation due to internal RF leakage. Coupling 

measurements performed later show the detrimental effect of this internal RF leakage on the 

coupling. Mitigation techniques for improving the isolation are proposed using low cost 

conductive sleeves mounted on the RF component suite. The research outcomes for the work 

showcased in this thesis are summarized below. 
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5.1.1 Ultra-Low Profile Inverted-L Antenna for Vehicular HF 

Communications 

The design process for a low profile, offset fed two arm inverted-L antenna is described 

in the thesis. The performance goal for the antenna is set at zenith gain better than -20 dBi 

and bandwidth more than 24 kHz. Profile of less than 1 m is desired based on the profile of 

currently fielded vehicular HF antennas. The proposed antenna design has a profile of 0.25 

m which is λ/400 in electrical terms at 3 MHz. Fundamental performance limits are 

investigated for an electrically small antenna. Considering the size of the AAV and 1 m profile 

of the antenna over the AAV, the electrical size of the antenna is ‘ka’ = 0.3. The results from 

the analysis lay the performance expectations from such an electrically small antenna and 

highlight the acceptable loss in the antenna to maintain desired zenith gain and bandwidth 

performance. It is shown that the antenna supports 3 kHz bandwidth only if the radiation 

efficiency is less than 5%. To support 8 times wider (24 kHz) bandwidth, efficiency should be 

8 times lower. A quick overview of inverted-L antennas shows that the antenna radiation 

pattern can be controlled using the aspect ratio of the vertical and horizontal arm length. 

Following this result, the antenna design is shown to evolve from a traditional whip antenna 

to a bent whip, i.e. base fed inverted-L antenna with lower profile. Offset feed is introduced 

as a means to improve the current on the horizontal section of the antenna and enhance 

zenith gain. In the last step of the evolution, a second arm is added in the offset fed 

configuration to improve the antenna bandwidth performance. The losses in the antenna 

from the vehicle and the environment are considered in the computational design by use of 

real material parameters for the vehicle and the grounds. The losses in the antenna tuner 

are taken into account by introducing a parameter called as effective tuner resistance. This 

parameter also sets the performance bounds on the tuner design. Results of the parametric 
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study performed on the single arm and two arm offset fed design show that the single arm 

offset fed inverted-L antenna requires a minimum profile of 0.625 m while the two arm offset 

fed inverted-L antenna requires a profile of 0.25 m. The final antenna geometry has two arms, 

offset feed located at 5 m from the rear of the vehicle, 0.25 m profile, and 8 m length of the 

horizontal arms. The performance of this antenna is considered over various grounds in the 

NVIS frequency range. Consistent impedance characteristics above various grounds suggest 

that same tuning mechanism can be used to tune the antenna over different grounds and in 

diverse environments. Zenith gain is better than -20 dBi, which is comparable to existing 

COTS solutions. Good agreement between the computational results using method of 

moments as well as finite element method validate the computational approach. The antenna 

has better than 24 kHz tuned bandwidth over the operational frequency range from 3 to 10 

MHz. Performance of the antenna under mechanical failure in one of the arms is investigated 

showing that antenna still supports communication but with lower bandwidth. The scaled 

prototyping of the antenna with a low-cost additive manufacturing process is introduced. 

Scaled prototype measurements are in very good agreement with the corresponding 

computational results in method of moments and finite element method packages. Tuning 

analysis on the scaled prototype is shown with support of better than 1.2 MHz bandwidth (24 

kHz equivalent after scaling). Pattern measurements of the scaled prototype are shown to be 

in good agreement with the computational results.  

5.1.2 Full Scale Prototyping and Platform Integration of 

Vehicular HF Antennas 

 The development of full scaled prototype is shown for the M-ATV. Design approach 

demonstrated in Chapter 2 is followed for this full scaled prototype. The main difference is 

that this antenna is designed as a two-arm base fed inverted-L antenna. This allows for 
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reconfigurable approach to test multiple antennas on the platform using same feed structure 

and tuner integration method. With a desired profile less than 1 m over the M-ATV, the 

antenna electrical size is ‘ka’ = 0.24 at 3 MHz. With this electrical size, the antenna efficiency 

needs to be less than 4.2% to support legacy 3 kHz bandwidth and less than 0.5% to support 

the desired 24 kHz bandwidth. Numerical studies demonstrate that the antenna supports 

better than 24 kHz bandwidth and -20 dBi of zenith gain, when effective tuner resistance is 

2Ω. Antenna gain and pattern measurements are performed on the M-ATV platform mockup 

and the results show the measured gain performance of antenna to be better than -20 dBi, 

while the measured patterns are acceptable for NVIS, ground wave, and long-range sky wave 

propagation. Provisions for cable routing, choking of return currents on the cable, weather 

proofing and field measurement setup used on the field are discussed. Measured impedance 

agrees with the computational results. A 0.5 MHz shift in resonance and antiresonance 

position is observed. This is attributed to minor dissimilarities between the two cases. 

Integration of a switch is described for the antenna structure to reconfigure into loop mode 

or inverted-L mode. Preliminary measurements provide the proof of concept for the proposed 

concept. Tuning the switched reconfigurable antenna is also demonstrated using a COTS 

tuner. 

 

5.1.3 Assembly Strategies for Isolation Improvement of 

Millimeter Wave and Quasi Millimeter Wave Front Ends on Space 

Constrained Cylindrical Payloads 

The introduction of a radial cut plane in the throat of the horn antenna is described. 

The cut plane is necessitated by the practical integration requirements inside a cylindrical 
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payload and by the capabilities of fabrication tools used to make such an antenna. The impact 

of radial cuts in the throat of a prefabricated horn antenna is shown to establish validation 

between computational tools and measurements. Following the validation, cut plane impact 

on a realistic horn antenna is shown with integration details. It is shown that the location of 

the cut plane must be kept as far as possible from the antenna feed. A uniform air gap is 

shown to introduce undesired spikes in the reflection coefficient. Concerns related to the 

antenna power handling and stable performance under such a scenario are discussed. To 

consider a more realistic integration scenario, the uniform air gap is modified into a practical 

air gap. The practical air gap is inspired by the fabrication finishes of typical fabrication 

processes performed on the antenna parts. The air gap thus considered is divided in radial 

sectors, with each sector having a random profile defined by the outer radius, and its 

thickness. The correlation between the undesired reflection coefficient spikes and high field 

concentration inside the air gap formed at the mating interface between the top and bottom 

antenna parts is shown. Good correlation is established between the spikes in the reflection 

coefficient, the fields concentrated inside the air gap at the frequency showing the spikes and 

contamination of the antenna radiation patterns.  

Following the analysis on the proposed antenna, the analysis of the impact of internal 

RF leakage on the coupling between the passive RF front ends is shown. Indoor measurement 

setup is used to establish the presence of internal RF leakage in the prototype payload. 

Baseline S21 noise and coupling measurements of the RF front ends with and without thick 

metal shielding and absorbers used for isolation show the presence of internal RF leakage. 

The measurement with aperture loaded with and without absorber slabs validate the 

expected measurement physics and highlight impact of reflections from the anechoic chamber 

walls that contaminate the measurements. Following this result, clean outdoor 
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measurements are shown to characterize the internal RF leakage. The effect of internal RF 

leakage is shown to decreases system level isolation to 65 dB.  The mitigation of impact of 

internal RF leakage on the coupling is shown by use of proposed conductive RF sleeves. 

Measurement of RF front ends with conductive RF sleeves on both the transmit and receive 

components show worst isolation levels higher than 95 dB over the 18 GHz to 40 GHz 

frequency range. Alternative methods to curb internal RF leakage are discussed including 

use of conductive epoxy. Presence of internal RF leakage is seen in case of conductive epoxy 

layer on the RF front end components, with a substantial leakage from the transmission line 

when compared to the case with the proposed conductive RF sleeves. Techniques related to 

contrast photography and pneumatic inspection are also encapsulated with a focus on 

possible RF leakage from the components under test.  

 

5.2 Original Contributions 

 The original contributions of this thesis are as follows: 

• HF NVIS on-the-move antenna with 0.25 m (λ/400 at 3 MHz) profile is designed. The 

antenna has 8 times wider bandwidth, but maintains zenith gain similar to existing 

COTS products. 

• Two arm inverted-L antenna is adopted to improve the antenna bandwidth, whereas 

the use of offset feed in HF antennas improves the antenna zenith gain for NVIS 

operation. 

• Modular build of HF antenna is demonstrated using adjustable aluminum-copper 

sleeve joints with conductive lubricant for retarding oxidation effects. The proposed 

integration method provisions easy antenna integration on the vehicular platform. 
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• Path towards switched implementation of electrically small HF antenna structure is 

shown to operate the antenna in loop mode or inverted-L using the same installed 

antenna structure. 

• The impact of introduction of a radially placed cut in the throat of horn antenna on its 

performance is shown. The cut features are introduced for ease of assembly, 

fabrication and integration inside a cylindrical payload. 

• Mitigation of the deterioration in isolation between passive RF front ends inside a 

cylindrical payload using conductive RF sleeves is shown with improvement in worst 

case isolation from 65 dB to worst case isolation of 90 dB across the wide bandwidth 

of 18 GHz to 45 GHz. 

 

5.3 Future Work 

The work presented herein could be expanded upon in many directions leading to new 

and interesting research possibilities including: 

• The tuning analysis and measurements shown in this work are performed in a static 

case. In a real-world scenario, the antennas need to be tuned as the vehicle moves 

across different grounds and changing terrain. The proposed designs of the two 

electrically small inverted-L HF antennas can be used as a test bench for research 

involving dynamic tuning of electrically small vehicular HF antennas for on-the-move 

applications. 

• The proposed electrically small HF antenna design process can be applied to design 

other electrically small antennas for more complex platforms such as boats, aerial 
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platforms and so on which require more careful consideration of the antenna 

environment and the mechanical forces acting on the antenna structure during 

operation. 

• The design of a practical, efficient tuner for electrically small antennas based on the 

effective tuner resistance parameter given by the proposed antenna design approach 

will be an interesting and natural expansion of this work. 

• The investigation of internal RF leakage and its impact on deterioration on the 

isolation must be extended into the 45 to 110 GHz frequency band. The bandwidth 

that the conductive RF sleeves can support must be ascertained, other mesh materials 

that can provide similar or better isolation must be investigated. 
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APPENDIX A 

Low-Cost, Expendable Planar Log Periodic Antenna 

 

 

A.1 Motivation 

The research motivation for the proposed planar log periodic antenna design described 

herein is based on the desire to physically protect the antenna from environmental elements 

during operation. The wideband electrical properties and bi-directional nature of the planar 

log periodic antenna makes it ideal for many practical uses. The versatility of this antenna 

makes it ideal for deployment on various platforms. Typically, an antenna considered for such 

applications needs to be designed with an encasing shell or radome for environmental 

protection. Antenna ruggedization and planned deployment play a vital role in the success of 

the antenna system and its long operational life. The antenna must be able to handle harsh 

operational environment, exposure to the weather and abuse during field operations. An 

approach towards the use of a radome for the proposed planar log periodic antenna is thus 

motivated by the performance of the antenna under real world scenarios. 

 Antennas are often deployed in harsh environments where they are expected to 

operate over long duration without easy access for cleaning, maintenance, calibration and 

testing. In order for the wireless and RF infrastructure to achieve the maximum possible 

resilience to the environmental factors, each section of the system must continue to perform 

at its designed specifications. To achieve stable operation over a long duration of time, each 

RF component and interconnect along the RF path must be properly installed, verified in-

situ and maintained [114]. It may not be practically possible to protect RF infrastructure and 

components against severe weather events such as tornados, hurricanes and floods but it is 
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vitally important to ensure that they are proofed against the day to day weather if round the 

clock operation is desired. The antennas and other sensitive equipment mounted at most 

cellular and other point to point base station sites have to tolerate constant exposure to wind, 

rain, sleet, snow and even the UV exposure to the sun.  

Ensuring isolation from moisture and water in antennas as well as the RF 

transmission lines is critically important to keeping the wireless networks operational. The 

typical points of failure at the antenna level include water ingress at various connection 

points for the antenna casing such as at the tower mounts and the fabrication joints, water 

ingress at the RF connection and feed interface of the antenna or the transmission line 

feeding it [115]. Water ingress inside the antenna is undesirable as it can cause deterioration 

in the antenna performance and consecutively affect the network performance. Long term 

weather and environmental exposure may often lead to slow degradation of performance due 

to rust, moisture, water ingress, salt fog and mist, and heavy wind gusts.  

To counter these practical challenges, antennas are often designed with protective 

layers in front of the aperture. The purpose of this protective layer or the radome is to provide 

protection for the antennas and their associated systems without causing unacceptable 

degradation to the electrical performance. As such the radome design is a compromise 

between the physical need to place a protective barrier in front of the antenna and the desire 

for the same antenna to have a clear and unrestricted view of its target in an electrical sense 

[116]. Various types of radomes and its properties are discussed for antenna applications in 

[116]. Antennas used for the automotive radars employ radome that protects the aperture 

from the road debris, rain, snow and dust [117]. Large operational facilities such as doppler 

weather radars also employ radome over the antenna elements to protect them from the 

external environmental factors [118]. Foreign object damage is an important issue for nose 
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cone mounted antennas in an aircraft [119]. Several documents of nose cone damage have 

been reported for aircrafts that encounter lightning, thunderstorms, hail, rain, dust or bird 

strikes during flight [120]. A radome loaded antenna with integrated heating element for 

deicing the antenna is shown as an example of how the radome can be used to add additional 

resilience to extreme weather [121]. It must be noted that although the radome adds 

protection to the antenna against weather and the environment, typical radome materials 

are extremely specialized and an antenna outfitted with a radome can often have a large 

upfront cost associated with it [122]. The radome design also needs to be as wideband as the 

operational range of the antenna itself, which can be a major challenge in some cases. 

In most typical cases, a planar log periodic antenna is realized on a dielectric 

substrate. Leaving the antenna in its raw PCB form factor may expose the copper traces to 

the environment and cause potential deterioration in its performance. In extreme cases, it 

may lead to truncation in the operational life of the antenna due to corrosion, dust and 

environmental abrasion. Additionally, dielectric exposure to moisture would lead to 

absorption by the hydrophilic dielectric bulk and cause a change in the dielectric properties 

of the substrate which may affect the antenna performance. With all these challenges and 

perspectives, it is appropriate to recognize how a low cost, wideband, easy to fabricate radome 

for the expendable planar log periodic antenna forms the motivation for the first part of this 

research. 

 

A.2 Overview of Planar Log Periodic Antennas 

 Raymond DuHamel introduced the log-periodic (LP) aperture in 1957 [123]. 

Subsequent research from DuHamel and Carrel established the LP design guidelines and 

operational details [124] [125]. A significant number of contributions related to the theory 
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and practical designs have been reported for LP antennas since then [126]. The active region 

of the antenna comprises of primarily resonant teeth pairs changes with the operating 

frequency: the higher the frequency, the active region migrates closer to the inside, near the 

feed. When realized in planar configuration, these antennas radiate towards both front and 

back directions (with respect to the aperture) very consistently over a broad range of 

frequencies. The wideband behavior of LP antennas has been utilized in a wide variety of 

applications, both for defense and non-defense/commercial application related needs.  

The antenna systems employed in the field demand a higher level of robustness along 

with compliance to the basic electrical performance. The mechanical and ergonomic design 

features of the antenna may have equal importance in this case. The radome design proposed 

herein yields an ergonomic, rugged and practical antenna ready for outdoor deployment, 

while still maintaining high degree of compliance with the desired wideband electrical 

performance. 

 

 

Figure A.1: Variables used to define the proposed planar log-periodic antenna. 
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The basic aperture shown herein has been developed by Jaegeun Ha. [127]. It must 

be noted that Ha adopted his design for high power applications by using wide boom, which 

contrasts it to most conventional planar log periodic designs.  

An illustration of the log-periodic antenna with annotations is given in Figure A.1. 

The antenna is fed by a microstrip line, etched on the other side of dielectric (with respect to 

the aperture), and is fabricated using standard printed circuit board (PCB) process. Varying 

growth rate is applied to the inner teeth to keep the width of the innermost teeth larger than 

0.8 mm. The boom is offset from the center of the antenna by 40 mm, thus increasing the 

minimum boom width to 1.2 mm which is much thicker compared to conventional log-periodic 

apertures. The antenna is designed on a 1.524 mm (60mil) Rogers3003 substrate [128]. The 

R03003 material results in comparatively lower nominal impedance of log-periodic antenna. 

The input impedance of the antenna is stabilized over wide bandwidth due to the variable 

growth rate used. A linearly tapered microstrip feed line impedance transformer with 

minimum line width of 0.8 mm is designed in AWR MWO [129]. The aperture has 12 teeth 

 

 

Figure A.2: Frisbee discs used as radomes for the proposed log periodic aperture. 
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pairs (N = 12) distributed over the antenna’s diameter of 220 mm (R11 = 98mm and Δ = 12mm). 

The teeth from the 12th arm are fused with the surrounding copper ring in two quadrants as 

shown. Other adopted structural parameters are: growth rate τ = 0.7674; α = 173.05º; boom 

angle β = 6.95º. Mounting holes with 3 mm diameter are placed at a radial distance of 105 

mm on the log periodic aperture to allow for radome integration using fixtures.  

 

A.3 Estimated Impact of Radome 

The computational analysis is performed in ANSYS HFSS. To provide a radome for 

the antenna aperture, two COTS Frisbees are used to enclose the aperture as shown in Figure 

 

 

Figure A.3: VSWRs of the antenna with and without the Frisbee. 
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A.2. The Frisbees are made up of low-density polyethylene (LDPE) with permittivity εr=2.2 

and loss tangent tanδ=0.0013, respectively.  

Figure A.3 shows the simulated VSWR characteristics of the free standing and Frisbee 

loaded log-periodic antennas. The two curves agree with each other well except for the fact 

that the Frisbee loading slightly improves match over most of the operating bandwidth. In 

the simulation results with the Frisbee, the VSWR is below 2:1 from 550 MHz to over 5 GHz. 

Measurements shown later demonstrate that the small swing in VSWR at turn on is not 

present in the fabricated antenna. Figure A.4 shows the realized boresight gain and the front-

to-back ratio of the free-standing aperture and the antenna with the Frisbee radome. As seen, 

in case of the VSWR the two configurations perform similarly for the boresight gain. The 

 

 

Figure A.4: Realized boresight gain and front-to-back ratio of the antenna with and 

without the Frisbee. 
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realized gain at the turn-on frequency is around 2.5 dBi and a stable gain performance is 

seen. The front-to-back ratio with Frisbee is below 0.44 dB over the entire bandwidth. The 

simulated radiation patterns in E-plane and H-plane (xz- and yz-planes, respectively) of the 

antenna enclosed by the Frisbee are shown in Figure A.5. A stable bi-directional pattern over 

a broad bandwidth can be seen, though a small beam squint in E-plane at 4 GHz is observed. 

Lastly, total efficiencies of the antenna for the two cases are shown in Figure A.6, and they 

are higher than 85% over the entire bandwidth. It is worth noting that the Frisbee does not 

decrease the efficiency drastically, owing to the impact from its dielectric losses.  

 

 

Figure A.5: Radiation patterns at two principal planes with Frisbee enclosure. Solid line: 

co-pol gain. Dotted line: cross-pol gain. 
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A.4 Radome - Antenna Integration 

The integration of Frisbees with the antenna includes customizing the Frisbee discs 

in accordance with the aperture design to mount the antenna aperture inside the Frisbee 

radome. The aperture is sandwiched between the two Frisbee disks as shown in Figure A.7. 

The entire antenna aperture is supported inside the Frisbee radome using right angled 

support columns inlaid on the inside walls of each of the Frisbee disk. The customized acrylic 

mounting posts for the Frisbee radome are set in accordance with the through hole pattern 

on the log-periodic antenna aperture. The mounting posts are fabricated out of transparent 

acrylic sheet of 1 mm thickness and a width of 10 mm. One arm of the right-angled mounting 

 

 

Figure A.6: Total efficiency of the antenna with and without the Frisbee. 
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posts is bonded to the inner wall of the Frisbee. This arm is 20.3 mm long (equal to the inner 

height of the Frisbee disk). The other arm of the mounting post is 10 mm long with a center 

hole of diameter 5 mm drilled into it to house the mounting bolts that would harness the two 

Frisbees and hold the aperture in between them. The entire antenna aperture is harnessed 

to the Frisbee radome using 8-32 imperial sized nuts and bolts fastened onto 12 such 

mounting posts spaced at the periphery of the Frisbee disk with an angular separation of 30. 

Additionally, each Frisbee disk has 12 supporting posts set in the space between two 

mounting posts to provide mechanical stability and enhanced support to the antenna 

aperture and to prevent it from warping and distorting in the event the Frisbee antenna 

experiences a mechanical shock or an accidental drop. The antenna aperture has an SMA 

type connector interface in order to maintain the compact and easy to assemble form factor. 

 

Figure A.7: General build process for the Frisbee antenna. 
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Note that the concept can be realized with other high-power capable connectors, such as N- 

or TNC without major changes or any deterioration in antenna performance. However, for 

the purpose of this research, the SMA connector power handling capabilities suffice [130]. 

For operating frequency of 1 GHz, and 5 GHz, the SMA connector is rated for powers of ~600 

W and >200 W, respectively [130]. The completed Frisbee antenna is sealed using silicone 

sealant paste applied to the joint connecting the two Frisbee discs thereby sealing any small 

air gaps or slits formed at the junction of the two Frisbee discs and adding to the mechanical 

integrity of the design. Use of sealant in this case holds a fair promise for future designs that 

are hermetically sealed or waterproof in nature. Such a design that isolates the antenna 

aperture from the external factors such as weather, moisture and dust would prove beneficial 

in increasing the durability and operational life of the antenna for many years as compared 

to the bare, exposed antenna aperture which would be subjected to the harsh external 

conditions.  

 

A.5 Measured Performance 

The measured VSWR of the free-standing aperture and the assembled prototype are 

shown in Figure A.8. The turn-on frequencies for VSWR = 2:1 are 500 MHz for both, free 

standing antenna and for the fully assembled prototype with a decade bandwidth 

performance (0.5 to 5 GHz) of VSWR below 2:1 is achieved, and the electrical size of antenna 

at the turn-on frequency is 0.373 λ0 × 0.373 λ0 × 0.09 λ0 with the Frisbee radome. Note that 

the effect of the Frisbee on the antenna performance at these frequencies is not detrimental. 

The measurement of the radiation patterns and gain are conducted in a combined near-

field/far-field measurement system at University of Colorado Boulder (Figure A.9). The 

antenna is placed on the AUT rotator mount with absorber backing using a Styrofoam spacer 
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to eliminate any impact of reflections on the measurements from the metallic rotator mounts. 

Note that in the real application, there will be no absorptive backing since this prototype is 

designed for the bi-directional application, there will be no absorptive backing since this 

prototype is designed for the bi-directional operation. A standard end-fire log-periodic 

antenna is used as the source for the performed far-field experiments.  

The measured realized gain of the antenna is depicted in Figure A.10 and overall good 

consistency is achieved in the measurements and they track well with the simulation results. 

The measured realized gain at the turn-on frequency is 0 dBi and it is maintained higher 

than 2.5 dBi from 0.5 GHz to 4.6 GHz after which the radome impacts the gain causing it to 

drop close to 0 dBi over a narrow band range of frequencies around 4.7 GHz.  

 

Figure A.8: Measured VSWR for the free-standing aperture and frisbee antenna. 
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The measured normalized radiation patterns of the antenna in E- and H-planes are 

shown in Figure A.11, and Figure A.12, respectively. Although the measured patterns are 

uni-directional due to the absorber used in the measurement, the antenna has bi-directional 

radiation in free-space. The patterns are stable over the frequency band of interest in terms 

of shape and beam width. Increased cross-polarization at the high end is partially due to the 

measurement setup used and due to the impact of the radome. The numerical and 

experimental results verify that the antenna has more than a decade impedance bandwidth, 

consistent radiation patterns, and good bi-directionality without noticeable deterioration in 

electrical performance in the presence of the proposed radome.   

 

 

Figure A.9: Antenna setup used for gain and radiation pattern measurements. 
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A.6 Summary and Discussion 

The integration of a low cost, easy to fabricate log periodic antenna with a Frisbee 

radome is discussed. Good, consistent impedance and radiation pattern performance is shown 

with the Frisbee antenna over decade bandwidth. The simple mechanical mounting feature 

of the radome over the antenna aperture promises for the use of different types of apertures 

such as a log-periodic or a spiral inside the same radome. There is also the choice and freedom 

to design these apertures with different properties such as variation in the substrate 

thickness and microstrip transformer in order to make the design higher power capable while 

maintaining the same overall design for the antenna without changing much of its electrical 

performance. The only design constraints enforced onto the designer in such a case would be 

 

Figure A.10: Measured broadside gain of the fully assembled log-periodic antenna. 
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to limit the physical size of all the apertures intended to be fit inside the Frisbee radome in 

accordance with the diameter of the Frisbee disk if finding a cost efficient larger sized radome 

is not favored. The typical applications for the Frisbee antenna include its use as a (visually) 

covert jamming. The Frisbee antenna can also be used as an excellent RF target for various 

ballistic platform testing. Because of its potential to be waterproof, the antenna holds good 

promise to be deployed on water surface or for use as a communication antenna in harsh 

marine environments. 

The future improvements for this design would include the implementation of a 

magnetically mounted aperture onto the Frisbee radome. This design would use rare earth 

permanent magnets mounted with reverse polarities on the Frisbee radome so that the two 

Frisbees are held together by the attraction between the two set of magnets. This would 

essentially sandwich the aperture between the two-magnet mount Frisbee radome. The use 

of magnets on the periphery of the aperture in place of the mounting posts would not much 

change electrical performance of the antenna while it would offer the design a complete field 

reconfigurable nature as opposed to the mechanically integrated Frisbee antenna design.  
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Figure A.11: Measured E-plane radiation patterns. 
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Figure A.12: Measured H-plane radiation patterns. 
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APPENDIX B 

Failure Analysis of Compact Spiral-Helix Antenna 

Under High Input RF Power  

 

B.1 Introduction to Spiral Antennas 

The exponential spiral antenna introduced by E. M. Turner in 1958 [131], is the most 

widely used FI antenna due to its well understood operating principles and relative ease of 

construction [126]. This appendix performs failure analysis of a four-arm cavity backed 

spiral-helix antenna. A typical two arms spiral antenna may be absorber-backed to achieve 

very wide bandwidth. However, the power handling of this antenna is limited by the use of 

such absorber. This may be improved by considering a metal-backed spiral antenna design 

as an appealing candidate for high power applications. Addition of the helix helps to 

miniaturize antenna, and thus improve its performance at lower frequency end [132] [133] 

[134]. The helix makes use of the available real estate on the vertical profile of the antenna 

between the cavity and the spiral aperture improving the low frequency response of the 

antenna. The combination of the helix element at the end of the spiral arms with resistive 

termination (i.e. spiral-helix antenna [135]) allows for minimized reflections from the 

antenna arm ends while still contributing towards improvement of performance on the low 

end. Another challenge with this antenna design is the complexity of the beamformer. The 

complexity of the beamformer can be addressed by introducing a microstrip feed 

configuration with a simple integrated beamformer using a single 90° hybrid [136]. 

The spiral-helix antenna is thus built to meet requirements of good wideband 

performance, low cost, and high-power operation at a size that is smaller in diameter than a 



 

 

213 

 

conventional spiral antenna. The design of the spiral helix antenna featured in this appendix 

was done by J. Bargeron and M. Elmansouri [135]. All the necessary design steps and 

precautions are followed during the antenna design process. However, the antenna suffers 

failure at the low-frequency during high power operation on account of a number of factors 

that could not have been foreseen or addressed in the design process through simulations or 

through traditional antenna testing processes without subjecting the antenna to high input 

power. In this section, a method of performing an autopsy that investigates the failure 

mechanism of the antenna is considered. By studying the antenna autopsy results, the 

specific parts of the antenna that led to the overall system failure are identified and the 

respective failure mechanisms are discussed. In the discussion that follows the autopsy, 

improvements to the antenna design are suggested to avoid a future failure under similar 

high power operating conditions. The overall focus of the antenna design shown in this 

appendix is to highlight the importance of practical details in the design process of an 

antenna, especially for the case when high power operation is concerned. 

 

B.2 Motivation 

Numerous RF systems performing many complex functions, employing multiple 

antennas are often found deployed on a single platform such as an aircraft [137]. A similar 

scenario can be observed for a ship, or a land vehicle that is required to support a large list 

of functions related to communications, navigation, radar-based detection and so on. 

Electronic warfare (EW) systems are typically employed to work in the UHF bands due to 

the threat from cellular and other wireless technologies working at those frequencies [138]. 

Based on the operational requirements, EW systems and antennas must offer the required 

adaptability and flexibility to cover a wide portion of the spectrum across the UHF band 
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where imminent threats may appear. Use of FI antennas offers the incentive and possibility 

of replacing multiple antennas on such platforms with fewer, wideband antennas. In the 

commercial world, there is an ever increasing requirement for wider bandwidth systems for 

applications such as UWB based geolocation systems [139], UWB indoor positioning systems 

[140], UWB radar for autonomous vehicles [141], UWB radar based gesture recognition [142], 

and high fidelity wireless video relay links [143]. Naturally, the performance of FI antennas 

offers a path towards appropriate use in these applications. However, these antennas need 

special consideration for design, fabrication and deployment when used for specialized high 

power applications on various platforms. Prominent among these aspects is the ability of 

achieving sustained high power operational capability without affecting the electrical 

performance of the antenna. Higher power handling capability would translate to enhanced 

communication prospects such as reliability, longer range and spectrum dominance on top of 

the wideband performance offered by the FI antenna. Requirement to support high power 

operation further adds to the design challenges of an FI antenna. For purposes of practicality 

and versatility, the high power operation capability needs to be addressed as part of the 

design process. The high power performance of the antenna is impacted by its electrothermal 

design features meaning that the antennas often need to be tested under high power levels 

and the design further improvised to realize a truly high power capable, wideband, FI 

antenna. Increment in power handling capacity of FI antennas can make them appealing for 

a large number of versatile applications across communications, jamming, directed energy, 

spectrum sensing, and UWB applications. The research motivation for the compact high 

power capable spiral helix antenna under study in this appendix section B therefore comes 

from the performance deficiency of typical FI antennas in the power domain. The objective is 
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to improve the ability of FI antennas to achieve similar or better performance in power 

domain while maintaining desired electrical performance over a wide bandwidth.  

 

B.2.1 Power Handling 

Unidirectional radiation can be obtained from a planar FI antenna by using a lossy 

absorber loaded cavity-backing which reduces the antenna efficiency and limits their 

continuous wave (CW) power handling capability to typically a few watts [144]. The most 

important limiting factor in an absorbing cavity backed FI aperture is the carbon-loaded foam 

absorber which absorbs the back radiation to prevent the radiated energy from reflecting 

from the cavity bottom and destructively interacting with the antenna radiation coming from 

the top side of the aperture. The use of carbon-loaded absorber filled cavities help maintain 

consistent antenna performance across wide range of frequencies at the cost of efficiency. 

Higher power handling absorbers are available and can be used in this concept to improve 

the power handling of the antenna. These higher power handling absorbers may be 

expensive, bulky, hard to integrate, heavy, and require careful heat-sinking strategy. It is 

important to note that the typical efficiency of a good absorber-backed FI antenna is less than 

50% as half of the radiated power directed towards the cavity bottom is absorbed and lost in 

the carbon loaded foam absorbers. Such efficiencies are too low and make no practical sense 

for use in real world high-power applications. The evolution towards a practical, high power 

capable FI antenna would therefore mean that the antenna supports uni-directional 

properties and is able to avoid the use of carbon loaded absorbers. 

End-fire log-periodic antennas can be considered for unidirectional radiation with 

high-power performance. However, end-fire log periodic antennas are long. Another common 

approach used to achieve uni-directional performance of FI antennas with efficiencies better 



 

 

216 

 

than 50% is based on adopting a conical configuration. With a suitable design consisting of a 

proper selection of the cone parameters of the apex angle, and cone height combined with a 

suitable antenna growth rate, a consistent high-quality uni-directional beam may be 

obtained with these antennas. Since the loading absorber is not required in this design, these 

antennas are capable of handling higher CW powers. A known drawback of the conical design 

is the antenna height. For turn on frequencies in the UHF domain, the height of a conical 

spiral design might not be as small as desired for platform mounted or flush-mounted 

applications. Additionally, copper plating and fabrication of conical spiral antennas is not 

straightforward and while it may be done by different manufacturing processes, it is very 

expensive compared to the costs of standard PCB fabrication processes used to fabricate 

planar spiral apertures. The high-power handling capabilities of these antennas are also 

limited by the utilized balun/feed network, thin conductor traces throughout the structure 

(particularly in case of the tightly wrapped spirals), arm count selection, and very tight feed 

region. Since these antennas are typically intended for multi-octave bandwidths with the 

highest frequency of operation in the millimeter wave regime and nominal impedance > 100 

Ω, the balun lines need to be narrow which limits their current carrying capacity (and thus 

power handling). Spiral antennas are often built with a tight wrap to enhance the quality of 

the radiated field while two arms are preferred to reduce the feed network complexity. Both 

these features limit their high-power handling capability. Noting these structural niceties of 

the typical FI antennas makes us realize that design of a high power capable FI antenna 

must be done with some compromise at the antenna level. The increase in its inherent power 

handling capabilities may come at a corresponding impact on its electrical performance.  
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B.3 Antenna Design 

The spiral-helix antenna chosen as a candidate for the antenna autopsy was designed by J. 

Bargeron, inspired from the good measured performance of the larger spiral helix antenna 

[135]. The antenna aperture is a single-turn planar microstrip-fed four-arm spiral with outer 

radius 𝑟𝑜𝑢𝑡 = 94 mm , and inner radius  𝑟𝑖𝑛 = 2 mm. Spiral is fabricated on a 1.52 mm Rogers 

RO 3003 substrate (휀𝑟 = 3, tan 𝛿 = 0.0013) chosen for its favorable thermal properties; 

specifically, low loss tangent, high thermal conductivity, and low thermal expansion 

coefficient which closely matches that of the copper in the substrate plane leading to better 

power handling [128]. The designed quadrifilar helix has two turns and height of 39.12mm 

with arm width of 2.46 mm. It is printed on 0.254mm Rogers RT 5880 substrate and wrapped 

around hollow Teflon cylinder (Figure B.1). The antenna is well matched with VSWR less 

than 2.6 from 0.5 to 3 GHz (6:1 bandwidth). The coupling between the antenna’s ports is less 

than -20 dB. The antenna has positive realized gain from 0.9 GHz and higher. The maximum 

measured gain is 7 dBic, minimum measured gain is -3 dBic. 

 

B.3.1 Antenna Fabrication 

 The antenna is fabricated on a small hexagonal ground plane, since multiple of these 

elements can be arranged next to each other in an array configuration that has a hexagonal 

grid. The helix top ends are soldered to the spiral arms (Figure B.1). In order to provide stable 

far field performance over the frequency range of operation, lumped resistive loading is 

applied to the bottom arm ends of the quadri-filar helix. Resistors of 75Ω, 100W rating (one 
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resistor per arm) are utilized. Metallic inset of 15.75mm height is placed inside the Teflon 

cylinder to extend the high-frequency operation of the antenna. Ferrite beads are placed 

around the coaxial feeds and the dummy posts to choke any currents on the outer conductor 

[145]. The SMD 90° hybrid (rated up to 125W) is used to excite the antenna. For ease of 

 

Figure B.1: Fabrication and assembly details of the spiral-helix antenna element. Shown 

in the top inset is the hexagonal augmented ground, the cavity bottom inset, Teflon 

cylinder used to mount the helix arms and the resistive terminations under the augmented 

ground. Ferrite beads are slid over the feed coaxial cable and the dummy coaxial cable 

before mounting the aperture onto the helix element. 
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integration, practicality and desired power/bandwidth the chosen 90° hybrid is surface 

mountable IPP-7066 which operates over 0.8 - 4.5 GHz range with reflection coefficient less 

than -20 dB, isolation is better than 20 dB, power loss is less than 0.75 dB, amplitude and 

phase imbalances are less than 1.5 dB and 5°, respectively [146]. It must be noted that the 

TABLE B.1 

Mechanical design parameters of the fabricated antenna. 

Parameter Value 

Aperture Diameter 94 mm 

Operating Frequency 0.5 – 3 GHz 

Metal to slot ratio (MSR) 2.6:1 (72/28) 

Minimum microstrip width 0.533 mm (21 mil [127 Ω]) 

Minimum slot width 0.533 mm (21 mil [at the center]) 

Aperture substrate RO-3003 

Substrate thickness 1.524 mm (60 mil) 

Helix Height 39.12 mm (1.54”) 

Helix arm width 2.46 mm (97 mil) 

Termination 75Ω; 100W (4 resistors, one per arm) 

Antenna weight Less than 5 lb. 
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antenna element itself has a slightly wider coverage compared to the rated coverage of the 

chosen 90° hybrid. The mechanical details of the antenna are shown in Table B.1. 

 

 

Figure B.2: Measurement setup for the high power test of the 94 mm diameter aperture 

planar spiral-helix antenna. 
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B.4 Antenna Autopsy 

 The term ‘autopsy’ is defined as a critical analysis of something performed after it has 

taken place or has been completed [147]. Based on this definition, the analysis of the antenna 

failure mechanism after its failure under high power operation is referred to in this work as 

‘antenna autopsy’. The candidate antenna is subjected to high power operation. The antenna 

failure during the high power operation is studied based on the test data, available evidence 

and the antenna performance characteristics. The antenna is dismantled post the high power 

test and the internal components are inspected one by one to establish the series of events 

that may have led to the antenna failure.  Different methods to improve the power handling 

capability of the candidate antenna are proposed thereafter. 

B.4.1 High Power Test 

The candidate spiral-helix antenna is put under high-power tests at Dayton T. Brown 

Engineering and test division, in Bohemia, New York [148]. The test setup is shown in Figure 

B.2 [149]. The setup consists of the test antenna connected to a directional coupler and fed 

by a high-power source. CCTV camera is used to record visuals during the test. Temperature 

on various antenna parts are captured through thermocouples. An E-field probe above the 

aperture is used to measure the radiated fields in real time. Throughout the test, the 

antenna’s performance is continuously monitored through the measurement of forward and 

reflected power at the antenna input, electric field strength at boresight, and thermocouple 

readings from non-radiating elements. The antenna is first tested at 3GHz where it readily 

handled 100W CW for 60min without any issues. Then the high-power test is performed at 

low frequencies specifically at 800MHz where the antenna fails to pass the test. Figure B.3 

shows the temperature profile of the antenna during the 800 MHz test. The test is started at 
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time t=0 with the input power set to 50W. The antenna is soaked at this power level for close 

to 20 minutes and gradual increase in the measured temperatures is seen (Figure B.3) at all 

locations due to thermal losses. No anomalous behavior is seen and at point ‘A’ in Figure B.4, 

the power level is increased to 100 W. However almost immediately fluctuations in both, probe 

E-field values, and reflection coefficient are noticed giving preliminary hints of antenna 

malfunction. From ‘A’ to ‘B’ the fluctuations continue and the input power is dialed down at 

‘B’ to 10W as a precaution against complete destruction of the antenna.  

With lower power now entering the antenna from ‘B’ to ‘C’ one can expect all the 

measured temperatures to drop as is observed in Figure B.3. From ‘B’ to ‘C’ the antenna’s 

behavior is found to be stable once again and thus the power is increased back to 80W at ‘C’. 

The temperatures show an expected rise from ‘C’; however, once again fluctuations in the 

probe field values and reflection coefficient are noted. The power level is reduced again to 10W 

at the peak between ‘C’ and ‘D’ to protect the antenna. As before, at these low power levels, 

 

 

Figure B.3: Readings of the thermocouples at 800 MHz versus the soak period. 
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the antenna is stable. In order to find a higher power level where the behavior of the antenna 

is stable, the power is reverted back to 50W at ‘D’. However, at this point the reflection 

coefficient increases from previous value of -25 dB (around which large oscillations are 

observed) to a stable value of -6 dB and the probe field value drops to very low levels indicating 

an irreversible breakdown in the antenna. It is interesting to note the diverging nature of the 

temperature profiles in Figure B.3 from ‘D’ onwards. This suggests an asymmetric nature of 

breakdown in the antenna. The asymmetric antenna breakdown is supported by observations 

and findings about the internal parts of the antenna when these parts are investigated after 

the high power test.  

 

 

 

Figure B.4: Measured input power and electric field readings above the antenna at 800 

MHz versus the soak period. 
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B.4.2 Antenna Autopsy Results 

During the antenna autopsy, a physical inspection of the antenna and its parts is 

performed followed by correlation of the electrical and thermal data from the high-power test 

with the observations from the antenna parts. From the inspection of the candidate antenna 

after the test, the antenna is found to be mechanically intact from outside. There are no 

visible external burn marks or solder reflow or signs of structural damage on the antenna 

body (Figure B.5). Preview of the antenna after dismantling is shown in Figure B.6. The 

antenna assembly is initially performed with some adjustments to the original plan to 

account for machining imperfections in the antenna parts. The assembled antenna is then 

 

 

Figure B.5: Spiral-helix antenna after high-power test. 
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subjected to high power tests. It is eventually found that the small adjustments in the 

antenna assembly result in poor power handling capacity.  

The ferrite beads on the feed posts of the antenna and the copper on the antenna 

aperture near these ferrites are found to be discolored. There is clear discoloration of copper 

traces and carbon deposit on the underside of the spiral aperture due to sustained heat 

buildup near the ferrite post contact points. There is mild discoloration observed at points of 

high current density on the antenna aperture. This implies excess heat development at the 

ferrite posts and the aperture in a localized manner during the high-power tests (Figure B.7). 

 

 

Figure B.6: Spiral helix antenna dismantled after the high-power test as part of the 

antenna autopsy investigation. Contribution from each part of the antenna led to the 

catastrophic failure of the antenna during the high- power tests.  
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The joint between the feed port and the aperture is observed to have failed because of the 

localized heat developed from the ferrite beads. Also, the brass fixture used to solder the 

coaxial feed at the aperture is found to have traces of burnt dielectric from the feed cable 

along with solder flux residue and some signs of solder reflow. The excessive heat on the 

outside of the coaxial feed port may have caused the dielectric inside it to expand and exert 

pressure on the joint between the coaxial feed and the aperture thereby completely 

disconnecting one of the feed ports from the antenna aperture. At the time of the 

investigation, no DC electrical connection is found between the shield of the feed port coax 

cable and the antenna ground due to the damaged solder joint at that port (Figure B.8). This 

port where the local heating artifacts described above are observed is the same feed port that 

yielded erroneous results during the high-power tests.  

A close inspection of the antenna terminations reveals that the resistors placed on the 

spiral-helix are soldered onto brass heat sinks on the underbelly of the ground plane with 

 

Figure B.7: Damaged feed ports with discolored ferrites and carbon deposit on the antenna 

aperture near the ferrite bead region. The localized carbon deposit on the antenna 

aperture near the ferrite beads suggests very high temperatures were developed in these 

areas during the test. 
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bent leads and skewed orientation to compensate for the aforementioned machining errors 

and misalignment of the antenna fixtures (Figure B.9). This is seen as another factor that 

may have affected the antennas capacity to dissipate power in the resistors efficiently. Due 

to the possibly poor terminations, most of the residual power would have been reflected back 

into the system instead of being terminated. The reflected power would then make its way 

eventually in to the antenna bulk in the form of heat. One of the resistors is also found to be 

broken at the lead contact. Furthermore, these resistors are found to have been cold soldered 

onto the heat sink (Figure B.10). The cold soldering may have happened during the assembly 

process when a large area of brass metal would have to be heated using a small soldering 

iron for the integration of these resistors.  

These observations about the design and integration deficiencies and their 

contribution to the thermo-electric runoff based failure of the antenna corroborate well with 

  

Figure B.8: Localized heating of the ferrite beads around the coaxial feed cable caused the 

feed cable dielectric to expand. The pressure from the increased volume of the expanding 

dielectric inside the coaxial cable and solder reflow at the joint between the coaxial cable 

and the aperture caused an electrical disconnect of the feed cable consequently resulting 

in a total asymmetric antenna failure.  
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the hypothesized asymmetric failure mechanism of the antenna and the corresponding high 

reflection coefficient observed during breakdown. Based on the autopsy, the thermal hotspots 

are attributed to ferrites and possibly to the poor heat dissipation at the resistive 

terminations. The thermal expansion of the dielectric in the coax at the feed point can be tied 

to the artifacts of thermal hot spots being observed near the coaxial breakdown point at the 

aperture. The heat developed at the breakdown point may have aided the solder joint to 

weaken and excessive pressure on the feed – aperture joint from the expanding dielectric core 

would have resulted in an electrical disconnect.  

  

 

 

 

 

Figure B.9: A close-up view of one of the resistor used as termination on the spiral helix 

antenna showing bent connecting leads used to compensate for fabrication errors and 

misalignment of parts.  
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B.4.3 Design Improvements  

To address the antenna deficiencies and issues discovered through the autopsy, the 

brass heat sinks are replaced by copper heat sinks which have three times higher thermal 

conductivity. The antenna feed posts are connected to the aperture by means of COTS bulk 

SMA through hole connectors instead of connecting by means of soldered brass mounting 

posts to ease antenna assembly process, and thus reduce chances for assembly errors. 

Soldering of terminations on the heat sinks is proposed to be done at a higher temperature 

to avoid cold soldered joints. The cables that are used to make the feeding posts are preheated 

 

 

Figure B.10: Cold soldered resistive terminations on the underbelly of the spiral helix 

antenna. (a) and (b), Two of the four resistive terminations are shown here for reference. 

(a) The discussed broken resistive termination can also be seen in this picture on the left 

image (a).  
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before installation. Preheating the coaxial cables to 400º C before the installation causes the 

thermal curing of the dielectric core. Excess dielectric coming out of the cable due to thermal 

expansion is removed as part of the preheating treatment. Two out of the three ferrite beads 

mounted on each feed post are sunk into the metallic ground plane to provide for additional 

heat sinking through the metal mass of the antenna cavity bottom. Soldering at the thermal 

hotspots on the antenna is done using a solder alloy with higher melting temperature as per 

the improvised integration plan. The small incremental changes in the fabrication and 

integration techniques adopted to make the antenna are targeted at the identified weak spots 

in the antenna design. These small but important design changes are aimed at significantly 

improving the overall build quality and mechanical and electrical robustness of the antenna. 

 

B.5 Summary and Discussion 

 The antenna autopsy process is introduced in this section. The antenna failure under 

high power is studied and series of events that led to its failure are investigated. The thermal 

data obtained from the high-power tests supports the deterioration in the antenna 

performance during the high-power tests. The design features that led to the antenna failure 

are improved to mitigate the prevailing flaws. The primary reason for antenna failure is 

attributed to its inherent mechanical integration and thermal design flaws. The antenna is 

overhauled with some critical design changes post the high power test on the basis of the 

findings given below from the autopsy performed on the candidate antenna. For the future 

exploration of proposed antenna autopsy research and its potential applications, 

enhancement in the thermal/high power performance of FI, resistively-loaded antennas is 

suggested by addition of low cost, and lightweight active cooling systems that can be easily 

integrated with the antenna. An illustration is shown for this concept in Figure B.11. This 
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suggested solution is based on using small fans as sidewalls for the 7 – element spiral 

antenna array is built with the integration principles elaborated in the above discussion 

section. In the actively cooled design, one set of fans would pump the air in to the air gap 

between the antenna aperture and the backplane and the other set of fans on the opposite 

wall would move the air hot column out of the antenna structure. A small DC rechargeable 

battery or an integrated power supply can be used to run these fans when the antenna unit 

is under operation. Alternatively, thermal sensors can be used to automatically regulate the 

fan when the temperature reaches certain level. Passive cooling approach by adding heat 

sinks to the resistive terminations to dissipate the generated heat at the source can also be 

considered. Testing the high-power capability of such antennas with ferrite-loading and 

active cooling is also important aspect of the future work.   

  

Figure B.11: Resistively-loaded, FI array made from spiral antenna elements with active 

cooling fans mounted on the antenna sidewalls.  
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APPENDIX C 

Techniques for Preliminary Component Inspection from 

an RF Leakage Perspective 

 

C.1 Introduction 

 The approach to investigate internal RF leakages has been demonstrated in Chapter 

4 of this thesis. The results of the internal RF leakage measurements point to a possibility of 

significant impact of the RF leakage on the system level isolation depending on fabrication 

approach. The component seams and joints as well as flanges used to connect multiple 

components together are hypothesized to be one of the root causes of RF leakage. For practical 

purposes, it is desired that potential causes of RF leakages from components and RF systems 

are identified. One of the first steps towards this would be the ability to inspect the RF 

components from an RF leakage perspective. Contrast photography method and pneumatic 

testing approach is shown as a path towards such preliminary component investigation. 

 

C.2 Component Inspection Against Bright Light 

 Contrast photography principles are used as a tool to identify miniature openings in 

the component seams. This method proposes to investigate the potential leakages by the use 

of a high power light source placed against the part under study. A double ridged waveguide 

transmission line section is used to demonstrate the adopted approach. By testing the seams 

of the component against the light from different exposure angles, the potential defects, 

misalignments and air gaps can be identified. Possible reasons for the manifestation of these 

potential RF leakage spots can be attributed to fabrication burrs, tooling finishes and minor 
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blemishes formed on the finished part. The areas where the seams are compromised, and air 

gaps or defects are present light up against the darker background as seen in Figure C.1. 

These areas could potentially be sources of RF leakage when integrated inside payloads.  

 

C.3 Component Inspection Using Pneumatic Method  

The same transmission line used in the contrast photography inspection technique is 

also inspected using a pneumatic method. The line is submerged in water, and pressure 

between 0.5 and 1 psi is applied against the component on one end, whereas it is plugged 

with a sealing adapter plate on the other side. Once the pressure is turned on, bubbles of air 

 

Figure C.1: Example of component inspection of a short section of waveguide transmission 

line for compromised seams and fabrication errors against a high intensity light source. 

Shown in the picture are good and bad seams are identified by the use of this test.  
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are seen to leak out of the component in places where the seam is compromised or where 

there are misalignment errors creating a miniature air gap (Figure C.2). Care must be 

exercised while performing this inspection, since the entire component may start leaking air 

above a particular pressure threshold and masking the potential source of RF leakage. In 

this case, identifying the actual location of potential RF leakage due to air gaps in the seam 

can become difficult. Experimental results show that this method can identify miniature or 

 

Figure C.2: Potentially leaking seams are identified in a waveguide transmission line 

using the pneumatic method.  
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hairline cracks and fine air gaps suggesting that the detecting resolution is higher compared 

to the contrast photography method.  

 

C.4 Summary and Discussion 

Path towards component analysis and preliminary inspection for RF leakage is shown 

through the contrast photography and pneumatic methods. Another possible method for 

identifying potential RF leakage spot is through the use of liquid penetrant dyes. These dyes 

are extremely low viscosity and are used to identify cracks, hairline ruptures, welding defects 

and seizures in plumbing, oil and gas and many other industrial applications [150]. The use 

of the liquid penetrant can be analogously applied in the use case of antennas to identify 

similar hairline cracks and ruptures in the component seams that may be a cause for RF 

leakage. The discussed component inspection techniques should be put through additional 

trials and tests for applicability towards quantitative as well as qualitative analysis of RF 

leakage from components. Such a detailed analysis would be appropriately suited for study 

as part of future work.  
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