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(ABSTRACT) 

Broadband, high power, dual polarized phased arrays constructed from waveguide 

type elements generally require a 90 degree rotationally symmetric waveguide cross 

sectional geometry that can support single-mode propagation over the desired bandwidth. 

This dissertation presents a novel method of obtaining bandwidth enhancement of a square 

waveguide using both dielectric loading and mode filters that retains the 90 degree 

rotational symmetry. By placing two orthogonal dielectric slabs transverse to the guide, 

one obtains what is referred to as the crossed-septum waveguide (CSW). The bandwidth 

enhancement of the square waveguide is achieved by exploiting the modal symmetry 

properties of the electric field about a given axis within the guide. The objective is to 

increase the modal separation between the TE,, (or TE,,) mode having even/odd (or 

odd/even) symmetry and TE,, mode having odd/odd symmetry in the guide. The TE,, 

and TM,, modes having even/even symmetry are forced to attenuate rapidly by the use of 

mode filters. 

An analysis of the CSW is performed using the mode matching technique to 

determine the electromagnetic fields, phase constants and modal cutoff frequencies. A 

numerical study of the modal cutoff frequencies as a function of septum thickness and 

dielectric constant is performed. The TE,, mode is found to split into two distinctly 

different modes upon the introduction of the dielectric septum and are referred to as the



'U'-upper and 'L'-lower modes. The analysis shows that one can obtain increased cutoff 

frequency separation between the TE,, and TE,,, modes, however the TM,, mode may 

limit bandwidth performance. A process for designing and experimentally verifying a 

mode filter for supporting the dual polarization requirement is described. The mode filter 

consisting of a thin conductive film is demonstrated using the resonant cavity technique, 

and is experimentally shown to suppress unwanted TM,, and TE,, higher-order mode 

resonances. 

A general case multi-mode radiation analysis is used to identify dominant mode 

and higher-order mode far-field radiation characteristics. Co- and cross-polarization 

measurements are performed and show that energy can be largely confined to dominant 

mode. Under these conditions, the patterns are reasonably well behaved and degrade 

gracefully at the high frequencies. The concept is demonstrated over a 2.2:1 bandwidth. 

A potential application of the CSW is a phased array antenna radiating element that 

supports dual polarization.
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of the Dissertation 

This report describes research in support of the program to develop a broadband, 

high power, multi-polarization phased array antenna. The development of a wideband 

radiating element for use in a proposed phased array antenna is the focal point of the 

research. The research is motivated by the need for the Government to develop a 

broadband multi-functional test 'radar simulator' for use in a generic set of applications. 

This work was performed during the 1992-1994 time period for the Threat Simulation 

Department at the Naval Air Warfare Center, Weapons Division, China Lake, California. 

1.2 Motivation and Perspective 

A ‘radar simulator' (also referred to as a ‘threat simulator’) is a measurement 

device, used for testing electronic countermeasures (ECM) and electronic counter- 

countermeasures (ECCM) on a test and evaluation (T&E) range such as that found at the 

Naval Air Warfare Center, China Lake CA. Figure 1-1 illustrates a radar simulator 

Operating in a typical test environment. A functional description of a radar (threat) 

simulator can be found in references [1]-[4]. The radar simulator provides an interactive 

test bed for the ECM/ECCM equipment found on modern military aircraft and simulates a 

set of conditions from which tactics and the effectiveness of electronic warfare equipment 

are evaluated. 

The phased array antenna is the component of a radar system that allows an 

electronically scanned beam to search a volume of space, locate and track a target, and 
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Figure 1-1. Conceptual illustration of a radar ‘threat simulator' in a test environment. 
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guide missiles to engage the target if necessary. A radar simulator is a measurement 

device that simulates a specific phased array radar system. The radar simulator can 

therefore be thought of as somewhat of an ‘elaborate voltmeter’ or measurement device, 

that is used to measure a set of parameters in a controlled test environment. Therefore, 

the radar simulator must perform not necessarily as an operational radar, but rather as a 

test measurement system that simulates important characteristics of a radar system. This 

provides an additional degree of freedom for the antenna designer for evaluation of the 

phased array antenna performance tradeoffs. 

In past years several specialized phased array radar simulator systems have been 

built that cost in the tens of millions of dollars. These systems were designed to operate 

over a relatively narrow frequency band, typically, around 10% or less of the center 

frequency. A significant portion of the cost incurred in the radar simulator development 

historically has been due to the fact the systems developed were relatively specialized 

systems and could only perform a limited set of specialized tasks. Therefore, a cost 

savings could not be realized by building more than one because a significant part of the 

cost is due to non recurring engineering (NRE), (e.g., the NRE is not distributed over 

multiple systems, but applied to only one system). 

Approximately 30-50% of the cost in a modern radar simulator development is due 

to the phased array antenna system. It is believed that tf a broadband multi-functional 

phased array antenna could be developed, it would offer cost savings in two areas. First, 

manufacturing one antenna that can be reprogrammed and used for several applications or 

tasks will offer cost savings since reprogramming an existing antenna should be more cost 

effective than building an entirely new one, including the development, design and 

manufacture. Secondly, if multiple antennas are manufactured using the same design, it 

should be possible to distribute the NRE over multiple antennas, thus providing a 

substantial cost savings. 

In order to fully understand the phased array performance drivers which motivate 

this research, it is useful to provide some illustrative numbers. A set of five basic electrical 

requirements for a proposed hypothetical phased array 1s given in Table 1-1. First, the 

antenna polarization must be programmable, to support various applications which are 

expected to occur. Circular (right hand or left hand) and linear (vertical or horizontal) are 

the four basic requirements. Second, the power levels depend on the specific application 

and could be as high as about 150 kW, and could have up to about 40 % duty cycle. 
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Third, the goal is to achieve in excess of one octave bandwidth ranging from lower X- 

band to Ku-band. The frequency of operation is also application dependent and is 'tunable' 

by reconfiguring the system. The operating frequency is only required to be adjustable 

over relatively long periods of time (such as hours or days, rather than milliseconds or 

seconds). The fourth parameter is the beamwidth which is assumed to be adjustable 

dependent on the specific application. Typical beamwidths range from about 0.75-1.5 

degrees adjustable by illumination of the array aperture (see Section 2.2). The fifth 

desired specification is the need to support electronic scanning angles of up to about 15- 

30 degrees. Chapter 2 will discuss how each of these parameters defines the radiating 

element requirements addressed in this study. 

  

  

  

  

  

  

Table 1-1. 
Proposed Hypothetical Phased Array Performance Specifications and Parameters. 

PARAMETER SPECIFICATION COMMENTS 

polarization circular or linear adjustable 

power levels peak up to ~150 kW up to 40% duty cycle 

operational frequency | lower X-band to Ku, narrow instantaneous 
more than one octave bandwidth 

beamwidth about 0.75-1.5 degrees adjustable 
scan angles about + 30° to +15° | may accept lower scan angles at 

higher frequencies if necessa           
Implicit in each of these requirements is that these are goals and hence not ‘written 

in stone’. The radar simulator is a test measurement device that operates in a controlled 

environment, and in many cases it could be worthwhile to tradeoff performance for the 

convenience of having one multi-functional antenna system. Parameters such as 

efficiency, loss, scan angles and side lobe levels are tradeoff factors, to name a few. 

1.3 Summary and Problem Statement 

The performance specifications stated in Section 1.2 serve as drivers for the 

phased array antenna development, and consequently the radiating element development. 
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For high power ground based phased array radar antenna applications, the waveguide 

radiating element is the preferred radiator type, due to its good high power capabilities. 

The waveguide radiating element has the additional advantage of providing a natural 

transition to a phase shifter, which is also constructed of waveguide for high power 

applications. The waveguide is used as an interface between a phase shifter and free 

space, setting up a field distribution at the aperture leading to radiation. The problem 

addressed in this report is the development and performance assessment of a candidate 

high power radiating element for a phased-array antenna system that can support the 

necessary multiple polarization requirements while achieving the bandwidth requirements. 

Our approach is to extend the usable single-mode bandwidth of a square 

waveguide by the use of dielectric slabs strategically placed at locations such that the dual 

polarization capabilities of the square waveguide are preserved. The dielectric slabs are 

placed in such a way that certain modal cutoff frequencies can be affected based on the 

symmetry properties of the modes. Additionally, mode filters are used to attenuate energy 

in higher-order modes, which could be detrimental to the phased array performance. The 

problem is viewed in terms of a set of tradeoff considerations, where broadband operation 

is needed and therefore the objective is to achieve graceful degradation at the high 

frequency end of operation. Each of these considerations is described in more detail in the 

following chapters, as outlined in Section 1.5. 

The novel part of this research is in the theoretical and experimental investigation 

of a new type of radiating element, referred to as the crossed-septum waveguide (CSW), 

which contains the dielectric loading (slabs) and mode filters described above. A complete 

definition of the CSW is provided in Chapter 3, along with a basic discussion on the 

concept of exploitation of the symmetry properties to enhance the bandwidth and retain 

dual polarization. The analysis of the CSW is achieved by the use of a mode matching 

technique to solve for the cutoff frequencies, phase constants, and the electromagnetic 

fields inside of the waveguide. The mode matching technique is a numerical method 

useful in solving boundary value problems and is employed because the CSW has a 

nonseparable geometry, for which a closed form solution is not readily obtainable. The 

derived models for the CSW are experimentally verified by measurement of the cutoff 

frequency of the dominant mode and higher-order modes, using the resonant cavity 

technique. Radiation patterns are computed and compared to those measured for an 
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experimental CSW radiating element. Implications for the phased array antenna are given 

based on the measured and computed results. 

1.4 Technical Approach 

The novel component of this research is the investigation of a new type of 

radiating element that shows potential as a broadband radiating element candidate. The 

thrust is to investigate, develop, analyze, characterize and assess the new radiating 

structure, and determine its usefulness in broadband applications. The flowchart in Figure 

1-2 gives a broad overview of the analysis and experimental techniques used to 

characterize the CSW. 

The first step in the research is to consider a hypothetical broadband phased array 

and relate this into a set of radiating element requirements necessary for the CSW. This is 

performed in the background discussion portion of this report by reviewing the literature 

on broadband waveguide type arrays. After defining the CSW and explaining conceptually 

why it is believed to be a broadband phased array element candidate, a theoretical 

investigation of a 2-dimensional cross-section of the CSW is performed to determine the 

modal characteristics. 

Following a theoretical investigation, the next step is to experimentally verify the 

dominant mode and some of the higher-order mode cutoff frequencies for comparison 

theory. This will demonstrate the validity of the analysis technique, from which the fields 

and the cutoff frequencies of the higher-order modes are determined. The mode filter 

investigation is accomplished by experiment to demonstrate the concept and show the 

bandwidth enhancement can be achieved. 

Once the modal characteristics are well understood (by theory and experiment), 

the radiation properties of an open-ended waveguide consisting of the CSW is 

investigated. An analysis is performed and experimentally validated by measurements 

using the Satellite Communications Group's Antenna Lab at Whittemore Hall. 

Finally, once the CSW has been characterized both experimentally and 

theoretically, a discussion of the results 1s applied to the original phased array problem. 

Several of the key points including the advantages and disadvantages are given as a 

practical consideration. 
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Figure 1-2, CSW assessment technical approach. 
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1.5 Organization of the Dissertation 

Chapter 2 of this dissertation introduces the reader to the topic of phased array 

antennas and provides a background discussion. A basic space-fed phased array antenna is 

considered and the basic theory for the system is described. A discussion of array theory 

and mutual coupling will indicate that the control and containment of energy to the 

dominant single-mode of propagation is the key driver in a phased array radiating element. 

From a discussion of background work, the radiating element is one of the key 

components that must be developed to satisfy the broadband hypothetical phased array 

requirements. This chapter also provides a discussion of the prior work in the areas of 

broadband arrays, wideband dielectric loaded waveguide structures, and dielectric loaded 

antennas. 

Chapter 3 defines and discusses the Crossed-Septum Waveguide (CSW), a novel 

broadband phased array element, which is assessed in this dissertation. A qualitative 

understanding of how it works is also provided. In Chapter 3, we will define symmetry 

properties, geometry, and parameters that are varied to obtain bandwidth enhancement. 

An overview of the field symmetry relationships useful in analyzing the waveguide are also 

provided. 

Chapter 4 continues with the derivation of the system of equations necessary for 

solving the CSW boundary value problem. The form of solutions in the analysis of the 

CSW is obtained using the mode matching technique. Chapter 5 applies numerical 

techniques to solve the system of equations derived in Chapter 4. In Chapter 5 a study of 

the CSW is performed to investigate the modal characteristics of the CSW. The modal 

cutoff frequencies, fields and symmetry properties of the fields are investigated, as a 

function of septum width and dielectric constant. 

Results of an experimental investigation with a length of the CSW using the 

resonant cavity technique is reported in Chapter 6. The experimental investigation used 

two CSW versions and the results verified the cutoff frequencies of the dominant mode 

and some of the higher-order modes. The mode filters necessary for the bandwidth 

extension are described and experimentally demonstrated. 

The radiation characteristics of an open-ended CSW are discussed in Chapter 7. 

The CSW is analyzed using aperture theory techniques, assuming a general multimode 
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analysis. The multimode analysis is useful in distinguishing the salient features of single- 

mode and multimode radiation. Both co- and cross-polarization measurements are 

performed over an octave bandwidth and compared to theory. 

Chapter 8 discusses the practical implications of the results derived in this 

investigation with respect to the phased array application. This report addresses many of 

the key points necessary to demonstrate the usefulness of the CSW in the phased array 

application. It does not however answer every conceivable question related to the CSW 

and the phased array. Several of the key areas identified as future work are given in the 

Chapter 10. A summary and conclusions are provided in Chapter 9. 

1.6 References for Chapter 1 

[1] “Electronic Combat Range User's Guide-Volume 1: an Overview," NAWCWPNS TM 

7260, Vol. 1, May ,1993. 

[2] "Electronic Combat Range User's Guide-Volume 2: ECR Threat Simulator 

Parameters," NAWCWPNS TM 7260, Vol. 2, May ,1993. (Publication: SECRET- 

NOFORN) 

[3] "Electronic Combat Range User's Guide-Volume 3: Test Data," NAWCWPNS TM 

7260, Vol. 3, July ,1993. 

[4] D.M.North, "Special Report: China Lake Weapons Center", Aviation Week and 

Space Technology, pp. 46-87 January 20, 1986. 
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CHAPTER 2 

PROBLEM STATEMENT AND 

BACKGROUND DISCUSSION 

2.1 Overview of Chapter 2 

This chapter presents both basic phased array theory and a review of the current 

state of art in wideband phased array research. Prior to a detailed investigation of the 

radiating element, it is necessary to discuss some of the important phased array 

requirements. A hypothetical wideband dual polarized phased array is considered and a 

basic discussion of the relevant theory is provided. The discussion of phased array theory 

will enable us to identify key drivers and important aspects from which to launch a 

theoretical and experimental investigation of the CSW. A review of the pertinent 

literature and prior work conducted in the area of broadband phased arrays is then 

provided to assess the current state of art in this area of research. The emphasis is placed 

on waveguide type radiators and systems, but also included are data on other broadband 

systems for a relative comparison to the approach addressed in this report. 

2.2 Basic Array Descriptions and Definitions 

2.2.1 Space-fed Phased Arrays 

Consider the hypothetical phased array antenna system shown in Figure 2-1. The 

antenna system is assumed to be polarization adjustable so that it can be configured to 

operate in any of the four polarization modes used by radar systems including vertical or 

horizontal linear, and left- or right-hand circular polarization. Such systems are also 

referred to as dual polarized or polarization diverse systems. The antenna system 
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Figure 2-1. Hypothetical space-fed dual-polarized phased array. 
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consists of a transmitter/receiver (T/R) unit, a feed horn, a beam steering computer (BSC), 

and a planar array populated with radiating elements. Together, these subsystems 

comprise what is referred to as a space-fed phased array antenna and radar system [1], [2]. 

The discussion given below is in terms of the transmit mode, however by reciprocity, a 

similar discussion also applies to the receive mode. 

In the transmit mode the transmitter/receiver unit generates the desired radar signal 

which is eventually radiated into space. The transmitter as discussed in Chapter | is 

assumed to be capable of generating a relatively high power as would be needed for a 

radar system. Power levels for the purpose of this discussion can be assumed to be about 

150 kW peak power. The practical implications of the assumed power levels are 

discussed below. 

The transmitter is connected to an antenna called the feed horn. The feed horn on 

a search/tracking radar usually consists of a monopulse summing and difference network 

as described in references [1], [2]. The function of this feed horn is to distribute power to 

each of the array elements thus forming the space-fed system. The feed horn position 1s 

assumed to be movable depending on a particular application. Allowing the feed horn to 

be longitudinally repositioned permits adjustments in the array amplitude weighting (or 

illumination taper) which in turn can be used to vary the array's beamwidth for a given 

phased array application. 

The planar array is the main aperture of the antenna and produces the far-field 

pattern. Since the array receives power (from the left side) and then re-radiates (to the 

right side), it can be referred to as a Jens array. Identical radiating elements are assumed 

to populate the array. Therefore for the array to function over a wide frequency 

bandwidth, all array elements must also operate over the same range of frequencies. The 

planar array is populated with what is referred to in Figure 2-1 as multiple phased array 

radiating element assemblies. A detailed discussion of the radiating element is provided 

below. 

The power handling capacity and the total number of elements needed can be 

estimated by assuming the hypothetical phased array beamwidth and power requirements 

given in Chapter 1. The number of elements required for a phased array can be estimated 

by the simple relationship HP 60/sN where HP is the half power beamwidth in 

degrees [71], N is the number of array elements in one dimension of the array, and s is the 

spacing between elements. An illustrative example can be provided by assuming a spacing 
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of s=0.7A,, where A, is the wavelength at the highest operating frequency for an array 

operating over one octave bandwidth. At the highest frequency of operation and the 

largest beamwidth (HP =1.5°) one obtains about 3300 elements illuminated by a 

maximum peak power of 150 kW, or about 40-50 W per element. Of course, an 

illumination taper due to the feed horn will distribute more power to the central elements 

than to the outer elements but we are only concerned with a rough estimate here. At the 

lowest frequency of operation and the narrowest beamwidth (HP = 0.75°) one obtains a 

total of about 50,000 elements needed in the array!, and of course the total number of the 

elements i//uminated will be determined by the feed horn position. At this time we are less 

concerned with an exact total number of elements and an exact power handling 

requirement for the elements, but rather wish to imply the following. The total number of 

the elements will be in the tens of thousands, and the peak power handling requirements 

per element is in the tens of Watts. 

A detail of the radiating element assembly is shown in Figures 2-2a and 2-2b. As 

shown, the radiating element is the interface between the phase shifter and free space. 

Conceptually, the radiating element assembly provides a convenient place to view the 

polarization adjustable characteristics of the proposed array. Obtaining a desired 

polarization can be achieved by one of at least two methods. The first method is shown in 

Figure 2-2a and assumes the array lens is transparent, and preserves to some degree, the 

polarization of the feed horn. Using this approach the feed horn may be used to define or 

adjust the array system to the desired polarization used in a particular configuration. This 

implies that both sides of the lens array and the phase shifters must effectively support dual 

polarization. The second method would employ a switchable polarizer to obtain the 

desired polarization on the right side of the array as shown in Figure 2-2b. It is believed 

that one may be able to further develop one of the polarization schemes given in 

references [3]-[7] to obtain a suitable broadband polarizer, however this effort is left as an 

area of future work. The advantage of this configuration is that the feed horn, left side of 

array and phase shifter can all be designed to operate in linear polarization for example. In 

either case the radiating element discussed in this report provides an interface between the 

phase shifter (or polarizer) and free space. Due to the power requirements discussed 

above, the desired approach for a radiating element is the open ended waveguide [2] 

  

! It is well known that total number of elements in an array can be reduced using the technique of array 

thinning. For simplicity array thinning is omitted in this discussion. 
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Figure 2-2. Radiating element assembly. (a) Polarization transparent approach, 

(b) Polarization switching approach. 
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since it will support the high power requirements and is relatively easily interfaced to a 

waveguide-based ferrite phase shifter. 

Also shown in Figure 2-2 is the phase shifter and an associated coupling network. 

The phase shifter is an electronically controllable device that adjusts the desired phase 

weighting of the radiating elements, in order to rapidly steer the far-field beam to the 

desired angle. The phase shifter is assumed to be broadband in nature and must operate 

over the whole frequency range of the array. The power requirements of the phase shifter 

are dependent on array geometry and transmitter power output and hence are essentially 

the same as that of the radiating element i.e., tens of Watts. A high power phase shifter 

that can perform satisfactorily over a frequency range of more than an octave bandwidth is 

well within the current state of art. Examples of linear polarized ferrite phase shifters 

satisfying this requirement are provided in references [2], [7], [8], [9]. A detailed analysis 

of the phase shifter, coupling network, and polarizer is not part of this investigation. 

A computer is normally used to compute the differential phase shift for each of the 

phase shifters to achieve rapid electronic scanning for radar applications. This computer is 

usually referred to as the Beam Steering Computer (BSC). The BSC must perform 

calculations and communicate this information rapidly to the phase shifters, to facilitate 

forming a beam in space at the desired angle. It is further assumed that the BSC is capable 

of storing and/or computing the necessary phase information (i.e., phase and frequency 

correction data) as would be needed for the phased array antenna to operate at the desired 

frequency. 

2.2.2 Bandwidth Considerations 

2.2.2.1 Bandwidth Definitions 

In the literature, one finds two definitions for expressing bandwidth including 

bandwidth ratio and bandwidth percentage. The bandwidth ratio 1s defined as the ratio of 

highest operating frequency, f,, to that of the lowest operating frequency, /, 

BW (ratio) = te (2.1) 
L 
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The other common definition is percentage bandwidth and is given by 

BW(%) = 2oor| LoL (2.2) 

where f,, and f, are the highest and lowest operating frequencies respectively. For 

convenience, the conversion from percentage bandwidth to ratio is given by 

200% + BW(%) 
BW (ratio) = 

200% — BW(%) 
(2.3) 

Unless otherwise specified, this report will refer to the definition given by (2.1) however 

the reader may use (2.3) to obtain ratio from percentage if so desired. Unless otherwise 

specified, the bandwidth referred to in this report is tunable bandwidth, and is not 

necessarily the same as instantaneous bandwidth. Tunable bandwidth is defined as the 

range of operational frequencies in which the array (and hence radiating elements) must 

satisfactorily perform, subject to being adjusted or re-configured for another application. 

2.2.2.2 Practical Vs. Theoretical Bandwidth 

In practice, the entire theoretical bandwidth of waveguide cannot be used. The 

low frequency limitation of the waveguide radiating element occurs due to the attenuation 

of the finite conductivity waveguide walls. The reader may refer to [10, p.379] or 

numerous other texts on waveguide theory for a plot of waveguide loss vs. frequency. As 

the frequency of operation approaches cutoff, attenuation increases without bound. The 

commonly accepted values for the lowest frequency of operation are about 5-10% above 

the cutoff frequency of the dominant or lowest order mode of propagation as a result of 

the high attenuation. When the radiating element is placed in an array environment, the 

highest frequency of operation can be limited by a higher-order mode cutoff frequency and 

lattice spacing as discussed below. Near the cutoff frequency of a higher-order mode the 

alray may experience blindness--a resonance phenomena in which no real power is 

radiated. The blindness phenomena is discussed in further detail in Section 2.3. In this 

report, we distinguish between theoretical and practical bandwidth based on these 

guidelines when necessary. 
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2.3 Basic Array Theory 

2.3.1 Array Factor and Element Spacing 

Since the goal of this report is to investigate a potential waveguide type radiating 

element, emphasis is placed on array theory as it pertains to waveguide type elements. 

Consider a planar phased array as shown in Figure 2-3, having element spacing d, and d, 

in the x- and y-directions respectively. The periodic element arrangement forms a 

rectangular lattice. Each of the elements is assumed to have a linearly progressive phase 

  

  

  

at the m,n” element given by e ”*\™*""""*") and an amplitude weighting |a,,|. The 

magnitude of the electric field at a fixed radial distance in the far zone is given by [1] 

E(O,$) = KY Sun (9,9) ym|eXP| Jk, [md (a —u,) +nd, (v—v,)]} (2.4) 

2 Teolmdsto+nd yo) 

  

where: nan = |Byn 

u=sin@cos¢d 

v=sin@sing 

u, =sin8@, cos¢, 

v, =sin8@, sing, 

k,=2a/2, 

A, = wavelength in free space 

K = complex constant 

f,(9, 6)= the m,n” element field pattern 

é.,%, = beam steer angles. 

The element pattern is usually assumed to have a broad beamwidth with a radiation 

pattern that is relatively constant over the desired scan range. In (2.4) there are an infinite 

number of maxima generally located at 

  -p (2.5) 

and 

PROBLEM STATEMENT AND BACKGROUND DISCUSSION 17



    NN 

Figure 2-3. Rectangular array lattice of waveguide elements. 
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  “ (2.6) 

where p,g = 0,1,2,..... The maxima in (2.4) are referred to as grating lobes and form an 

infinite lattice as shown in Figure 2-4. The area inside the unit circle given by u°+v° <1 

represents physically radiated energy and is referred to as real or visible space. The area 

outside the unit circle is referred to as imaginary or invisible space since it is not 

associated with physically radiated energy. 

The grating lobe inside the unit circle is referred to as the main beam. As shown 

in Figure 2-4 the main beam (and all grating lobes) and can be moved within the lattice by 

varying the linear phase progression in a,,. In practice, this is accomplished by 

electronically adjusting the phase shifters for a given beam steer angle (6,, ¢,). Since one 

normally desires to scan a single beam in real space, the objective in designing the phased 

array 1s to space the elements sufficiently close so that the only one grating lobe exists 

within the unit circle for a given scan range. For a phased array radiating element to 

operate over a wide range of frequencies, the element's physical dimensions must be 

sufficiently small so that it can fit within the array lattice, at the highest frequency of 

operation, while placing the grating lobes outside real space?. Therefore, for no grating 

lobes in real space, at the highest frequency of operation one has a maximum element 

spacing given by [1] 

d 1 (2.7 
A, 1+sinlo 
  

  max 

where 1, is the wavelength at the highest frequency of operation, and d,,,, is the element 

spacing d, or d,, corresponding to the maximum scan angle @,,,, in the x-z or y-z planes 

respectively. The above discussion is relevant only for a simplified array analysis where 

interaction among elements is neglected. To accurately describe a phased array element 

performance, one must treat the array surface as a boundary value problem as discussed in 

the next section. The minimum dimensions for array element spacing given in (2.7) are 

  

2 For this illustrative discussion, we are assuming no grating lobes in real space, and a rectangular array 

lattice. A triangular array lattice is well known to allow increased element spacing and hence reduce the 

total number of elements needed. 
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Figure 2-4. Grating lobe lattice for a rectangular array element lattice. The dots indicate 

grating lobe position for zero scan angle. The arrows indicate grating lobe movement as 

the array is scanned. Reprinted from [2]. 
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necessary but in some cases are not sufficient conditions for minimal element spacing and 

size as will be discussed in the following section. 

2.3.2 Mutual Coupling Considerations 

A well known phenomena between two or more radiating elements in an array is 

the electromagnetic coupling of energy from one element to another. This phenomena is 

referred to as mutual coupling and imposes requirements on a phased array radiating 

element that are in some cases more stringent than that of an isolated radiator. Mutual 

coupling can alter the input impedance of a radiating element when placed in an array 

lattice compared to the impedance of the same element in an isolated environment. 

Generally speaking, the closer the elements are placed to each other, the greater the 

coupling. Therefore, in the rigorous design of an array one must treat the array as a 

boundary value problem. 

A condition referred to as scan blindness can occur due to mutual coupling. In the 

literature blindness has also been referred to as the surface wave effect, surface wave 

resonance, element pattern nulls and blind spots. Blindness in a phased array antenna 

occurs when the array main beam ts scanned to some angle, and the reflection coefficient 

seen by each of the array elements approaches unity. Array blindness causes two severe 

problems. First, when scanned to the blind spot no energy is radiated into the far-field and 

hence a radar system cannot “see” a target at that angle. Second, during the transmit 

mode all power incident the elements from a transmitter source will be reflected back into 

the source, possibly causing damage to the transmitter. The blindness phenomena has 

been reported extensively in the literature for large arrays with various element types 

including waveguides [11], printed dipole arrays [12], flared notches [13] and slot arrays 

[14]. The discussion here is primarily concerning waveguide type arrays, however 

blindness is a consideration generally for scanning arrays of most element types. Figure 2- 

5 shows experimental results of a planar array with sizes of 7x7, 13x13 and 19x19 

elements. In the pattern measurements shown, the arrays are configured with the center 

element connected to a source and all other elements terminated to a matching resistance. 

The patterns show that as the number of elements is increased, a null in the pattern 

appears at about + 26°, just inside the grating lobe angle of 29.1°. If all elements were 

connected to a transmitter source and appropriately phased (instead of terminated); then 
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by superposition the phased array would experience blindness when scanned to the nulls 

indicated by the single element excitation patterns [15]. 

For large arrays (about 1000 or more elements) one may assume an infinitely large 

array where all elements have identical coupling effects, and the edge effects of the finite 

array are neglected. For the infinite array model, one assumes that all elements are 

identical and have a uniform amplitude excitation with a linear phase progression across 

the array aperture. Edelberg and Oliner [16] in 1960 presented an early approach to 

model the effect of mutual coupling of a phased array during scanning. Their approach 

was to assume an infinitely large array and divide the region above the array surface into 

spatial periods referred to as unit cells as shown in Figure 2-6. The unit cell is assumed to 

support a TEM wave in the direction of the scan angle of the main beam, plus an infinite 

series of TE and TM modes. Each unit cell is assumed to be fed by a slot supporting only 

the TE,, mode. Scanning of the main beam is modeled by introducing a phase shift 

between successive unit cells. Using this approach, an expression is obtained for the 

admittance seen by the slot feeding the array in the form of an infinite series. This series is 

referred to as the grating lobe series [17], [18]. Since the grating lobe series 1s obtained 

assuming that only the TE,, mode is present in the slot, it is referred to as single-mode 

mutual coupling theory. In the examples of scanned arrays in the literature, as will be 

shown below for comparison, the grating lobe series can provide a good approximation of 

element admittance. However, singularities (and a reflection coefficient of unity) in the 

grating lobe series can occur as grating lobes enter real space therefore erroneously 

indicating a blind spot. This prediction of a blindness was found to be incomplete due to 

the formulation lacking inclusion of higher-order modes in the waveguide element. This 

point is discussed further below. 

The work of Farrell and Kuhn [19] was the first rigorous analytical work that was 

able to accurately predict and explain blindness for arrays of waveguide elements. The 

mode matching technique was employed to analyze an infinite array of rectangular 

waveguide array elements. In their approach, the fields in the external region (above the 

z>0O plane) are expanded in a Floquet series [20] and the fields in the internal region 

(below the z<0 plane) are also expanded in a series of waveguide solutions including both 

the dominant (propagating) and higher-order evanescent (non-propagating) modes. They 

showed that the inclusion of higher-order modes to the solution of the boundary value 

problem was in certain cases essential to the accurate prediction of the blindness 
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Figure 2-6. Unit cell for an array of slots with a rectangular element lattice. 

Reprinted from [16]. 
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phenomena. Shown in Figure 2-7 is an element pattern for a 95-element array, for 

comparison to modal theory and the grating lobe series. As shown, there is excellent 

agreement between theory and experiment. Also, the singularity obtained from the grating 

lobe series fails to predict the blind spot whereas the modal theory indicates a null in the 

vicinity of the experimental null. Using this multiple mode analysis technique, the null is 

actually found to be caused by a zero in the conductance of the waveguide admittance, 

rather than the admittance singularity obtained using the grating lobe series. 

Other researchers [21], [22], [23], [14] have also performed rigorous analysis on 

infinite waveguide phased arrays in which the effects of higher-order waveguide modes are 

included. The method used by Diamond [21] is based on the principle that the electric 

field and the aperture are related and can be obtained from each other and expressed in a 

series of coefficients. The formulation using this method, one equates the complex power 

radiated by an element to the complex power present in the waveguide opening to solve 

for the coefficients. In this manner the driving point admittance of the waveguide in the 

array are determined also showing pattern nulls dependent on higher-order modes. The 

approach taken by Borgiotti [22] also includes the expansion of the half space above the 

array into a Floquet series and the region below into a series of waveguide modes. 

Galerkin's method is employed in this approach to solve the array boundary value problem. 

The results for a rectangular waveguide covered with a dielectric sheet are shown in 

Figures 2-8 indicate the inclusion of the higher-order waveguide modes are in some cases 

necessary to accurate predict the blind spots. Amitay and Galindo [23] have analyzed an 

infinite array of circular waveguide elements. The analysis was performed to allow both 

orthogonal linear polarizations and the results indicate a strong dependence on higher- 

order mode excitation, scan angle and polarization. In Stark's review paper [14] he has 

also included original work on solving the array boundary value problem and investigating 

mutual coupling. He considers an infinite array of slot type waveguide elements, and 

employs Galerkin's method in obtaining results that confirm the relationship between 

blindness and higher-order modes in waveguide type elements. 

A graphical method of determining bounds for blind spots is given by Knittel [24] 

that provides insight to the blindness problem in terms of higher-order mode cutoff 

frequency relationships. The method uses a set of normalized curves on the k-£ 

diagram as shown in Figure 2-9, which also includes the array geometry. The vertical axis 

represents varying frequency, with k, =27/A, where 1, is the free space wavelength. 
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Figure 2-7. Comparison of theory and experiment, using both single-mode (grating lobe 

series) and multi-mode analysis. Reprinted from [19]. 
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Figure 2-8. Mutual coupling effects of higher-order modes. Shown is an infinite array of 

rectangular elements with dielectric layer over the array. 

(a) E-plane scan. (b) H-plane scan. Reprinted from [22]. 
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Figure 2-9. Knittel's graphical method for bounding array blindness, based on higher order 

modes and grating lobe loci. The curve labeled IT) =1 shows array blindness and is 

bounded by the higher order mode and the grating lobe. Reprinted from [70]. 
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The horizontal axis and corresponding horizontal lines represent constant frequency with 

varying scan angle, where k. =k, sin@, in these figures. The diagonal line on the plot 

indicates a constant scan angle and the region above the @, = 90° represents visible space. 

The dashed horizontal lines on the figure represent the cutoff frequency of the given 

modes in the waveguide. Dashed diagonal line and curve indicates the loci of the grating 

lobe series singularities (i.e., scan angles for appearance of grating lobes in real space) for 

a given array geometry. The solid curve labeled "FK" indicates the loci of the blind spots, 

which have been computed using the dimensions, geometry and analysis technique for the 

Farrell and Kuhn method [19] discussed above. The figure illustrates that blindness is a 

high frequency limitation and that it is bounded by the higher mode cutoff frequency and 

the grating lobe singularity loci. Therefore, one has a graphical technique for providing 

bounds on the blindness phenomena based on the presence of higher-order modes in the 

waveguide and the array lattice. 

There have also been several studies conducted on the mutual coupling in 

waveguide array elements that support multiple higher-order modes [25], [26], [27], [28]. 

Tang and Wong [26] and Wong ef al. [25], have discussed the use of intentionally excited 

higher-order modes in a waveguide phased array elements. In [26] it was demonstated 

that excitation of the dominant mode and the next higher-order mode can be used to 

improve the match for wide scan angles. In [25] H-plane scan nulls were observed for an 

array of rectangular elements without appropriate matching. However, using the 

multimode technique the waveguide was dielectrically loaded and excited using the TE,,, 

TE,, and the TE,, modes and it was observed that the null was eliminated and matching 

improved considerably. Another multimode study was conducted by Constantini and 

Knittel [28] in which they considered excitation of the TE,, and TE,, modes to improve 

matching in a rectangular waveguide. They showed that one could improve the match 

over a scan range however nulls may also be observed if the higher-order modes are 

excited properly. Yet another approach is described by Mailloux and Steyskal [27] on a 

multimode method performing at two frequency bands separated by an octave. The 

radiating element consists of a rectangular waveguide with multiple dielectric slab inserts. 

At the low frequency band of operation only the TE,, mode propagates and the next 

higher-order mode that can contribute to blindness is the TE,, mode. However at the 

high frequency band, both the TE,, and the TE,, contain propagating energy and the next 

higher-order mode that can contribute to blindness is the TE,, mode. The multimode 
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examples given above demonstrate that as one extends beyond the first higher-order mode 

and associated blind spot, a suitable match can be obtained over an extended frequency 

that is bounded by the next higher mode. 

A conceptual understanding of the mutual coupling phenomena and the associated 

array scan blindness can be formed from the body of previous work in the area of phased 

array antennas. The blindness phenomena can be conceptually viewed as shown in Figure 

2-10, [29]. If an appreciable amount of energy is permitted to couple into a higher-order 

mode, even if the frequency is below the cutoff of the corresponding mode, then there may 

exist a scan angle for which the dominant mode and the higher-order mode can cancel, and 

the array radiates no energy. This, as stated before, is equivalent to the reflection 

coefficient being unity and the blindness occurs at this angle. This blindness is the result of 

the boundary conditions on the surface of the array and occurs due to a higher-order mode 

resonance, as a function of scan angle. 

In summary, the most important aspects of blindness as it pertains to the problem 

at hand are: 

e Blindness is an upper frequency limitation due to a higher-order mode resonance. 

e A graphical technique presented in Figure 2-9 bounds blindness by the next higher- 

order cutoff frequency and the grating lobe loci. 

° Prior work [25]-[28] has demonstrated that a phased array can also be matched 

over some set of scan angles above the first higher-order mode of operation. Under this 

condition the next blindness can be bounded by the next higher-order mode cutoff. 

2.4 Summary of Radiating Element Requirements 

In Chapter 1, a set of goals necessary for a hypothetical wideband phased array 

were discussed. Considering these array requirements and the cumulative discussion of 

the theory in Sections 2.2 and 2.3, one can outline a set of goals necessary for a 

broadband phased array radiating element. These element performance goals therefore 

represent a perspective from which the CSW will be evaluated both theoretically and 

experimentally in the following Chapters. 

e The radiating element must operate over the desired frequency range. The energy 

must be confined mostly to a single-mode of propagation, 1.e., the dominant mode. The 
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Figure 2-10. Conceptual illustration of array blindness. The radiation from a dominant 

and higher-order mode sum to zero creating a blind spot at some scan angle in the far- 

field. Reprinted from [29]. 
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usable bandwidth is defined in terms of the single-mode bandwidth of the waveguide. The 

single-mode bandwidth is a factor in determining the usable bandwidth in which the array 

can be scanned while avoiding blindness in the far-field pattern due to mutual coupling, as 

was discussed in Section 2.2. 

e An element that can support both vertical and horizontal (linear) polarization is 

necessary since it will support dual polarization. To facilitate dual polarization, the 

element must possess 90 degree rotational symmetry. Cross sectional geometries such as 

a circle and square are examples of elements with 90 degree rotational symmetry. The 

CSW as defined in Chapter 3 is a square waveguide loaded with a dielectric insert such 

that is preserves the 90 degree rotational symmetry. The mode filtering scheme discussed 

in Chapters 3 and 6 must also preserve the 90 degree rotational symmetry. 

e An alternative approach mentioned in Section 2.5 to achieve the arbitrary 

polarization is by use of two linear polarized orthogonal elements placed in the array. This 

however is not desirable since it requires doubling the number of elements when compared 

to the single radiating element approach. We approach this problem under the premise 

that a single element is a requirement. 

e The radiating element must meet certain physical size restrictions in order to fit in 

the array lattice. The size restrictions are governed by the scan and frequency 

characteristics of the array. The mutual coupling and blindness phenomena may 

necessitate further size reduction in excess of that required by the grating lobe lattice 

requirements. 

e A typical phased array radar system may have transmitter powers up to about 150 

kW peak power. This translates to a 'typical' requirement of up to approximately 40-50 W 

peak power per radiating element for this application. A waveguide type radiating element 

is ideally suited for this application at X and Ku band frequencies and therefore the subject 

of this investigation. The CSW investigated in this report is constructed from a waveguide 

and hence a suitable candidate. 
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2.5 Discussion of Prior Work 

In this section we discuss prior work as it pertains to the research conducted in 

Chapters 4 through 7 of this report. In order to demonstrate the originality of the work 

presented, we must consider several key aspects of the prior work in the literature. A 

discussion of previously investigated waveguide cross-section geometries is given, 

followed by discussion of bandwidth enhancement of waveguides using dielectric loading. 

A discussion of other phased array methods which are of interest for comparative reasons 

is also provided. These other methods include wideband solid state distributive arrays and 

other alternative beam scanning methods. Finally, a review of dielectric loaded 

waveguide apertures is given for comparison to the novel approach given in this report. 

2.5.1 Waveguide Cross-Sectional Geometries 

A summary of each of the waveguide element cross sections for which there has 

been bandwidth related research is shown in Figure 2-11. Each of these support dual 

polarization and have been investigated in various forms as is discussed below. 

One of the most obvious waveguide cross-sectional geometric shapes that has 90 

degree rotational symmetry is the square waveguide shown in Figure 2-1la. The single- 

mode bandwidth of a square waveguide is 1.414:1(34.3%) and is determined by the TE,, 

and TE,,/TM,, mode cutoff frequencies. Tsandouglas and Knittel [30] investigated a 

dual-polarized array of square waveguide elements. The square waveguides were 

matched by introducing multiple transverse dielectric layers within the waveguide, and 

also by adding dielectric slabs layers external to the waveguide on the array surface. 

Studies were performed on two designs with bandwidths of 20% and 25%. <A 267- 

element array was constructed to demonstrate performance for multiple polarizations. 

Another waveguide type element that uses a square geometry is described by 

Bryant [31], who employs an electrically short (~ 4/10) piece of square waveguide 

operating below the dominant mode cutoff frequency and an aperture loaded with a thin 

dielectric plug shown in Figure 2-12. The waveguide is excited by a pair of orthogonal 

coaxial fed probes which can provide the desired polarization by proper phase and 

amplitude adjustments of the applied signal. The concept of using a short section of cutoff 

waveguide was developed by Wheeler [32], [33] and is reported to improve the 
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Figure 2-11. Cross-sectional views of waveguide elements that support dual polarization. 

(a) Circular. (b) Square. (c) Ridge loaded circular. (d) Ridge loaded square. (e) Crossed. 
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Figure 2-12. Conceptual illustration of the Wheeler element. The aperture consists of a 

short piece of waveguide (~ 2/10) operated below cutoff frequency. After [32],[33]. 
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impedance match. The reported array bandwidth using this element was found to be 20% 

for which a suitable match was achieved. A similar approach also employing a short 

section of cutoff square waveguide was used by Foti and Shelley [34], who demonstrated 

a 2.08:1 (71%) bandwidth in an array scanning to +60°. This is an impressive array 

element performance in terms of bandwidth. It is uncertain to the author as to how one 

would interface Foti's element to a waveguide for high power use. 

The circular waveguide shown in Figure 2-11b is also candidate for dual polarized 

arrays since it also satisfies the symmetry requirements for dual polarization. The 

bandwidth of an unloaded circular waveguide is the determined by the TE,, and TM,, 

mode cutoff frequencies and is found to be 1.3062:1(26.5%). Therefore, an unloaded 

circular waveguide offers less bandwidth than the square waveguide discussed above. An 

analysis of an infinite array of circular waveguides is found in [11] and [23] in which they 

reported obtaining bandwidths of 15% with well matched performance. Chen [35] 

discusses a design approach for an array of circular waveguide elements loaded with 

dielectric plugs and covered with a dielectric sheet. He reports obtaining 16% bandwidth 

and discusses obtaining a suitable impedance match over a +60° scan. Schmier and 

Buckley [36] reported obtaining a 30% bandwidth over a 30° scan cone using the element 

geometry shown in Figure 2-13. Their element is referred to as the ‘artificial puck 

wideband element’ and uses a coaxial-fed circular waveguide loaded with metallic ridges, 

discs and a dielectric such that the dual polarization characteristics are maintained. 

Another variation of the circular waveguide element was developed by Wheeler [32], [33] 

(see Figure 2-12) and is analogous square element discussed above which uses a short 

piece of cutoff waveguide. The element was successfully matched in an array with VSWR 

of less than 2.0 over a bandwidth of 13% for a scan cone of 30°. 

The bandwidth enhancement properties achieved by the introduction of one or two 

metallic ridges normal to the broad wall of a rectangular waveguide are well known [10]. 

Since single- and dual-ridged waveguides are known to provide multi-octave bandwidth 

for rectangular waveguides, a logical extension of this work would be to investigate 

bandwidth enhancement of a square or circular waveguide using ridge loading. In ndge 

loading a square or circular waveguide, four symmetric ridges must be added to maintain 

the desired dual polarization characteristics. The first published work on quadruple-ridge 

loading was reported by Shimizu [37] who experimentally investigated an octave 

bandwidth circular waveguide feed horn for a reflector antenna. Later work performed by 
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Figure 2-13. Artificial puck wideband radiating element. Reprinted from [36]. 
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M.H. Chen ef al. [38] focused on a theoretical and experimental investigation of both 

circular and square quadruple-ridged waveguide shown in Figures 2-llc and 2-1ld 

receptively. Detailed studies were conducted on the modal characteristics and the results 

showed that as the depth of the ridge inside the square waveguide increases, bandwidth 

decreases which is in contrast to dual-ridge loading of a rectangular waveguide. For the 

case of quadruple-ridged circular waveguide, bandwidth was found to increase somewhat, 

but only to about 38%. Therefore, ridge loading of circular waveguides does increase 

bandwidth, however only to an amount slightly more than that of an unloaded square 

waveguide. 

Several array studies using quadruple-ridged waveguide have been conducted. 

C.C. Chen [39] has demonstrated array performance of a quadruple-ridged circular 

waveguide phased array over a bandwidth of 16% and a scan half cone scan angle of 60°. 

Researchers Robinson ef a/. [40] reported an experimental array that uses the element 

described by Sokora [41]. This element [41] is quadruple-ridge loaded variant of a square 

waveguide, in which ridges are extended beyond the waveguide at the radiating end of the 

guide. The Robinson shows a single element pattern at the low, mid and high frequency 

over a 3:1 bandwidth. Array pattern measurements are given at the middle frequency; 

however, no pattern data are given for the array at the high and low operating frequencies. 

It is not possible to determine from reference [40] whether the array will function without 

blindness at the highest frequency of operation since these data are not presented. 

The cross-shaped waveguide cross-sectional geometry shown in Figure 2-1le was 

investigated by Stalzer et al. [42] as a possible candidate for a broadband element. The 

finite element solution technique was used to solve for the fields and the cutoff frequencies 

for the first several modes. Stalzer obtains a maximum theoretical single-mode bandwidth 

(as a function of dimensions of the guide) of about 38%, which is just slightly larger than 

the bandwidth of an unloaded square waveguide. It is believed that the quadruple-ridged 

circular waveguide and the cross-shaped waveguide represent the maximum obtained 

single-mode bandwidth of about 38% for waveguide cross-sections in the literature that 

support dual polarization. 

A summary of single-mode bandwidths for waveguide cross-sections discussed in 

this section is provided in Table 2-1. The single-mode bandwidths given in Table 2-1 are 

the theoretical bandwidths, defined by (2.2) and should not be confused with the practical 
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bandwidth discussed in Section 2.2.2.2. The bandwidths of the dielectric loaded circular 

and square waveguides also given in the table are discussed in the following section. 

Table 2-1. 

Theoretical Single-Mode Bandwidth for Various Waveguide Cross-Sectional Geometries. 

(The geometries shown support dual polarization.) 

  

  

  

  

  

  

  

        

Cross-Section Bandwidth (%) 

Square 34.3 

circular 26.5 

_ quad-ridged circular 38 maximum 

_ quad-ridged square < 343 

cross-shaped 38 maximum 

dielectric loaded circular 31.8 maximum 

dielectric loaded square < 343 
  

2.5.2 Bandwidth Extension: Dielectric Loaded Waveguides 

There has been a considerable effort to increase the bandwidth of waveguides 

through the use of dielectric loading. This section outlines prior work and states the 

relevance to the overall problem of obtaining a dual polarized broadband phased array 

element. A summary of the more relevant waveguide cross-sectional geometries is 

provided in Figure 2-14 and includes both single and dual polarized methods. 

Dielectric loading of a rectangular waveguide using E-plane slabs has been 

investigated by Gardiol [43], Findakly [44], and Halevy ef al. [45]. The problem was 

treated for a general number of slabs with arbitrary spacing, however of particular interest 

is the rectangular waveguide with one centrally located slab in a reduced height waveguide 

as shown in Figure 2-14a. Bandwidth in excess of two octaves is obtainable by choosing a 

sufficiently large dielectric constant and a thin slab. This technique of increasing the 

bandwidth of a rectangular waveguide is analogous to ridge loaded rectangular waveguide 

as discussed in Section 2.5.1. The example of a dielectrically loaded rectangular 

waveguide illustrates that bandwidth extension can be achieved, however, unfortunately a 
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Figure 2-14. Dielectric loaded bandwidth enhancement schemes. 

Shown are the waveguide cross-sections views. (a) E-plane slab loading. (b) Dielectric 

loaded square. (c) Dielectric loaded circular. (d) Double T-septum. (e) Double L- 

septum. (f) Insert dielectric guide. 
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price paid in terms of performance. Obviously, the rectangular waveguide does not 

support dual polarization and furthermore the power handling capabilities of the 

waveguide are reduced because of the reduction in height needed to obtain the bandwidth. 

For the special case of a square waveguide loaded with a single vertical slab, bandwidth is 

actually reduced. 

Dielectric loading of both square and circular waveguide was investigated by 

Tsandouglas [47], [46]. In an effort to increase the bandwidth of a square waveguide, 

Tsandouglas [46] studied the effects of dielectric loading the waveguide shown in Figure 

2-14b. The dielectric loading consisted of a transverse square section of the guide located 

in the center of the square waveguide. In all the computed test cases the dielectric was 

found to reduce the single-mode bandwidth. A similar study was conducted for circular 

waveguides with dielectric lining [47] shown in Figure 2-14c. By varying parameters, it 

was shown that one can increase single-mode bandwidth of a circular waveguide to 31.8% 

which is slightly less than an unloaded square waveguide. 

Other researchers have investigated bandwidth characteristics of dielectric loaded 

waveguide using various geometries and schemes. Mazumder and Saha [48] investigated 

a novel waveguide referred to as the double T-septum waveguide. The double T-Septum 

shown in Figure 2-14d consists of two metallic T-shaped posts placed in the broad walls 

of rectangular guide. A dielectric loaded double T-septum waveguide and a version 

referred to as the single T-septum have also been investigated by Mansour and Macphie 

[49]. Bandwidths of three octaves (8:1 or ~150 %) have been reported. The 

inhomogeneously filled double L-Septa waveguide (see Figure 2-14e) studied by Saha and 

Guha [50] is obtained by placing two L-shaped metallic posts on the broad walls of a 

rectangular waveguide. A bandwidth ratio of 12:1 (or ~170 %) was reported for the 

double L-septum waveguide with proper dielectric loading. Pennock ef al. [51] discuss 

the multiple layer inset dielectric guide which is formed by cutting a longitudinal groove in 

a ground plane and filling it with dielectric material as shown in Figure 2-14f. The inset 

dielectric guide is reported to have a single-mode bandwidth of 66% which is comparable 

to similar dual-ridged waveguide. Each of these methods demonstrate that bandwidth 

enhancement can be obtained by dielectric loading waveguides; however, these schemes 

are not likely to be suitable candidates for broadband array radiator elements because of 

symmetry requirements needed for dual polarization. There appears to be no additional 
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work in the literature on extending these principles to a dual polarized version that meets 

the 90 degree rotational symmetry requirement. 

A summary of waveguide cross-sectional goemetries that employ dielectric loading 

to obtain bandwidth extension is shown in Table 2-2. The table gives theoretical single- 

mode bandwidth for waveguide cross-sections that do not support dual polarization (see 

Table 2-1 for cross-sections that do support dual polarization). 

  

  

  

  

  

Table 2-2. 

Summary of Bandwidth for Dielectric-loaded Waveguides that do not Support Dual 

Polarization 

Waveguide cross-section Bandwidth (%) 

E-plane slab loading more than 66 % 

double T-septum ~ 150% 

double L-septum ~170% 

inset dielectric guide 66 %       
  

2.5.3. Wideband Solid State Phased Array Methods 

A considerable development effort for the last 10-12 years has been underway to 

increase the reliability, reduce the cost and weight, and increase the flexibility of phased 

array radar systems, through the use of monolithic microwave integrated circuits (MMIC) 

technology [52], [53], [54]. MMIC devices are high density solid state GaAs circuits that 

are constructed on a substrate, often for miniaturized applications. Using MMIC 

technology, the functions of the centralized transmitter and receiver can be distributed to 

each of the array element locations in what is referred to as a transmit/receive (T/R) 

module. In the literature, this approach is referred to as the distributed or the active 

(compared to passive) array approach. A particularly desirable feature for the ‘radar 

simulator’ requirement discussed in Chapter 1 is that one obtains a high power transmitter 

using the multiple distributed low power signal amplifiers. Generally, dual polarization is 

accomplished by switching and appropriately phasing two linear or circular orthogonally 
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polarized elements. There may also be other advantages inherent in moving the receiver 

systems closer to the receiving antenna, in terms of reducing the noise figure. 

Povinelli and Grove [55] have investigated a 6-18 GHz active array for the shared 

aperture array program. They used both microstrip fed log periodic antennas and flare 

notch type radiators mounted orthogonally to obtain the desired polarization agility. 

Priolo et al. [56], also investigated a 6-18 GHz active phased array composed of a T/R 

module and tapered notches radiators. The array investigated consisted of four elements 

and could also achieve polarization agility. In each of these examples the T/R modules 

could supply on the order of 1 Watt to each of the radiators. 

Although the distributed element approach offers attractive features, it does not 

meet all of the hypothetical phased array requirements given in Table 1-1. The power 

levels are considerably lower than is needed for a high power application of this type. 

Furthermore, the cost per module of $200-500 [54], [55] indicates that such an approach 

may be cost prohibitive for large high power scanned arrays. 

2.5.4 Other Electronic Scanning Methods 

Other wideband electronic scanning methods include various lens type approaches. 

The Rotman-Turner lens [57] is a wideband array capable of multi-octave performance, 

realized by feeding a transmit signal at various points along a locus described by 

transcendental equations. The distance between the feed point locus and the array 

elements is such that a linear phase tilt can be obtained simply by moving the feed point 

along the locus thus achieving scan in one plane. A scheme of extending the Rotman- 

Turner lens to two dimensions is given in reference [58]. Although this offers wideband 

performance, it would be difficult to realize at high power levels due to the required 

switching network, and further would be problematic (if possible) to implement in a 

monopulse configuration which is a requirement for a tracking radar system. 

A 96-element wideband linear polarized array constructed from rectangular 

waveguide elements has been demonstrated by Laughlin et a/. [59]. The array elements 

used were rectangular waveguides with an aspect ratio? of about 2; therefore the single- 

mode bandwidth is determined by the cutoff frequencies of the TE,, and the TE,, modes 

providing about one octave of bandwidth. The array was well matched over a 60° cone of 

  

3 The aspect ratio of a waveguide is defined by the width of the broad wall divided by the width of the 
narrow wall. 
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scan from 3.5 to 6.5 GHz which is 63 % bandwidth. The mutual coupling and the 

impedance matching considerations for double-ridged waveguide elements have been 

investigated by Montgomery [60] where he was able to obtain a 4:1 VSWR match over a 

60° scan cone. The bandwidth with which this was achieved was 43%. A dual ridged 

waveguide like the rectangular waveguide is of course limited to linear polarization. 

An approach to obtaining wideband performance could be to substitute in place of 

each dual polarized radiating element two linear orthogonal polarized radiating elements 

[61]. This technique has been demonstrated by Huang [62] using microstrip patch 

elements, and could conceivably be extended to waveguide elements. To obtain a desired 

polarization, the phase and amplitude of the two elements would be adjusted. The 

approach would then entail using a rectangular waveguide [59], an E-plane slab 

dielectrically loaded waveguide [43], or ridged waveguide elements [60] as the linearly 

polarized elements. However, there are several immediately obvious problems and 

disadvantages with this method. First, it doubles the number of radiating elements, phase 

shifters, and associated control hardware need to steer the beam. Secondly, it doubles the 

density of elements needed on the array aperture such that it is questionable whether or 

not the elements could physically fit within the array lattice needed for a wideband 

application. In addition, one would question whether or not there are underlying mutual 

coupling effects and associated impedance matching unknown difficulties resulting from 

the dense orthogonal element lattice. It is believed that this approach is less desirable 

when compared to the dual polarization single element pursued in this report. 

2.5.5 Dielectric Loaded Horns 

Various schemes of dielectric loading horn antennas have been employed to reduce 

cross-polarization and sidelobe level, increase bandwidth and efficiency, lower noise figure 

and improve phase errors across aperture [63],[64]. This has been accomplished by 

several approaches for rectangular, circular, and other aperture shapes including both 

smooth-walled and corrugated surfaces. Of importance in this review are rectangular 

shaped apertures where the emphasis of the approach has been to characterize or enhance 

bandwidth performance, and also geometric shapes that may have some relevance to the 

approach in this report. Circular waveguides and conical shaped horns are omitted from 

this discussion. 
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Tsandouglas and Fitzerald [65] studied the effect of dielectrically loading the E- 

plane of a rectangular horn antenna. Wedges were placed on the edges (side walls) and 

tapered such that the wide end extended to the mouth of the horn and the end tapered 

extends to the throat of the horn. The emphasis of the study was to increase the aperture 

efficiency by changing the amplitude distribution of the TE,, mode. Nair [66] 

investigated the loading of both E- and H-plane walls of a rectangular horn and showed 

that the technique can be used for pattern shaping. A flange loaded horn with a dielectric 

wedge inserted into the H-plane has been investigated by Tourneur [67] and demonstrated 

at 12-17 GHz. 

A square hard horn is formed by filling both the E- and H-plane side wall 

corrugations with dielectric slabs. The square hard horn has been studied by Kildal and 

Zienuitycz [68], [69] in terms of cross-polarization, gain, bandwidth and sidelobe level. 

This study is interesting because the geometry will support dual polarization. Cross- 

polarization levels of less than -30 dB and bandwidths of 10% have been demonstrated. 

2.6 Summary of Chapter 2 

This chapter has presented the problem statement and thoroughly discussed the 

background germane to the problem at hand. The discussion focused on arrays of 

waveguide elements. Section 2.2 provided basic definitions of phased array components, 

polarization, and bandwidth. Section 2.3 reviewed basic array theory in terms of array 

scanning principles and mutual coupling. Mutual coupling is one of the major factors that 

must be considered when designing an array element due to a phenomena referred to as 

array blindness. A review of mutual coupling shows that one must avoid operating near 

higher-order mode cutoff frequencies to avoid blindness. Therefore, for a wideband 

phased array, one will need a corresponding bandwidth that supports single-mode 

propagation within the waveguide. Based on prior work discussed in Section 2.3, a 

detailed description of phased array element requirements needed for the hypothetical 

array (see Table 1-1) are given in Section 2.4. The key requirements include 90° 

rotational symmetry, high power handing capability, and single-mode bandwidth of more 

than an octave. 
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A discussion of prior work on wideband dual polarized arrays was given in Section 

2.5. Although the focus was on waveguide type elements, several alternative methods that 

do not use a dual polarized waveguide element were also given for comparative purposes. 

Chapter 3 will define and outline an approach to obtaining bandwidth enhancement of a 

radiating element that supports dual polarization that is clearly novel, when compared the 

prior work. 
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CHAPTER 3 

DEFINING THE CROSSED-SEPTUM 
WAVEGUIDE (CSW) 

3.1 Overview of the Crossed-Septum Waveguide (CSW) 

Section 2.4 outlined the requirements of a radiating element needed for the 

hypothetical phased array antenna. The desired element is a waveguide type element with 

an aperture that supports dual polarization and offers broadband performance in terms of 

single-mode propagation. This chapter introduces the crossed-septum waveguide (CSW), 

which is a novel dielectrically loaded square waveguide. A discussion of the bandwidth 

enhancement concept is best accomplished by first considering a square waveguide and 

then expanding the discussion to the inhomogeneous dielectric loaded waveguide, which is 

the CSW. 

The cutoff frequencies for the TE,,, and TM 

with a homogeneous dielectric) square metallic waveguide are given by [1] 

modes of an unloaded (or filled 
mn? 

l 2 2 
JAM = TT Te m+n (3.1)   

where for TM modes 

m,n= 1,2... 

and for TE modes 

m,n=0,1,2 and m=n+#0 

and a is the width of the guide, ¢ is the permittivity, and yw is the permeability of the 

material inside the waveguide. 

The cutoff frequencies of the first several modes of the unloaded waveguide are 

given in Table 3-1. In the table the cutoff frequencies f. are normalized to that of the 
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TE,, mode. The TE,, mode is the dominant mode of propagation within the waveguide. 

For a square waveguide, the TE,, mode is of course identical to the TE,, except that it is 

rotated by .90 degrees and hence is also a dominant mode but is referred to as the 

orthogonal dominant mode. Table 3-1 provides comments on each of the modes that are 

important to this analysis, and will be referred to later in this discussion. The single-mode 

bandwidth of the square waveguide is 1.414:1. The next higher-order modes above the 

dominant mode are the TE,, and TM,, modes. 

Table 3-1. 

Cutoff Frequencies of the First Several Modes for an Unloaded Waveguide. 

  

  

  

  

  

  

          

mode type normalized f, comments 

TE,,, TE, 1.000 dominant mode of propagation 

TE,, 1.414 higher-order mode, to be 'removed' by 

mode filters 

TM, , 1.414 higher-order mode, to be 'removed' by 

mode filters 

TE,,, TE,, 2.000 higher-order mode, increased 

separation relative to the TE,, mode 

TE,,,1M,, 2.236 higher-order modes 

TE,,, TM,, 2.828 higher-order modes 
  

The research described in this report involves the use of an inhomogeneous, 

dielectric loading technique to alter certain modal cutoff frequencies and extend the usable 

bandwidth of the square waveguide. A cross-sectional view of the waveguide element 

under consideration is shown in Figure 3-1 and was originally suggested by Swinford [12] 

as a possible broadband radiator for use in a phased array. The waveguide shown is a 

square waveguide, loaded with a thin dielectric slab or 'septum’. We will refer to this 

dielectrically loaded waveguide as the cross-septum waveguide (CSW). 
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Figure 3-1. Cross-sectional view of the crossed-septum waveguide (CSW). The mode 
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The bandwidth enhancement concept is shown in Figure 3-2. The TE,, model, 

which has a maximum electric field in the center, will be significantly affected by the 

presence of the vertical septum such that the cutoff frequency, /,(TE,,) can be lowered. 

Conversely, the TE,, mode which has a near zero electric field in the center of the 

waveguide will be less affected by the dielectric septum, and the cutoff frequency 

J.(TE,,) will be lowered less. Therefore, the desired goal is to obtain increased mode 

separation between the TE,, and TE,, modes by exploiting the symmetry differences in 

the electric field patterns. However, the slab loaded waveguide in Figure 3-2 does not 

have the desired symmetry properties and must be modified. By combining a horizontal 

and vertical dielectric septum, a cross shaped dielectric slab is obtained, with the desired 

90 degree rotational symmetry necessary for dual polarization as shown in Figure 3-1. 

In obtaining bandwidth enhancement we must also consider the TE,, and TM,, 

modes. Once again our conceptual discussion will focus on the symmetry properties of 

the electric fields in the guide. The goal is to use mode filters (suppressors) to attenuate 

the TE,, and TM,, modes, which possess significantly different symmetry and field 

structures (compared to the dominant mode). A further discussion and detailed 

description is provided in the following section, and also in Chapter 6. 

In the context of the above discussion, the goal of this report 1s to show that one 

can enhance the single-mode bandwidth of a square waveguide using the dielectric loading 

and mode filtering scheme. The objective is to obtain single-mode bandwidth, defined as 

Wesw = FATE) (3.2) 
FTE, 9) 

Conceptually this approach is reasonable if one accepts certain practical limitations from 

the onset of the problem. If one uses proper coupling into the desired mode and mode 

filtering techniques to suppress the TE,, and TM,, modes, it is thought that this technique 

can be used to provide a design that exhibits graceful degradation over the wide 

frequency range of operation. For the desired application, the CSW will have a relatively 

short length in terms of wavelength and will not have any bends or discontinuities, which 

  

1 The introduction of a dielectric results in hybrid modes. We are here referring to hybrid modes that 

resemble the corresponding TE and TM modes for the case of the unloaded waveguide. A thorough 
discussion of the hybrid modes is provided in Chapter 5, however the TE and TM mode designations are 

retained for simplicity to avoid confusion during the discussion of this report. 
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Figure 3-2. Concept of bandwidth enhancement using a dielectric septum. Note the 

electric field is a maximum in the center of the guide for the TE,, mode compared to a 
minimum field intensity for the TE,, mode. Combining both the vertical and horizontal 

septum provides 90 degree rotational symmetry as shown in Figure 3-1. 
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could excite or couple energy into these undesired modes. In terms of the definition of 

single-mode bandwidth, a more appropriate description might be "quasi" single-mode 

bandwidth. By "quasi" single-mode bandwidth, what is meant is that some portion of the 

useful bandwidth will exist above the higher-order mode cutoff frequencies, however 

energy coupled into a higher-order mode will be made to decay rapidly by the use of mode 

filters rather than by the cutoff condition. Therefore, the objective is to avoid coupling 

into the undesired TE,, and TM,, higher-order modes and to aggressively attenuate 

energy which is coupled into these modes. 

3.2 Symmetry Properties of the CSW 

The symmetry properties of the fields in a square waveguide such as the CSW can 

be used to simplify the analysis by reducing the complicated geometry of the CSW into a 

set of equivalent simpler geometries. MclIsaac [2,3] derives a generalized procedure for 

classifying the mode types and symmetry properties of certain classes of waveguides. 

Also given is a procedure for determining the minimum sector angle (i.e., minimal cross 

section area) and associated boundary conditions of a waveguide necessary and sufficient 

to completely determine all modal eigenvalues and electromagnetic fields for a given 

symmetry type waveguide. This method allows one to determine a set of equivalent 

boundary values problems (BVP) from the original waveguide boundaries subject to the 

appropriate symmetry properties. Suppose that the coordinate system of the guide 1s as 

shown in Figure 3-1 and further assume that the medium is linear and isotropic. Then all 

modal solutions and fields can be derived from an equivalent set of boundary value 

problems as shown in Figure 3-3. In the figures the dielectric is not shown but is assumed 

to be present. The boundaries of the equivalent problems consist of either perfect electric 

conductors (PEC) or perfect magnetic conductors (PMC) satisfying boundary conditions 

of zero tangential electric field and zero tangential magnetic field, respectively. 

In Figure 3-3 there are two square shaped equivalent boundary value problems and 

four triangular shapeD BVPs. From an analysis point of view, it would be convenient to 

analyze the same geometric shaped structure for all symmetry cases. Therefore using 

image theory we will choose to reduce the four BVPs in Figures 3-3c-f to two square 

shaped BVPs. Figures 3-3c and 3-3d will combine to form Figure 3-4c, and Figures 3-3e 
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Figure 3-3. Minimal equivalent sectors of the CSW based on symmetry reduction 

procedure of MclIsaac [2],{3]. 
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and 3-3f will combine to form Figure 3-4d. The result is a set of four unique BVPs with 

identical size and shape, but different boundary conditions as shown in Figure 3-4. This 

procedure has hence reduced the original CSW problem with dimensions of axa to an 

equivalent set of four problems, each with dimensions of a/2xa/2. Once solutions for 

each of the equivalent systems are obtained, the fields of the equivalent systems can be 

used to reconstruct the fields in the entire waveguide based on symmetry properties. This 

represents a significant simplification of the problem in terms of solving the BVP. The 

purpose for doing this will be made more clear in the discussion provided in Chapter 4. 

One can describe the behavior of an electric field about the center of the 

waveguide such as the CSW in Figure 3-1 based on the boundary conditions on the axes. 

Where the boundary on an axis is a PMC, the electric field is a maximum and has even 

symmetry about that boundary. Conversely, where the boundary on an axis is a PEC, the 

electric field is zero and hence has odd symmetry about that boundary. Therefore, in this 

report symmetry of properties of the electric-field will be used to define symmetry cases as 

discussed below. For all valid TE,, and TM,,, modes given in equation (3.1), we define 

the term symmetry cases as follows: 

e For even/odd symmetry cases (see Figure 3-4a) 

TE,,, »1M,,, where m= 1,3,--- and n=0,2,--- 

e For odd/even symmetry cases (see Figure 3-4b) 

TE,,, »>1M,,, Where m= 0,2,--- and n = 1,3,-:- 
mn ? 

e For even/even symmetry cases (see Figure 3-4c) 

TE,,, ,1M,,,, where m = 1,3,--- and n= 1,3,--- 
mn > 

e For odd/odd symmetry cases (see Figure 3-4d) 

TE,,, »1M,,, where m= 0,2,--- and n=0,2,--- 
mn ? 

For example, an even/odd symmetry mode such as the TE,, mode has a 

maximum/minimum electric field on the yx axis and has even/odd symmetry in the x/y 

directions. For convenience Table 3-2 lists the dominant mode and several of the 

important higher-order modes in an unloaded square waveguide. The analysis and results 
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Figure 3-4. Definitions of ‘symmetry cases' showing boundary conditions used in the 

analysis of the CSW. (a) even/odd, (b) odd/even, (c) even/even, (d) odd/odd. 
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in Chapters 4 and 5 will show that the modes in the CSW are hybrid modes. It will further 

be shown that the characteristics of a given mode as a function of waveguide parameters 

will depend on symmetry properties of the mode. Hence these symmetry definitions will 

be referred to frequently in the following sections. 

Table 3.2. 

Mode Symmetry Definitions of the Square Waveguide. 

Given are the modes for an unloaded waveguide based on properties of the electric fields 

about the center of the guide. 

  

  

  

  

    

DEFINED SYMMETRY MODES 

even/odd TE,,, TE,,,1™,,,°°° 

odd/even TE,,, TE,,,TM,,,-"° 

even/even TE,,,TM,,, TE,,,TE,;, 
T™,,,-"- 

odd/odd TE,,, TE), TM3.,°""       

3.3 Discussion of Mode Filters 

The bandwidth extension concept of Section 3.1 is predicated on the use of: 1) 

dielectric loading for increased mode separation between the TE,, and TE,, modes, and 

2) a mode filter to confine the propagating energy to the desired dominant (TE,, or TE,,) 

mode above the cutoff frequency of undesired modes (i.e., TE,,, TM,,). This section 

discusses the relevance of the mode filter to the bandwidth extension concept. 

A mode filter is a discontinuity, obstacle or alteration in a waveguide that 

interferes with the transport of energy in an undesired mode, while leaving the desired 

mode characteristics relatively unchanged. In the literature [4-11] one finds various 

schemes that can be employed to suppress unwanted modes in a waveguide system. For 

example Ren [4] discusses the use of thin metallic plates to suppress unwanted spurious 

modes in a dielectric resonator filter. In the design of a nonradiative dielectric circulator, 

Yoshinaga [5] develops a novel mode suppressor based the on the 2/4 choke principle, 
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also constructed from a thin metallic plates. The use of metallic wires and rings is 

described by Ishii [7] and Tan [11] to implement mode filters. A mode filter can also be 

constructed using an obstacle such as a screw placed transversely within a stripline as 

demonstrated by Das [6]. Thin resistive films have been used to realize mode filters as 

reported in references [8], [9], [10]. A thin resistive film can be formed by coating a thin 

sheet of mylar with a conductive material such as aquadag or graphite. 

Each of these methods has advantages and disadvantages particularly to the 

geometry of the waveguide and the task at hand. However one common principle in each 

of these mode filtering implementations is that the obstacle introduces a conductive body 

into the waveguide system. The conducting body is placed such that the conductive 

surface is parallel to the electric field of the undesired mode, and perpendicular to the 

electric field of the desired mode. In this respect the objective of the design of the mode 

filter is to significantly alter the boundary conditions of the undesired mode leave the 

boundary conditions of the desire mode relatively unaffected. Appendix D provides a 

discussion of a canonical case ideal mode filter. 

One can explain the mode filter requirements of the CSW in terms of symmetry 

properties of the modes in the waveguide. It was stated in Section 3.2 that the dominant 

mode will have even/odd (or equivalently odd/even) symmetry. The undesired modes 

have even/even symmetry, which is different from the dominant mode symmetry. 

Therefore the task of designing a mode filter is that of designing a scheme to exploit the 

difference in these two types of symmetry. It is conceptually reasonable to expect that this 

can be achieved by recalling that the even symmetry modes have a maximum electric field 

in the center of the guide, compared to odd symmetry modes which have a minimal 

electric field in the center of the guide. 

Since the introduction of a mode filter implies some sort of modification to the 

internal structure of the guide, it is not reasonable to expect that this can be done without 

affecting the dominant (desired) mode also to some degree. The design goal also becomes 

that of holding the dominant mode attenuation to a minimum. The implementation of a 

mode filter is ultimately a tradeoff consideration between retaining energy in the desired 

modes and limiting energy in the undesired modes. A detailed discussion of the filter 

implementation for the CSW is given in Chapter 6. It will be shown that a thin resistive 

film can be strategically placed in the CSW such that it attenuates the even/even symmetry 

modes while having a lesser effect on the dominant mode. 
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CHAPTER 4 

FORM OF SOLUTIONS FOR THE CSW 

4.1 Overview of the Modal Analysis Applied to the CSW 

The first goal in the investigation of the CSW is to perform a rigorous analysis to 

obtain expressions for the phase constants and electromagnetic fields for all waveguide 

modes of interest. Both the fields and the modal cutoff frequencies must be accurately 

determined in order to predict the usable bandwidth and to calculate the far-field patterns, 

which are studied in further chapters. In this chapter a discussion of the available analysis 

methods which were considered for this task will be given, along with a justification for 

the analysis method chosen--the mode matching technique. Following this ts a detailed 

derivation of the form of solutions for each of the symmetry cases used throughout the 

remainder of this report. 

4.2 Analysis Methods Considered 

In obtaining solutions for the CSW (1e., electromagnetic fields, phase constants 

and modal cutoff frequencies) one must solve Maxwell's equations subject to boundary 

conditions. By inspection of the CSW geometry defined in Figure 3-1 one finds that the 

permittivity within the waveguide is transversely inhomogeneous and of the form 

E=&(x,y) # g(x)h(y). This in turn implies that the form of solutions for the waveguide 

are also nonseparable. For a nonseparable waveguide cross-section, one must turn to 

numerical methods to obtain solutions because closed form solutions usually are not 

possible. In this section a brief outline of the methods considered for the CSW analysis is 

now given. This discussion is by no means an exhaustive study or treatment of all the 

possible methods of solving boundary value problems. Rather, the purpose of this 
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discussion is to identify important features of several relevant methods for solving the 

CSW boundary value problem. There appears to be considerable flexibility in choosing a 

suitable analysis technique. The choice of analysis methods is by no means unique; 

however there are several salient features of each of the methods that can allow one to 

select a suitable technique. 

The mode matching method [1], [3], [4] is a rigorous numerical method that can 

be applied to transversely inhomogeneous cross-sectional geometries such as the CSW. 

The method is based on a Fourier series expansion of the fields (or potentials) in various 

"regions" within the waveguide. For the CSW the cross-sectional geometry is divided into 

suitable regions that can be readily expressed in series form. In the formulation of the 

problem one then applies one of a number of techniques to solve for the coefficients of the 

series. One of these techniques could be the use of orthogonality relationships to obtain 

the series coefficients. The resulting solution is exact in the limit, when an infinite number 

of terms are included. An advantage of the mode matching solution technique is that it 

does not suffer from spurious solutions inherent in the finite elements technique (discussed 

below). Another advantage of the mode matching method is that cross-sectional 

geometries that can be divided into piecewise separable regions are conveniently expressed 

in series form, thus are well suited to this technique. This point will be discussed further 

below. The most serious limitation of the mode matching technique is that once 

formulated, it is relatively inflexible in terms of changes to the waveguide cross-sectional 

geometry--a problem not inherent to the finite element technique. 

Finite element techniques [1], [2], [5], [6] for solving electromagnetic boundary 

value problems appear to be well suited for solving dielectric loaded waveguide problems 

such as the CSW. In the formulation, the problem is cast in terms of variational integral 

equations referred to as a functional. These integral equations are a functional which is 

stationary about a solution. In the numerical implementation of the functional, a cross- 

sectional portion of the waveguide is reduced or discretized into a set of smaller segments 

comprising a mesh. The elements of the mesh are assigned boundary conditions including 

continuity of tangential electric and magnetic fields resulting in a system of equations. 

Solution to the system of equations yields the desired results in terms of phase constants 

and electromagnetic fields. The major advantage of the finite element technique is that the 

method can be applied to a wide range of arbitrary cross-sectional waveguide geometries, 

provided that it can be expressed in a mesh with suitable element sizes. Although very 
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powerful and flexible, the finite element method has the disadvantage of yielding spurious 

solutions. The spurious solutions have no physical meaning and therefore finite element 

method solutions must be checked for validity. Often this can be done by examining the 

field quantities of the solutions to determine if certain physical parameters are satisfied. 

There are methods outlined in the literature [5] to eliminate spurious solutions however 

there appears to be a price paid in numerical efficiency. 

The perturbation method [7] is a well known method for computing modal cutoff 

frequencies of an "unknown" waveguide given that one has a solution to a similar 

"known" system. The perturbation can be, for example, in the form of an inward change 

in the wall of the waveguide, or also a small change in the material inside the waveguide 

system. In its practical implementation it is often in the form of an approximation. In the 

case of the CSW one easily has a "known" system, being that of the square waveguide, 

and then the perturbation consists of the dielectric septum introduced to the guide. The 

perturbation method has the advantage of relative ease of formulation however to 

implement it in its practical form it has two disadvantages. First, the perturbation method 

does not provide a rigorous expression for the electromagnetic fields. Second, it is an 

approximate technique that usually results in a reduction of accuracy as the perturbation is 

increased. 

As stated there are several appropriate methods for analyzing the CSW. Both the 

mode matching and finite element techniques are preferred over the perturbation technique 

due to the greater accuracy and also since the fields components are more directly 

obtained in the formulation. The mode matching technique does not suffer from the 

problem of spurious solutions inherent in the finite element technique. The mode 

matching analysis was chosen since an arbitrary shaped cross-section was not required, 

and that the technique has desirable analytical features. 

4.3 CSW Modal Solution Technique Using Mode Matching 

The mode matching technique is described in the literature [1], [3], [4] and is the 

technique employed for determining the modal characteristics of the CSW. The mode 

matching technique is especially well suited for solving the waveguide geometries that are 

nonseparable but can be treated as piecewise separable. The solution technique for an 
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inhomogeneously loaded waveguide is based on superposition, and involves the combining 

of both TE and TM modes to express the results, which are found to be hybrid modes. 

Hybrid modes are modes that are in general neither purely TE or TM, but contain field 

components that can only be solved by a combination of both mode sets. A further 

discussion of hybrid modes is provided in Chapter 5. 

Recalling from Chapter 3, the form of solutions for a square waveguide with 

symmetrical dielectric loading can be obtained using symmetry properties of the fields in 

the waveguide. The original problem shown in Figure 3-1 is therefore divided into a set of 

simplified sub problems, referred to as symmetry cases and defined in Figure 3-4. Each of 

the four symmetry cases imposes a different set of different boundary conditions, bounded 

by the metallic walls with perfect electric conductors (PEC) and by the axes with PECs 

and perfect magnetic conductors (PMC), resulting in a set of unique solutions. Figure 4-1 

shows the equivalent CSW symmetry cases however further sub-divided into three 

homogeneous regions. Since each of the three regions are homogeneous, they are 

piecewise separable and therefore the fields can be expanded into an infinite series for each 

region. The infinite series is essentially a Fourier series with coefficients that are solved 

both term-by-term and by using the orthogonality relationships. 

In solving for the fields, the concept of magnetic and electric vector potentials are 

used. The magnetic vector potential A, and electric vector potential F defined by [8] are 

used to express the magnetic field H ,and electric field Eas 

~ 

H-=H,+H, (4.1) 

and 
_ —_ 

E=E,+E, (4.2) 

respectively, where the fields due to A and F are given by! 

] -_ 
H,=—VxA (4.3) 

H . 

A, =-joF -—— 2 = —joF V(VeF| (4.4) 
QUE 

  

1 A Lorentz gauge is assumed. Also assumed are an exp( jaf) time variation and a source free region for 

the waveguide analysis. 
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Figure 4-1. Defined regions of the CSW for the symmetry cases. 
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E, =--VxF (4.5) 

E, =-jodA-—_V(Ve A). (4.6) 

The magnetic and electric vector potentials in a source free region must satisfy the vector 

wave equations 

(V>+k*)A=0 (4.7) 

(V? +k*)F =0 (4.8) 

respectively, and x is the wave number defined below. 

An infinitely long 2-dimensional cross-section of the waveguide is used in the 

analyses of the waveguide portion of the CSW. Solution of the CSW is accomplished 

using the mode matching technique which is based on a series expansion of the fields. The 

electric and magnetic fields are of the form 

N 

EO = (ROR + EH + BOZe (4.9) 
n=] 

H® = SHOR + HO Pt Hose Hs (4.10) 
n=1 

where i = 1,2,3 for each region of the waveguide as defined in Figure 4-1. In equations 

(4.9) and (4.10), E®, H® and so on will be referred to a field coefficients and are defined 

below. The subscript x7 will be used to denote the n” term of the x-directed component 

(and similarly for y- and z-directed components). The harmonic function e”*’ is assumed 

for waves traveling in the z-direction, where k, is the axial or longitudinal phase constant 

(also referred to as the propagation constant or wave number). By superposition, the 

fields are solved in each region in terms of TE™ and TM™ modes and later combined. 
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e For TE™ solutions a series expansion of the following form is used: 

N 

Psy FOX (4.11) xn 

n=l 

A=0 (4.12) 

where F, is a scalar function and each term in the series expansion must satisfy the scalar 

wave equation 

(Vi +k )F,, =0. (4.13) 

The proper form of solution of (4.13) is given by 

FF _ FO gk Oxo keye (4.14) 

where g(é) are the harmonic functions cos(é) and sin(é) with the appropriate arguments. 

For TE™ modes in each of the regions, we define transverse phase constants (propagation 

constants or wave numbers) k‘” and k? corresponding to the x- and y-directions 

respectively, which are complex in general. In equation (4.14), °° will be referred to as 

amplitude constants, which is also complex in general. It is assumed that the waves are 

traveling in the z-direction, hence e”“" is used, where k, is the phase constant in the z- 

direction. For a wave propagating in the axial direction, a necessary condition for 

matching of the z-components of the fields is that &, must be the same in all three regions. 

Given that each of the regions of the CSW are piecewise separable, the 

propagation constants satisfy the separability condition 

k= BoB +k 4.19 
The propagation constant in an unbounded medium is given by k, = @./u1,€, , where yu, 1s 

the permeability and ¢, is the permittivity of the medium, and (/) is the region. For the 

CSW, k, =k, since these two regions consist of the same medium. 
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° For TM™ solutions a series expansion of the following form is used: 

N 

A= AS (4.16) 
n=] 

= 

F=0 (4.17) 

where A,,, is a scalar function and each term in the series expansion must also satisfy the 

scalar wave equation 

(V?+k*)A,, =0. (4.18) 

The proper form of solutions is given by 

AY = AP OKO x\p(KO yet (4.19) xn yn 

and g(é) are the harmonic functions cos(é) and sin(é)with the appropriate arguments. 

For TM” modes in each of the regions, we define phase constants ko) and k‘? 

corresponding to the x- and y-directions respectively, which are complex in general. In 

equation (4.19), A“ will be referred to as amplitude constants. It is assumed that the 

waves are traveling in the z-direction, hence e”** is also used here. 

Given that each of the regions of the CSW as defined are piecewise separable 

system, the phase constants will satisfy the separability condition 

ke =k + kv +k: (4.20) 

where 7 =1,2,3 for each of the regions. 

Solving the CSW problem requires imposing boundary conditions at each of the 

interfaces within the waveguide regions. The tangential components of the fields at the 

(x = A) interface of regions (1) and (2) are matched if 

Ae (x=h)| | He. (e =A) 
=4 (4.21) 

E(x =h) E® (x=h) 
xn,on 4n,cn 

FORM OF SOLUTIONS 73



and 

k @ = ko (4.22) 

KO = RY. (4.23) 

The conditions given by (4.22) and (4.23) are necessary to match transverse y-directed 

components of the fields, which are equated term-by-term. From (4.15) and (4.20) where 

i =],2 and noting that 4, is the same in all regions of the guide, one obtains 

ke? kD? =k ig (4.24) 

kD? — R2? =f? Ke (4.25) 

Boundary conditions must next be satisfied by equating the tangential components 

of the electric and magnetic fields on the boundaries between regions: (1 and 3); and 

regions (2 and 3). The coefficients are solved by multiplying each of the four tangential 

field components evaluated at (vy = A) by an appropriate orthogonal function and 

integrating over x on the interval from 0 to 4, expressed as 

boN HO (y=h) 

[Sypra _ h) 
Q n=l xn,zn 

Ainan(Y =f) 
Ecnanl¥ =h) XnA,EN 

een ax (4.26) btu de= [> 
n=] 

To simplify the right side of (4.26), the following orthogonallity relationships are used: 

b/2,n=pF#l 
(4.27) 

0, nFp 
[ o,x)o(k,x) an={ 

The four boundary conditions given in equations (4.26) result in a set of four equations of 

the following form. For simplicity, we define these four equations using the following 

notation: 

N 

a,(p)AP = Y A."b (p.m) = 0 (4.28) 
n=1 

FORM OF SOLUTIONS 74



A(p)F.” - 3 FY g,(p,n) =0 (4.29) 
n= 

a, (p)A® - {4b (p,n)}+ f(p)yFo - (Fg, (p.n)} = 0 (4.30) 

a,(p)A, — 114 b(P.)}+ AWD), — DAF, 8(p.m)} = 0 (4.31) 

As defined in equations (4.28) through (4.31), a,,,(p), 5.;(p."), fi2;(p) and 

£,23(p,n) will be referred to as series coefficients and A“ and F\? will be referred to as 

amplitude constants. 

When evaluated, the left side of (4.26) will contain a summation and integrals 

which cannot be simplified by the use of the orthogonal properties used in simplifying the 

right side. Therefore, the following integrals are defined for later use, with the appropriate 

arguments (the appropriate phase constants will be substituted in place of s and 7): 

h h 

L(s,4) = [ sin sx sin tx dk (4.32) L(s,t) = [ cossx cosixdk (4.33) 
0 0 

h b 

I,(s,7) = [sin sx costx dx (4.34) 1,(s,4) = [sin s(x —b) sintxdk (4.35) 
a h 

b b 

I,(s,7) = J coss(x—b) costedx (4.36) I, (s,t)= {sin s(x -8) costx dx (4.37) 
h h 

b 

L(s,¢) = [coss(x-6) sin txdx (4.38) 
h 

The above solution technique is used to obtain a system of equations for each of the 

symmetry cases, as described in the following sections. 
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4.4 Form of Solutions 

4.4.1 Even /Odd Symmetry Solutions 

By referring to the even/odd symmetry case defined in Figure 3-4 and by enforcing 

the appropriate boundary conditions defined for each of the three regions in Figure 4-1, 

one obtains the electric vector potentials for the TE™ modes given by 

F® = F® cos(k x) cos (yb) Je * (4.39) 

FO = FO sinlk (xb) cog k,(y - dye (4.40) 

FO = F® cos(kx) cos(k,® ye (4.41) 

For the TM™ modes the magnetic vector potentials for each of the three regions are given 

by 
ALD = AX? sin(kE x) sin[k > (y—b) Je (4.42) 

A® = A® k(x — by sin KO (vy — by le *#* 4 43 ® = A? cof kO (x —b)|sin[k (y—d)|e (4.43) 

At = A,” sin(ky x) sin(ky, ye (4.44) 

where: 

pO 2 fo - Ane (4.45) 
xn xm ob 

The electric and magnetic field series expansion coefficients are computed using the vector 

potentials substituted into equations (4.1) through (4.6). The field coefficients are omitted 

from this section however are provided in Appendix A, for this symmetry case (and each 

of the other symmetry cases). Using the tangential field coefficients and from equations 

(4.21) through (4.25) , one obtains: 

(1) _ (2) ~ 
Fr cos kVh= Fn sin kk (h-b) (4.46) 

E é 
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Q) (2) ~ ~ FO ww 
sink Oh = fn EO) cosk, (h—b) (4.47) 

Me, H,é, 

AD (2) | 
— sink Oh = An cosk\(h—b) (4.48) 
H, H, 

A A” 

2k sink Oh = -—— k™ cosk (h-b) (4.49) 
Hye, Hoé, 

The three equations (4.24), (4.46) and (4.47) are used to determine 4", k® and F in 

terms of F Similarly, equations (4.25), (4.48) and (4.49) are used to determine , 4°, 

k® and A™ and in terms of A”. 

Using the tangential field series expansions, and the equations and definitions given 

in (4.26) through (4.38), the series coefficients are obtained as: 

b 4 3 . 
a,(p) = oe il ~ ko | sink, h (4.50) 

Me, 

b,(p,n) = ——(k? — k®?) sin k(h—B) 1, (KOK) + 

    

  

  

  

xn 0° "xp 
€ Be ye (4.51) 
a 4 (ky — kG?) sink (A- by Lk AD 

27° 2 n 

b > 5 (3)2 TT fp) = tyne (A; -kO”)cosk?h (4.52) 
m1 

g,(p.n) = —— (2 8.2") cosh, (hb) 1 ED ED) + 
ME, — ; (4.53) 

ME, cole — kD") cosh (h-B)Ig(k ky) 

—bk. . 
a,(p) = Nou ; kD sink >h (4.54) 

1] 
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kk 

b,(p,n)=--_ sink\, (h—b)1, (ky, k®   

  

  

OU. xn >" xp 

me (4.55) 
kK Ae 40) 2) 23) pe Sa sin kO(A— BL (KO KE 
OL ,€, A, 

bx... ~ 
A (Pp) = a ke sin ky h (4.56) 

1 

-lx. 0 > aa 
8)(P.m) = — Ky, Sit ky, (AB) 15 Ken's hep 

; (4.57) 

- em sink, (h-b) 1 (ky, ke” 

—b 
a,(p) = Oy, oP coskih (4.58) 

] 

b,(p.n) =k cosk?(h=)1, (KO, k2 
m ge (4.59) 

Tam Kin COSK,, (A BL, (Kan Key 

bk, ~ ~ 
=—+—k® cosk Mh 4.60 I; (Pp) 2a, €, xp ¥P ( ) 

KA? ay 0) FB) g3(p,n) = lt cosk,,’(h—b)1 (kyr key) 
ee (4.61) 

k Kn Fy 7 (2) FQ) FR) ~—1__—"— cosk,, (h-b)L (ke ky”) 
O"U,€, F, 

A discussion of how the results of this section are used to obtain cutoff 

frequencies, bandwidth and electric and magnetic fields is provided in the Chapter 5. 
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4.4.2 Odd / Even Symmetry Solutions 

By referring to the odd/even symmetry case defined in Figure 3-4 and by enforcing 

the appropriate boundary conditions defined for each of the three regions in Figure 4-1, 

one obtains the electric vector potentials for the TE™ modes given by 

FO = F® sin(k x) cos (y- bye" (4.62) 

FO = FO sin{ (x- b)| cos ( yr ble * (4.63) 

FO = F sin(kx) sink ye (4.64) 

For the TM” modes the magnetic vector potentials for each of the three regions are given 

by 
A® = A™ cos(k?x) sin| k,? (y- bye" (4.65) 

A® = AO cof k(x - b)]sin[kO (y— bye (4.66) 

A® = A® cos(kO x) cos(kO ye (4.67) 

where: 

ee (4.68) 

The electric and magnetic field expansion coefficients are computed using the 

vector potentials substituted into equations (4.1) through (4.6) and are provided in 

Appendix A. Using the using the tangential field coefficients and from equations (4.21) 

through (4.25), one obtains: 

Qo QL 
Fa sin kOh= Fr sin k (h-b) (4.69) 

E, E, 

qd) _ (2) ~ 

Fn” E® cosk On = 2 —€® cosk(h-b) (4.70) 
Me H,€, 
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AW A 

—_cosk Mh = —*~-cosk (h-b) (4.71) 
My H, 

AW Am 

Kk sink Oh = 2 — k© sink (h—-b) (4.72) 
Me, H&, 

Equations (4.24), (4.69) and (4.70) are used to determine k, k@ and F in terms of 

F™ Similarly, equations (4.25), (4.71) and (4.72) are used to determine k°”, &“ and 

A® in terms of A“. 

Using the equations and definitions given in (4.26) through (4.38), the series 

coefficients for the odd/even symmetry case are given by: 

b , a,(p) = oma it - ko \cosk Oh (1+6,) (4.73) 
1) 

b, (pn) = ——(k? — k®?) sink (h—B) 1K, K) + 
Xn O° xp 

    

é Hye, ge 
(4.74) 

7 40 (ky — kG?) sink (h-b)I(AD kD) 
272 n 

boi ran\az 
f,(p) = Sa ti —kO?)\ sink, h u(p -2) (4.75) 

17] 

gi(p.n) = MPD (a? £2" )oosko(h—B)1 Ke kip) + 
i 9) FO (4.76) 

MO Fi lb ES") cose (BLES kp 
202 n 

a.(P)= 5 ki) cosky>h (4.77) 
m7) 
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kk 
b,(p,n) = sin ky (h- b)1, (AO, k 1, | 

xn 9° "xp 

(2) (2) pa Asin k(n BL KO AS 
OME, A, 

f,(p) = k& cosk, kh u(p—2) 

lew. 
2, (pn) = hyp sink? (A—b)1, (Kk) u(p—2) xn >" ° xp 

] 

] Fo , ; 

“ake °) Eo —— sink (h-b) 1, (ko kD) u(p-2) 
n 

a,(p) = ake sinkyh (1+6,) 
1 

b,(p,n) = — at coski?(h—b)1, (kg KS) 
Hb, 

1 © 

AD 
  KS coskS (h—b) 1k AS 

Fp) = EK sinh u(p—2) 
ZOU, €, 

7, (1) 

g,(p.n) = cosh (hb) 1, (EO 42) u(p 2) 
OLE, 

kk&? Fo 

ou,e, FE 
n 

  =" cosk(h—b) 1h, KO) u(p—2) xn 2"' xp 

In equations (4.73) through (4.84) we define 

5 = 1, p=l1 

Plo, p#1 

and 
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(4.79) 

(4.80) 

(4.81) 

(4.82) 

(4.83) 

(4.84) 

(4.85) 
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Kp-2)| (4.86) 

Equations (4.85) and (4.86) occur as the result of degenerate cases, when sinkx = 0 

and cosk,’x =1 are substituted into (4.27). A discussion of how the results of this 

section are used to obtain cutoff frequencies and fields is provided in the Chapter 5. 

4.4.3 Even / Even Symmetry Solutions 

The even/even symmetry case is similar to that of the even/odd symmetry case 

except that the lower boundary on the x-axis is a PMC instead of a PEC, as shown in 

Figures 3-4 and 4-1. The boundary conditions and electric vector potentials are the same 

as those given in the even/odd symmetry case in regions (1) and (2), and therefore F 

and F are given by equations (4.39) and (4.40) respectively. Likewise, the magnetic 

vector potentials A‘ and A‘ given by (4.42) and (4.43), respectively. However, the 

boundary conditions in region 3 are unique to this symmetry case and the vector potentials 

are given by 

FO = F cos(kx) sin(k ye (4.87) 

A® = A® sin(kyx) cos(k,, ye" (4.88) 

Since the vector potentials (and also the field series expansion coefficients) in regions 1 

and 2 are the same as for the even/odd symmetry case, it follows that equations (4.46) 

through (4.49) are used to determine &°”, k°”, A® and F© in terms of A™ and F. 

In region 3, the transverse phase constant is given by 

(2n—-1)x f@ -f~2 = 
xn xn ob 

(4.89) 

The matrix coefficients are also for the even/even symmetry case are very similar to those 

obtained in the even/odd case, since the fields are the same in regions (1) and (2). 

Therefore, using symmetry properties; b,(p,m) is given by (4.51), g,(p,n) is given by 

(4.53), b,(p,n) is given by (4.55), g,(p,m) is given by (4.57), b,(p,n) is given by (4.59), 
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and g,(p,n) is given by (4.61). Since the vector potentials and field coefficients in region 

3 are unique to this symmetry case, we obtain results given as follows: 

  

  

a(P)=s (A? -kS” \cosk@h (4.90) 
i] 

b 2 ¥£3)2\ 0:0 £03) f(p)= te (A; -&O") sin kh (4.91) 
1%] 

—bk. 
a,(p) = Yous, ko cos koh (4.92) 

1 

b ~ 7, 3 
S,(P) = 3 he cosh, h (4.93) 

] 

a,(p) = 7k sin kh (4.94) 
l 

__ Ok, k® sink @h 4.95 
DP) sone xp sin yp . ( . ) 

71 

Chapter 5 provides a discussion of how the results of this section are used to obtain cutoff 

frequencies and fields. 

4.4.4 Odd / Odd Symmetry Solutions 

The odd/odd symmetry case is similar to that of the odd/even symmetry case 

except that the lower boundary on the x-axis is a PEC instead of a PMC, as shown in 

Figures 3-4 and 4-1. Therefore, the electric vector potentials are the same as those given 

in the odd/even symmetry case in regions | and 2, and hence F“” and F<” are given by 

equations (4.62) and (4.63) respectively. Likewise, the magnetic vector potentials A“ 

and A‘) given by (4.65) and (4.66), respectively. However, the boundary conditions in 

region 3 are unique to the symmetry case and the vector potentials are given by 
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FO = F® sink x) cosh, ye * (4.96) 

A’ = A,» cos(kyx) sin(kyy ye (4.97) 

Since the vector potentials in regions 1 and 2 are the same as for the odd/even symmetry 

case, it follows that equations (4.69) through (4.72) are used to determine &°” , ko” 
xn ? 

A” and F in terms of A“ and F”. In region 3 the transverse phase constant is given 

by 

k2) =f = a NS (4.98) 

The series coefficients are also for the odd/odd symmetry case are very similar to 

those obtained in the odd/even case, since the fields are the same in regions | and 2. 

Therefore, using symmetry properties; b,(p,m) is given by (4.73), g,(p,n) is given by 

(4.76), 6,(p,n) is given by (4.78), g,(p,n) is given by (4.80), 5,(p,n) is given by (4.82), 

and g,(p,n) is given by (4.84). Since the vector potentials and field coefficients in region 

3 are unique to this symmetry case, we obtain results given as follows 

b 

  

  

a,(p) =k - kp”) sing +5) (4.99) 
1%] 

A, (P)= ° (A? -kO” \cosk Oh u(p— 2) (4.100) 
2L,€, 

—bhk 
(p)= 2k) sink Oh 4.101 OP) = Tog te ks» (4.101) 

- 9 FO EO ul p-2 4102 
F.(P)= > yp sin yp u(p- ) ( , ) 

] 

= EO cosh (145 4103 
a(P)= > yp COs yp ( ) ( . ) 

] 
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bk. ~ ~ 
F;(p) = Sous, ks cosk,>h u(p — 2) (4.104) 

“1 

Chapter 5 provides a discussion of how the results of this section are used to obtain cutoff 

frequencies and fields. 
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CHAPTER 5 

CSW NUMERICAL RESULTS 

5.1 Overview of Numerical Study 

In this chapter the results of a numerical study of the modal characteristics of the 

CSW are presented. The investigation of the CSW is in terms of modal features, cutoff 

frequencies, and field plots using the equations derived in the previous chapter. A study is 

performed with relative permittivity ¢, and septum thickness c/a as parameters of 

variation. Also explained in this chapter are convergence considerations and a phenomena 

observed as mode splitting. The relationship of the modal cutoff frequencies as a function 

of symmetry and mode type is described. Key elements necessary to the bandwidth 

extension of the square waveguide are shown. 

5.2 Numerical Computational Procedure 

5.2.1 General Case Hybrid Modes 

A system of equations was derived in Chapter 4 using the mode matching 

technique. In deriving the system of equations, a series expansion and superposition of 

TE” and TM” modes in piecewise separable regions of the waveguide resulted in a 

system of equations of the form 

N 

a, (p)A,” — >: And, (p,n)=0 (5.1) 
n=) 

N 

ADE - EY g,(p.n) = 0 (5.2) 
n=l 
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a,(p) A, — 21 4,"b.(p.} + LP,” — LF 8: (p.m)} = 0 (5.3) 

N N 

a,(p)A® - > {Ab (p,n)} + f,(pP)FO - > {Fxg,(p,m} = 0 (5.4) 
n=) n=1 

where the series coefficients are also given in Chapter 4. The series coefficients are given 

according to the four symmetry properties of the equivalent CSW system as defined in 

Chapter 3. Given that the system of equations has been obtained, the task is then to solve 

for the cutoff frequencies, phase constants, and fields for use in further chapters when 

investigating the bandwidth, propagation and radiation characteristics of the CSW. For 

the three region system in Chapter 4, it is assumed that uw, =u, =M,=H,, €,=6€,=€, 

and €,=e,. Therefore the three region system in Figure 4-1 has the same constitutive 

relations as the system shown in Figure 3-1. 

The system of equations given by (5.1) through (5.4) is exact as N — «0, however 

as a practical matter must be truncated for numerical evaluation on a digital computer. 

The process of truncating the series results in an approximation to the exact series. To 

simplify the notation, we define sub-matrices for use in the following discussion on solving 

the system of equations. The coefficients given in equations (5.1) through (5.4) with 

single arguments p, include a,(p), a,(p), a;(p), A(p), f,(p) and f,(p). Considering 

a,(p), we define a diagonal matrix with p = 1---N given by 

ad) OO +: 0 

ef 2 AO! (5.5) 

0 0 ++ a(N) 

Similarly, we define @,, @,, fh f, and f, as diagonal matrices having the form given by 

(5.5). 

The coefficients given in equations (5.1) through (5.4) with two arguments p and 

n, include 6,(p,n), 5,(p,n), 5;(p,7), 2,(p."), 2,(p.n) and g,(p,n). Considering 

b,(p,n), we define a N x N matrix with p=1---N and nm=1---N given by 
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50, 60,2) -- &0,N) 

b(2,1) b,(2,2) +++ b,(2,.N) (5.6) 1 = 

6, (N,1) 5, (N,2) 7 b(N,N) 

Similarly, we define 5,, b,, 2, %, and Z, as Nx N matrices having the form given by 

(5.6). 
The amplitude coefficients in equations (5.1) through (5.4) include 4{”, AD, B® 

and F’”’. Considering A‘” we define a 1x N matrix as follows 

(1) 4, 
Q) 

As A; | (5.7) 

(1) 
Ay 

We also define 1x N matrices A\”, F° and F by the form given in equation (5.7). 

Using this notation, the system of equations can be wntten compactly as 

a ib 10: 07A%) 0 
I PFs AG) 

Or OA BlA |_| (5.8) 
a} b, | f,) 8, | FO} [0 
~ ih} Fig tl Fo] to 
a, |B, Ss I 3 F 

where the left side of (5.8) is a 4N x4N square matrix. In obtaining non-trivial solutions 

of (5.8) it is required that 

G16 1010 
0 I 0 iyFost 

det] 121211 |< (5.9) 
a,b, fri & 
Tots Te at 

a, 1b, | fy | &; 

where det[ ] is the determinant of the matrix argument. The left side of equation (5.9) will 

be referred to as the characteristic equation. The non-trivial solutions of the 
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characteristic equation are found as a function of one of the two possible parameters. The 

characteristic equation is a function of the phase constant in the z-direction k, and 

frequency ®. Solutions are obtained by either holding frequency @ constant and varying 

k,, or by holding &, constant and varying @, and then determining the zero crossings. The 

characteristic equation is found to be either real or imaginary and can be positive or 

negative. There are an infinite number of solutions of the characteristic equation, each 

occurring at a different k, and @. The solutions are obtainable by use of a root finding 

algorithm, such as the bisection method [1]. The bisection method which guarantees 

convergence was found to be significantly more reliable than other derivative based root 

finding algorithms such as Newton's method. 

Once a nontrivial solution to the characteristic equation is found, then both &, and 

® are held constant and one is interested in solving for the amplitude constants so that 

fields can be obtained. Under these conditions linear algebra techniques [7] are then used 

to solve the system given by (5.8) with the series coefficients held constant. It was found 

that the non-trivial solutions for all modes investigated, equation (5.8) has the following 

characteristic: 

Hi 191 0 
0 ig! yi 

rank 22th =4N-1 (5.10) 

@ ib i hi & 
a, |b, | f, | 83 

where rank[ ] is the rank of the matrix argument. Equation (5.10) is an observation that 

was found to be valid for all modal solutions discussed in this chapter and further 

investigated during the research. The physical implications of (5.10) are that given a 

solution has been found, there is only one set of amplitude constants and field patterns that 

are found to exist for a given k, and @. The amplitude constants of a system with rank 

4N —1 are found to be a1 x4AN vector given by 

A® ,1b1010 

A| lototis 
-—-- j= 7] 4p ey 2) (5.11) 

Fo a, \5,,f, | & 
Bd) aT Iihifig. 
PF a; |B, ITs { 3 
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where 7][ ] is the nullspace of the matrix argument. 

Once the propagation constants and the amplitude coefficients are found, the fields 

are computed using the field coefficients given in Appendix A. The characteristic equation 

given by (5.8) assumes both TE” and TM“ modes present to obtain solutions. This 

consequently is the most general form of solutions and the results are in general found to 

be hybrid modes. Hybrid modes are modes that are neither purely TE” or TM™ but are 

combinations of both modes types, as is obtained by the use of superposition of both mode 

types. In the Sections 5.2.2 and 5.2.3, we will discuss special cases for the solving the 

system of equations in which the hybrid modes degenerate to pure TE” or TM” modes 

at cutoff frequency. Hybrid modes are classified and discussed in more detail in Section 

5.3. 

5.2.2 Cutoff Frequencies of TE Modes. 

By inspection of the system of equations (5.1) through (5.4) and the corresponding 

series coefficients it is found that the system can be reduced to a simpler form at cutoff 

frequency, i.e., when k,=0. From Chapter 4, one can assume the solutions are 

constructed from only TM“ series expansions; that is, fF =0 and A= Ax at the cutoff 

frequency. Then the system of equations reduces to 

N 

a,(p)AS — > AM), (p,n) = 0 (5.12) 
n=] 

N 

a,(p)A® ~ > { Ab, (p,m)} = 0 (5.13) 
n=] 

By using the notation and definitions given by equations (5.5) through (5.7), one can write 

~ |-V7W® 0 

ed _ S| (5.14) 
a; | b, A 0 

Equation (5.14) reduces the 4Nx4N system to a 2Nx2N _ system resulting in a 

simplification and 1/4 reduction in computer time. By analogy to Section 5.2.1, the 

system of equations and the characteristic equation is obtained using 
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tof. ]-o (5.15) 

During the numerical investigations, non-trivial solutions of the characteristic equation, the 

condition 

— li; 

a,ib 
rank <t43 =2N-1 (5.16) 

a | b, 

was observed for all modes investigated. By analogy to the discussion in Section 5.2.1, 

the amplitude coefficients are found to be a 1x 2N vector given by 

A®? a, ib, 

3 3 

The modes having solutions of this form have a zero axial or z-directed electric field and 

hence are purely TE”. This condition is found to only occur at the cutoff frequency of a 

given mode. 

5.2.3 Cutoff Frequencies of TM Modes 

By analogy to Section 5.2.2, the system of equations (5.1) through (5.4) can be 

reduced to a simpler form at cutoff frequency, i.e., when k, = 0 to obtain modes that are 

purely TM”. One can assume the solutions are constructed from only TE™ series 

expansions; that is, F = Fx and A=0 at the cutoff frequency. Then the system of 

equations reduces to 

A (p)F® —¥ Fg, (pyn) = 0 (5.18) 

PADS -Y{FOs,(p,m} = 0 (5.19) 
n=] 
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By using the notation and definitions given by equations (5.5) through (5.7), one can write 

the characteristic equation in terms of a2N x2N matrix as. 

Ai BlFo | [0 
Sebel Le _ 

By analogy to Section 5.2.2, the system of equations and the characteristic equation 

solutions are obtained using the same procedure given in equations (5.15) through (5.17). 

The modes computed for this case are found to be TM™ at cutoff, meaning the axial 

magnetic field is zero. 

5.3 Classifying the Modes in the CSW 

The modal characteristics of the CSW are found by solving for the nontrivial zeros 

of the characteristic equations, as given in Sections 5.2. To perform the numerical studies 

on the CSW, software programs were developed using Matlab on an IBM DOS 

compatible DX2-486-66MHz machine. Once the nontrivial solutions are obtained, the 

phase constants, amplitude constants and electromagnetic fields are readily computed. 

The characteristics of the dominant mode and several of the important higher-order modes 

are now discussed. 

In this description of the CSW modal characteristics, we will first describe and 

classify the resulting hybrid modes observed within the guide. The CSW modes can be 

classified according to the field structure and symmetry in the guide and to the relationship 

of the unloaded waveguide degeneracies. For a dielectric loaded waveguide, this can be 

somewhat confusing because the results are hybrid modes, e.g., neither purely TE® nor 

TM”, but containing a linear combination of both. Therefore, strictly speaking the 

notation of using simply TE” or TM™ is no longer accurate except at cutoff frequency. 

In classifying the modes one can use notation consistent with that found in the 

literature [2]. Table 5-1 provides a general summary of notation useful in defining 

waveguide modes. In an unloaded (or homogeneously filled) square waveguide the TE” 

contains an axial magnetic field component H,, however the axial electric field E, is zero. 

These modes are referred to as H modes. Likewise, in an unloaded square waveguide, the 

CSW NUMERICAL RESULTS 92



TM” modes contain an axial electric field, however the axial magnetic field is zero. 

Therefore these modes are referred to as E modes. 

Table 5-1. 

Classification of Modes for Unloaded and Loaded Waveguides. 

  

  

      

Mode type Axial Fields Notation of Hybrid mode 

(e, =1) (e,=)) Collin [2] type when ¢, > 1 

(é,=) 
TE® H,#0,E,=0 H-type HE... 

™”® H,+40,E, =0 E-type EH,,,,         
The usefulness of this notation becomes apparent when considering hybrid modes. 

A hybrid mode is classified according the whether the mode is dominated by E- or H- 

modes. For the HE,,-modes the dominant axial component is the magnetic field, and for 

the EH,,, the dominant axial field component is the electric field. In the investigation of 

the CSW, it is found that the TE” become HE,,, when the dielectric insert is placed in the 

waveguide. Conversely, the TM®-modes are found to be EH, -modes when the 

dielectric insert is placed in the waveguide. A list of the modes for an unloaded square 

waveguide and the similar CSW hybrid mode counterparts is provided in Table 5-2. The 

modes hybrid modes shown are classified and named according to the symmetry and 

similarities of the field components, when compared to the unloaded guide. Shown are 

the unloaded degenerate waveguide modes, the hybrid names according to Collin [2], and 

the mode designations referred to in the remainder of this report. As indicated, for 

simplicity the mode designations used through the remainder of this report will be the 

unloaded waveguide names with a subscript where appropriate, however it is implied that 

hybrid modes are referred to in general. 

Figures 5-1 through 5-5 illustrate the modal characteristics of the CSW electric 

and magnetic field plots. Shown are the dominant mode and several of the important 

higher-order modes. Electromagnetic field plots of additional higher-order modes are 

provided in Appendix C. The field diagrams of Figures 5-1 through 5-5 are computed 

using the "Test Case #2" parameters which are defined and referred to in Chapters 6 and 

7. The arrows in the field plots indicate the magnitude and direction of the transverse 
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Table 5-2. 

Unloaded Square Waveguide Mode and Similar Hybrid Modes for the CSW. 

  

  

  

  

  

  

  

  

  

          

Unloaded Hybrid mode for Mode Symmetry case 

square the CSW per designations used 

waveguide mode Collin [2] for the remainder 

of this report 

TE,, or HE,, or TE,, or even/odd or 

TE,, HE,, TE,, odd/even 

TM,, FH,, TM, even/even 

TE,, HE,, TE,, even/even 

TE,,, HE, TE, odd/odd 

TE, FE joy TE 405 odd/odd 

TM,, EH,, T™,, even/odd 

TE,, HE,, TE,, even/odd 

T™M,, EH IM3, even/even 

TM,, EH, 5. TM, 3; even/even   
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Figure 5-1. Field distributions of the TE,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are ¢, = 2.56, c/a = 0.319, frequency = 11.0 GHz, k, = 260.65rad/s 

(Test Case # 2). The arrows indicate the magnitude and direction of the transverse field 

component. Contours indicate the magnitude of the axial (or z-directed) field component 
in 0.2 increments, normalized to the maximum axial component. 
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(b) 

Figure 5-2. Field distributions of the TM,, hybrid mode. (a) Electric field. (6) Magnetic 

field. Parameters are ¢, = 2.56, c/a = 0.319, frequency = 11.0 GHz, k, = 174.64 rad/s 

(Test Case # 2). The arrows indicate the magnitude and direction of the transverse field 

component. Contours indicate the magnitude of the axial (or z-directed) field component 

in 0.2 increments, normalized to the maximum axial component. 
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(b) 

Figure 5-3. Field distributions of the TE,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are ¢, = 2.56, c/a = 0.319, frequency = 11.0 GHz, k, = 130.26 rad/s 

(Test Case # 2). The arrows indicate the magnitude and direction of the transverse field 

component. Contours indicate the magnitude of the axial (or z-directed) field component 
in 0.2 increments, normalized to the maximum axial component. 
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Figure 5-4. Field distributions of the TE,,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are ¢, = 2.56, c/a = 0.319, cutoff frequency = 15.30 GHz, k, = 0 (Test 

Case # 2). The arrows indicate the magnitude and direction of the transverse field 

component. Contours indicate the amplitude of the axial (or z-directed) field component 

in 0.2 increments, normalized to the maximum axial component. 
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Figure 5-5. Field distributions of the TE,,,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are ¢, = 2.56, c/a = 0.319, cutoff frequency = 16.03 GHz, k, = 0 (Test 

Case # 2). The arrows indicate the magnitude and direction of the transverse field 
component. Contours indicate the amplitude of the axial (or z-directed) field component 
in 0.2 increments, normalized to the maximum axial component. 
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fields. The solid lines are contour lines showing the magnitude of the axial component of 

the corresponding field, at contours of 0.2 relative to the maximum axial component. 

Each of the field plots shown can be compared to the extensive literature (see for example 

[6]) for which unloaded waveguide field plots are given. One can observe in Figures 5-1 

through 5-3 that for the CSW, the TE,,, TM,, and TE,, modes resemble the unloaded 

waveguide cases, however with some exceptions. Along the axis the dielectric has the 

affect of redistributing energy in order to satisfy the boundary conditions. This 

redistribution of energy was observed to depend significantly on permittivity, septum 

thickness and frequency. 

One of the interesting phenomena observed upon introduction of the dielectric 

insert is the mode splitting phenomena. The TE,, mode is found to split into two 

distinctly different hybrid modes each having different cutoff frequencies. The field plots 

of the two split modes at cutoff frequency can be found in Figures 5-4 and 5-5, which 

show significantly different field structures compared to the unloaded waveguide case in 

the literature [6]. The corresponding mode with the higher or ‘upper’ cutoff frequency is 

given the subscript 'U' and referred to as the TE,,, mode. The other mode with the 

‘lower’ cutoff frequency is given the subscript 'L' and is referred to as the TE,,, mode. 

The mode splitting phenomena is not unique to the TE,, mode. Mode splitting is also 

found to occur for some higher-order modes with the odd/odd symmetry and certain 

higher-order modes for even/even symmetry, such as the TM,, mode. Mode splitting of 

the TM,, mode results in TM,,, and TM,,,, for the lower and upper hybrid modes 

respectively. A further discussion of the mode splitting phenomena is provided in Section 

5.6. 

5.4 Convergence Tests 

The mode-matching method is an exact series expansion technique as N > 

provided that the series converges. In solving the system and evaluating it on a digital 

computer one must truncate the series to facilitate computer constraints. A question may 

then arise as to how many terms of the series are needed and how well the series 

converges. To test convergence one normally increases the number of terms retained in 

the series and inspects some quantity (e.g., frequency, k, , fields etc.) to see if in fact the 
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series is converging. For the case of this analysis, we are particularly concerned with 

cutoff frequency since this is a study of bandwidth. Therefore a study of convergence was 

conducted to ascertain the number terms needed to obtain accurate solutions of frequency 

given k,. 

Figure 5-6 shows cutoff frequency plotted as a function of number of terms N in 

the series for various waveguide parameters. Figures 5-6a and 5-6b show convergence 

tests computed using the same septum thickness c=a/5 however with two dielectric 

constants of ¢, = 2.56 and ¢, = 9.00. Only 2 and 8 terms were needed to obtain 

convergence to within 1% and .01% respectively of the final computed values. Therefore 

convergence is not strongly dependent of the relative permittivity for the values computed. 

Figure 5-6b and 5-6c indicate the effect of decreasing the septum thickness while holding 

€, constant. When c = a/20 the convergence is less rapid and one needs 2 and 14 terms 

to obtain converge to within 1% and .01% of the final values, respectively. 

5.5 Modal Cutoff Frequency Dependence 

In Section 5.3 the modes for the CSW were defined and described. In this section 

the dependence of cutoff frequency on various waveguide parameters is investigated and 

quantified. The results give insight to which parameter values are suitable for the 

investigation of bandwidth enhancement using mode filter techniques described in the next 

chapter. Figure 5-7 shows the cutoff frequencies of the dominant mode and several of the 

important higher-order modes as a function of the relative permittivity ¢,. In this figure 

the thickness of the dielectric is held constant at c=a/6. As &, approaches unity, the 

modal cutoff frequencies approach the unloaded waveguide values as given in Chapter 3. 

As shown, the rate of change in cutoff frequency is different among various modes. 

Figure 5-8 is generate using the same data as in Figure 5-7 except that the cutoff 

frequencies are plotted as a ratio of cutoff frequencies defined by /.(mode)/ /.(TE,,) 

where /. is the cutoff frequency. Figure 5-8 indicates that relative to the dominant mode, 

the TM,, (even/even symmetry) mode cutoff decreases rapidly as ¢, is increased. The 

TE,, mode (even/even symmetry) remains roughly the same relative to the dominant 

mode. The TE,,, and TE,,,, (odd/odd symmetry) modes show increased modal cutoff 

frequency separation relative to the dominant mode and therefore demonstrate one of the 

CSW NUMERICAL RESULTS 101



™ Oo iS =   
  

  

    
  

  

  

    
  

  

  

    

  
  

N r | “ae vs Ne I sr 
oe x nN “ “ “ “ ™ 

vo 
oo 7.617 €-=256 c=als 4 
= 
3 x 
J 76 fl _t _ ___ ed __ 1 ! __ 

& 0 2 4 6 8 10 12 14 16 18 20 

, N, terms 

(a) 

a ' ' T T T T ———- — T 

B 4.64 / é,=90 c=al5 1 
3 
J 462 J a __ _t 4 i j il 

& 0 2 4 6 8 10 12 14 16 18 20 

N, terms 

(b) 

J 7.24 T T T 1 T T T T T 

Oo —<$_$X— x x 
— 7.22r ne 4 

> ye 
= 7.27 ~<a €-=90 c=a/20 7 
= 

Sz 7.18 ni 1 _| ___t. | __| el l 1 

& 0 2 4 6 8 10 12 14 16 18 20 
N, terms 

(c) 

Figure 5-6. Convergence tests of mode matching technique. 
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Figure 5-7. Normalized cutoff frequencies vs. ¢, for c = a/6. The cutoff frequencies are 

normalized to the cutoff frequency of the dominant TE,, mode in an unloaded square 

waveguide. Shown are the dominant mode and several relevant higher-order modes. 
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Figure 5-8. Cutoff frequency ratio vs. €¢, for c =a/6. The frequencies are normalized to 

the dominant TE,, mode cutoff frequency. Shown are the dominant mode and several 

relevant higher-order modes. 
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key characteristics of this study needed for obtaining bandwidth enhancement. Several of 

the higher-order modes including the TM,, (even/odd), the TM,,, and TM,,,, (even/even) 

modes show a decrease in the cutoff frequency relative to the dominant mode and in fact 

decrease to below the TE,,, mode. 

Also of interest is the effect of holding ¢, constant, and varying the relative 

thickness of the septum on the interval, 0< c/a <1 as shown in Figures 5-9 and 5-10 for 

€, =2.56 and ¢, =9.0 respectively. Shown are the cutoff frequencies for a given mode 

relative to the dominant mode cutoff (e.g. f.(mode)/ 7,(TE,,)). Two key points are 

made regarding these figures. First, in all cases shown the dielectric loading has the effect 

of increasing the cutoff frequency separation between the TE,,, and the dominant modes. 

This observation is especially prevalent for dielectric thicknesses of 0<c/a<0O.5. 

Second, for all cases shown, the effect of the dielectric loading is to decrease the ratio of 

F.(1™,,)/ 7,(TE,,) and hence the bandwidth of the waveguide. The implications of this 

are discussed below in further detail. 

In Figures 5-8 through 5-10 for dielectric thickness of 0<c/a<0.5, a general 

trend begins to emerge for the dominant and the first few higher-order modes. The 

relative of cutoff frequency f,(mode)/ f,(TE,,) of a given mode depends heavily on the 

symmetry properties of the particular mode. This relationship is summarized in Table 5-3 

(however with one additional caveat discussed below). Even/even symmetry modes have 

a maximum electric field on both axes of the guide and therefore are loaded more heavily 

than the odd/odd modes which have a minimum in the center of the guide. Even/odd and 

odd/even modes have a maximum along only one of the axes and therefore change more 

moderately as a function of the dielectric loading. The caveat to Table 5-3 is that for a 

given symmetry case, TM modes generally tend to decrease more rapidly than the TE 

modes of the same symmetry. This can be explained in terms of the relative field strengths 

for each of the modes. The TM modes generally have a strong axial component of the 

electric field that is not present in the TE modes, and for modes where this axial 

component exists in the dielectric region, the result is increased loading relative to the TE 

modes. 

Now that the modal characteristics of the CSW have been analyzed and described, 

a discussion of the implications on bandwidth is appropriate. In Chapter 3 it was stated 
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Table 5-3. 

Relative Change in Frequency for Each of the Symmetry Cases. 

  

Mode Symmetry Relative Change in 

  

  

  

        

Type Cutoff Frequency as a 

Function of Mode 

Symmetry Type 

even/even changes rapidly 

even/odd changes moderately 

odd/even changes moderately 

odd/odd changes slowly 
  

that from the onset of the investigation of the CSW, the concept of the bandwidth 

extension is based on: a) increased mode separation between the dominant mode and the 

TE,, mode and, b) the use of mode filters to force the TE,, and TM,, modes to 

essentially become non-propagating. Assuming successful mode filter demonstration, 

from Figures 5-9 and 5-10 the bandwidth is limited by either the TM,, or TE,,, modes!. 

For the case of ¢, = 2.56 from Figure 5-9 the maximum bandwidth under these constraints 

is about 2.23:1 and occurs at about occurs at c/a of about 0.1 and remains relatively 

constants to within about 2.20:1 for c/a of 0.3. For the case of ¢, = 9.0 as shown in 

Figure 5-10 a maximum bandwidth about 2.20:1 occurs at about c/a = 0.02 and c/a = 

0.43, 

  

! The validity of this assumption is considered further in Chapter 6, when mode filters are investigated. A 

discussion on filtering of other additional modes is discussed in Chapter 10 under future work. 

CSW NUMERICAL RESULTS 106



  

  

      

      

CU
TO
FF
 
FR
EQ
UE
NC
Y 

RA
TI
O,
 

fc
(m
od
e)
/ 

f,
(T
E,
,)
 

  a | | Dl l Led | eel     1.0 
0 O01 O02 03 04 05 O06 07 O08 

SEPTUM THICKNESS, (c/a) 

0.9 1 

Figure 5-9. Ratio of modal cutoff frequency to dominate mode cutoff as a function of 

septum thickness c/a, with relative dielectric constant €, =2.56. 
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Figure 5-10. Ratio of modal cutoff frequency to dominate mode cutoff as a function of 

septum thickness c/a, with relative dielectric constant ¢, =9.0. 
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5.6 Discussion of Mode Splitting Phenomena 

In Section 5.3 it was discovered that the introduction of the cross-septum 

dielectric insert into the square waveguide results in splitting of the TE,, mode into two 

distinct modes referred to as upper and lower modes. Since the TE,,, and TE,,,, modes 

will play a role in determining the usable bandwidth of the CSW, a further discussion and 

verification of the results are warranted. In this context, we intend to argue that the 

existence of the mode splitting is both reasonable and physical. There are at least three 

observations that verify the mode splitting phenomena. First, during the numerical 

investigations, the boundaries were thoroughly investigated and it was observed that there 

are no unusual discontinuities between regions of the guide that would indicate any 

numerical or nonphysical anomalies. Second, one may refer back to Chapter 3 on the 

discussion of symmetry properties, where the original CSW boundary value problem was 

reduced to an intermediate set of 6 equivalent boundary value problems shown in Figure 

3-3. The TE,,, mode shown in Figure 5-4 can be satisfied by the boundary conditions 

given in Figure 3-3e consisting of a 45° section of the guide. Likewtse, the TE.,,, mode 

shown in Figure 5-5 can be satisfied by the boundary conditions shown in Figure 3-3f also 

consisting of a 45° section of the guide. A similar argument also applies to the TM,, 

mode which also splits into two modes (Figures C-3 and C-4) satisfying the boundary 

conditions in Figures 3-3c and 3-3d. One can conclude that there are no violations in any 

of the boundary conditions and regions that could indicate a numerical procedural error or 

nonphysical solution. 

The third comment on the mode splitting phenomena is with respect to the 

observations of prior work on similar investigations of square waveguides presented in 

Chapter 2. It is interesting to point out that for ridge loading [3] and crossed waveguide 

[4] a similar mode splitting phenomena was also observed. However, in the investigation 

of dielectric loading of the square waveguide [5] mode splitting was not observed. The 

CSW in contrast to the dielectric loaded waveguide investigated by Tsandouglas [5] does 

exhibit the mode splitting phenomena. 
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CHAPTER 6 

EXPERIMENTAL VERIFICATION 
OF CSW MODAL CHARACTERISTICS 

6.1 Overview of CSW Modal Verification 

This chapter describes the experimental measurements performed on a length of 

the CSW for comparison to the calculated results. An explanation of the theory on the 

measurement technique used in experimentally characterizing the CSW with respect to 

propagation constants and cutoff frequencies is presented. The resonant cavity 

measurement technique is described. The measured results demonstrate the bandwidth 

enhancement and provide an experimental verification of the mode filters. Both loop and 

probe coupling are investigated. Experimental data are given as a result of measurements 

of S,,. 

The process of characterizing the CSW requires multiple tests and cross checks to 

ensure single-mode propagation and to show that the dominant mode is propagating. 

Only one set of measurements (i.e., only S,, or far-field data) is insufficient. Two 

independent sets of measurements are required to show dominant mode propagation in the 

CSW. First, one must show that there is only one mode propagating in the waveguide. 

This is accomplished by the resonant cavity measurements which are described in this 

chapter, and involves the measurement of S,, of the CSW cavity, both with and without 

the mode filters present. Second, one must show that the propagating mode is indeed the 

desired dominant mode, referred to here as the TE,, (or TE,,) modes. To show this, far- 

field patterns are observed and compared with analytical results derived from the 

computed dominant mode patterns. Chapter 7 will discuss analytical and experimental 

radiation characteristics of the CSW, and hence will further verify the results provided in 

this chapter. 
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6.2 Theory on Waveguide/Cavity Measurement Technique 

[1-3] 

The electric and magnetic fields in the CSW for an infinitely long guide are solved 

in Chapters 4 and 5 using the mode matching technique, and expressed in a series of the 

form: 

= 

Ei= 
n Ma

z \Ekt+E,, I+ E,2)e (6.1) 

Ul any
 

Vv 

A, = 
v 

5 {H,,+H,,5+H,,2he (6.2) 
=] 

The exponential term in (6.1) and (6.2) is a harmonic function expressing the phase of a 

wave traveling in the z-direction of an infinitely long waveguide. The fields stated here 

refer in general to solutions for the 7” mode. As described in Section 5.3, the modes 

propagating within the CSW are classified as hybrid modes, (i.e., HE,,, HE,,, EH,, etc.) 

however the non-hybrid mode names will be retained for simplicity. In this discussion, 

modes will be referred to as the dominant mode TE,, (and TE,,) as well as the higher- 

order modes, TM,,,TE,, and so on. 

To experimentally verify the CSW modal and propagation characteristics, a 

method is needed that can verify the cutoff frequencies of various modes, and the 

longitudinal (z-directed) phase constants, k,. In the experimental verification of the 

propagation and modal characteristics of the CSW, several practical problems occur due 

to the ‘non-standard’ waveguide size and inhomogeneous dielectric filling. The 

measurement of electrical properties of a length of a terminated waveguide (e.g., CSW) 

requires components such as adapters, waveguide interfaces, terminations, slotted lines, 

coupling mechanisms, etc., each of which must also perform well over the intended broad 

range of frequencies for the 'non-standard' waveguide size. These problems can be largely 

avoided by the use of a measurement technique involving a resonant cavity, instead of, for 

example, a terminated section of waveguide. By placing a metallic wall on the two ends of 
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a length L, of waveguide, a resonant cavity is formed. The metallic walls enforce the 

boundary conditions 

ax E(z=0,L)=0 (6.3) 

ne H(z=0,L)=0 (6.4) 

where 7 is a unit normal vector on the inside walls of the cavity. Therefore, in satisfying 

the boundary conditions, the exponential functions in (6.1) and (6.2) are replaced with the 

appropriate sine or cosine harmonic functions representing standing waves. The resulting 

electric and magnetic fields for the resonant cavity therefore have the form 

EB, =S{k,8+6,,9+6, 2} (6.5) = x z : 
n — xV yyy 2v cos k,,2 

_. N sink, z 
H = H. x+H. y+H.z ” 6.6 n x1 xV yy JY z¥ Hen eh ( ) 

where: 

kK, =m! L (6.7) 

and m is an integer that permits the m” mode to satisfy boundary conditions. One 

therefore obtains resonant cavity modes designated as TE,,,,TE,., -... TMiy..TMii;. --- 

and etc. The advantage of this measurement technique is that it provides precise control 

of the longitudinal phase constant, as specified by the length of the guide. Additionally, 

measurements can be performed using one port (S,,) of a network analyzer without the 

necessity of additional specially constructed components. Considerable information, as 

shown below, can be determined from the measurement of S,,. 

The resonant cavity shown in Figure 6-1 forms a one port energy storage device 

with an input impedance given by 

7 _Pt2joW, —W.) 6.8 Tis (6.8) 
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Figure 6-1. Loop coupled cavity system. 
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where W, and W, refer to the energy stored in the magnetic and electric fields, 

respectively, and P, is the power dissipated by the cavity, and current / is flowing into the 

cavity. We will develop the relationship between a resonant cavity system and an RLC 

equivalent circuit. It will then be shown how information about the modal characteristics 

of the CSW can be inferred through the use of input impedance (or S,,) measurements. 

Consider the loop coupled resonant cavity system shown in Figure 6-1. The cavity 

is excited by a small loop with current /, and generates a magnetic flux y. If the flux of 

the n™ mode, y,, is common to y, energy will be coupled to the mode from the input 

current loop. This coupling mechanism is essentially a transformer with mutual coupling 

M_,. Considering that there are an infinite number of modes, one obtains an equivalent 

circuit for a cavity coupled loop as shown in Figure 6-2. The input impedance 1s then 

found using network analysis to be 

o'MC, 
3 (6.9) 

l-a LC, + joc, R, 
  

n=l 

where L, is the inductance of the transformer primary, and L,,C, and R, are the 

equivalent lumped elements of the 7" resonant cavity mode. Each of the n“ modes has a 

resonant frequency given by w, , where 

a, LC, =1. (6.10) 

The quality factor, QO, of a resonant circuit is a measure of the frequency selectivity 

and general performance of the circuit. QO is defined by the ratio of time-average energy 

stored by the resonant circuit to the energy loss per second of the circuit. For the n™ 

mode, the quality factor is given by 

  

OQ, =" (6.11) 

For this discussion and for measurement purposes, it is assumed that Q is relatively large 

such as on the order of 10 or larger. The assumption of large QO is reasonable since the 
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Figure 6-2. Equivalent circuit of a loop coupled cavity. Reprinted from [2]. 
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cavity system has metallic walls and a low loss dielectric insert. Using equation (6.11) the 

input impedance can be written as 

- oM? 7 _;j i + j 
n . 

nl) = jak, jd L,(o, —@° + jo,0/O,) 

  (6.12) 

Equation (6.12) can be approximated at frequencies near the resonant frequency. 

At frequencies in the vicinity of @, assuming that Q is large, one obtains the following 

approximation for the input impedance 

o°M, 

L,{@, -@° + jo,@/Q,) 
  Z,(@) = jol, + j (6.13) 

This simplification can also be conceptually obtained by inspection of the original 

equivalent circuit in Figure 6-2. Near the n™ resonance, the equivalent circuit is 

dominated only by the n™ resonant circuit, and all other circuits (resonant modes) in the 

secondary are essentially open circuited. Therefore, the original circuit reduces to a single 

series resonant circuit fed by a transformer. 

By elimination of the transformer secondary, the circuit can be further simplified. 

Collecting the real and imaginary parts, the input impedance given in (6.13) can be 

expressed as an equivalent series resistance, R,,, and reactance, X,,, of the form 

  

Z,,(@) = R,,(@) + jX,,(@) (6.14) 

where: 

R,,(o) = 2 Cae ____ 
1,0,| (0, -o") +(0,0/0,)'| (6.15) 

  (6.16) 
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The resistive term in (6.14) represents the waveguide losses, due to the imperfectly 

conducting walls and the imperfect (lossy) dielectric material inside the cavity. The 

reactive part consists of the magnetic W_ and electric W, energy as given by (6.8), and 

therefore represent a series inductor and capacitor, respectively. Therefore the resonant 

cavity in the vicinity of a modal resonance can be simplified to a series resistance R,,(@), 

an inductance L,,(w), and a capacitance C,,(@). In the vicinity of the n™ mode, the 

resonant frequency given by w/ ~@,, where wo), LC, =1. 

To investigate the behavior of a resonant cavity in the vicinity of the n” modal 

resonance, consider Z,(@) given by (6.14) at frequencies of a =@,+Aq@ as shown in 

Figure 6-3a. In the figure, values of L,=M,=L1,=1H, C,=1F, @,=1rad/s and 

R,= 05 Q are conveniently chosen for illustrative purposes. The figure shows the 

resistive and reactive components of Z,,(@). It is assumed that the quantity Aw can vary 

and become large, but not so large that it is in the vicinity of the next higher or lower 

modal resonance. At w>>@,, Z, becomes capacitive since the reactance is negative. 

Conversely, at @ <<w,, Z,, becomes inductive since the reactance is positive. At some 

@ ~q,, the reactance is zero and Z,, becomes purely resistive. 

In an experimental investigation of a resonant cavity, one would connect the cavity 

to a measurement device such as a network analyzer, having a transmission line with 

characteristic impedance of Z,. Then the resonant cavity under measurement is 

equivalently a series RLC circuit connected to the characteristic impedance Z,. The 

resonant cavity measurements described in this report were performed using a Hewlett 

Packard 8409 network analyzer and S-parameter test set. This allows one to sweep the 

frequency of the applied signal and measure the return loss, -20log||S, ,(@)|] of the CSW 

resonant cavity. For a one port network, S,,(@) is equal to the reflection coefficient of 

the port and is given by 

Z,,(@)—Z, 
Z (w)+Z, (6.17) S,,(@) = 

where Z,=50Q, the characteristic impedance of the transmission line used for the 

measurement interface. Therefore, in consideration of equations (6.14), (6.17) and the 

corresponding discussion above, a measurement of IS, ,(@)| near the resonant frequency 
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Figure 6-3a. Plot of the input impedance of a resonant cavity in the vicinity of resonance. 

The data are computed using (6.14) with parameters given by L,=M,=L,=1H, 

C,=1F,o,=I1rad/s and R, = 059. 
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Figure 6-3b. Typical plot of |S,,(@)| for a resonant cavity in the vicinity of resonance. 

The resonant cavity has an input impedance given in Figure 6-3a and is connected to 

transmission line with characteristic impedance given by Z, = 50Q. 
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of the cavity will result in a plot having the form given by that shown in Figure 6-3b. 

When Z,, is purely resistive, the cavity system is most closely matched. Conversely, when 

Z,, 18 capacitive or inductive, the cavity system becomes less matched. The null represents 

the purely resistive Z,, and it occurs approximately at the resonant frequency of the 
in? 

cavity. The frequencies where |S, ,(@)| is a maximum represent the capacitive or inductive 

frequencies, where the cavity system is not resonant. 

In the experimental program the waveguide cavity is characterized by measuring 

the cutoff frequency and phase constants. Since the resonant frequency of the cavity can 

be measured for various values of k,, the cutoff frequency can be determined from the 

asymptotic behavior of the resonant frequency as k, approaches zero, in a stepwise 

fashion. 

6.3 Coupling Methods 

A few comments on the type of coupling used for the CSW measurements are now 

appropriate. To obtain coupling to a specific mode, one generally places a loop (or 

probe) in a location where the specific mode also has a strong magnetic (or electric) field 

in the desired direction. In this report, the use of a small loop to couple to the x- 

component of the magnetic field will be referred to H,-loop coupling, as shown in Figure 

6-4a. A smail loop acts as a magnetic dipole and couples to the magnetic field in the 

direction normal to the face of the loop. 

Although only the analysis of loop coupling is included in this report, coupling to a 

waveguide or resonant cavity can also be achieved with a probe. The analysis of probe 

coupling into a resonant cavity can also be done using equivalent circuits. The simplified 

probe coupled circuit also reduces to a series RLC circuit in the vicinity of the n" 

resonance. We will refer to E,-probe coupling and £,-probe coupling as defined in 

Figures 6-4b and 6-4c respectively. The electric field excited using probe coupling is in 

the direction of the probe in the cavity. The subscript will denote the electric field to 

which the probe couples. 

Several different coupling types were considered, and the experimental results are 

given below. Considering the CSW application for a high powered phased array, a 

waveguide interface is needed as a transition between a phase shifter (also constructed 
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Figure 6-4. Coupling method definitions. (a) H,-loop coupling. (b) £,-probe coupling. 
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from a waveguide) and the CSW. The design and analysis of this component is left as an 

area of future work (see Chapter 10). 

6.4 Description of the Measured Components 

6.4.1 Waveguide Components 

Several CSW waveguide elements were constructed at China Lake to facilitate 

experimental measurements. A set of square waveguide components were formed by 

machining brass into 'L' shaped brackets that could be bolted together forming a hollow 

square tube (or waveguide). The inside walls of the waveguide had very slight 

longitudinal grooves that facilitate holding the septum rigidly in place, so it would not 

move during the measurements, once bolted together. On each end of the waveguide, the 

ends were drilled and threaded so that a metallic plate could be used to cover the ends 

forming a resonant cavity. Of course, omitting one endplate forms an open-ended 

waveguide from which radiation patterns are measured. 

Since both probe and loop coupling were considered, at least two waveguide 
elements had to be constructed. The first using either E,- probe or H,-loop coupling was 

drilled and threaded so that an SMA connector could be placed on the side, with the probe 

sitting just on the edge of the dielectric septum. The second, using either H,- loop or E,- 

probe was drilled and threaded on the end plate, so that an SMA connector would face the 

longitudinal direction. Both were measured to have a width a=14.93mm and were 

square to within 0.15mm. The length of the CSW was L=100 mm. An unloaded square 

waveguide of width, a=1493mm will support a dominant mode cutoff frequency of 

10.04 GHz. 

6.4.2 Mode Filter Descriptions and Definitions 

A mode filter is an obstacle or alteration within a waveguide that ‘interferes’ with 

the propagation of a undesired mode, while leaving the desired mode relatively unaffected. 

As described in Sections 3.1 and 5.5, a mode filter is needed in conjunction with the 

dielectric septum to increase the usable bandwidth of the square waveguide under 

consideration. Section 3.3 discussed several of the methods employed in the literature to 

realize mode filters for various applications. A mode filter that supports linear 
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polarization can be found in references [4,5] and consists of a thin resistive film placed 

within the guide in the plane of the electric field of the undesired modes. The approach 

given here will outline the design of a resistive film mode filter that meets the performance 

requirements necessary to demonstrate the bandwidth enhancement concept while 

supporting dual polarization. The resistive film approach was chosen for its relative 

flexibility to design parameters and ease of fabrication. The mode filter consists of a 0.003 

inch thick mylar film, with graphite (#1 pencil lead) deposited on the film, forming a 

conductive surface less than one skin depth. The conductive surface is strategically placed 

within the waveguide so that most of the energy is confined to the desired mode. In 

designing and determining the mode filter location, the following criteria were used: 

e For the desired mode we wish to position conductive film in order that the E-field 

is normal to the film. This should: 

- not significantly attenuate the desired mode, relative to the undesired mode. 

- minimally alter the boundary conditions. 

- minimally affect or introduce any impedance mismatches. 

° For the undesired mode we wish to position the conductive film in order that E- 

field is tangential to the film in order to: 

-highly attenuate this undesired mode, relative to the desired mode. 

-maximally alter the boundary conditions. 

-result in an impedance mismatch for the undesired mode, thus favoring coupling 

of energy into the desired mode. 

Therefore, the correct positioning of the mode filters depends on the electric field 

lines of the desired and undesired modes. To ‘remove’ the TE,, mode, the film can be 

placed such that the surface area of the conductive surface lies approximately tangential to 

the electric field lines given in the plots of Chapter 5. The filter is designed so that there is 

no axial variation in the film over the extent of the CSW length. Therefore once the TE,, 

mode is satisfied, one finds that the film also lies in the electric field plane of the TM,, 

mode which has a strong axial component near the center of the guide. In ‘removing! the 

T,,, mode it is desirable to place the mode filter near the center of the guide where the 

axial field component greatest, however this must be traded with the TE,, mode which 
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becomes weaker near the center of the guide. Another consideration is the dominant TE,, 

(and TE,,) mode which has a maximum electric field resembling the TE,, mode close to 

the edges of the guide, along the axes. So the film location must also satisfy the additional 

constraint of not attenuating the dominant mode and still maintain the 90 degree rotational 

symmetry necessary for dual polarization. Finally, the mode filter must also perform well 

over the entire frequency range so it must be positioned in such a way that it is not 

seriously affected by any changes in the electric field distribution which occur as a function 

of frequency. 

Obtaining a suitable performance is ultimately a tradeoff between suppressing the 

undesired mode sufficiently, while leaving the desired (dominant) mode unsuppressed. 

Since the fields in the CSW are known from (6.1) and (6.2), one can consider a given 

resistive film surface area and compute possible locations for the mode filters by 

inspection of the tangential and normal electric field components. This gives one a general 

idea of which shapes and positions are capable of performing well. It was determined that 

the most practical way to design the mode filter was to compute the relative strength of 

the normal and tangential electric field for a given mode filter test case. Then an 

experimental measurement was performed and the thickness of the applied conductive 

material and position of film were adjusted to find a surtable performance. The mode filter 

performance is discussed further below. 

Several mode filter geometries were experimentally investigated at various 

positions in the CSW. The mode filter positions were restricted to locations that would fit 

within the square corner space of the CSW, between the dielectric slabs and the metallic 

walls. A resistive film that could be embedded into the dielectric was considered but not 

used, since it would have required considerable additional machining and construction to 

implement. Figure 6-5 shows three of the geometries or ‘types’ investigated. The Type-1 

mode filter (Figure 6-5a) is constructed with a mylar sheet that is just wide enough to fit 

between the corners as shown. The amount of surface area of the mylar that 1s coated 

with graphite, and the density of the graphite allows one to easily adjust parameters to 

obtain the desired result. Type-2 mode filters (Figure 6-5b) are constructed out of mylar 

sheet that is larger than the diagonal between the corners as shown. Therefore, when 

inserted into the CSW corners, the mylar sheet can be bent inward. The advantage of the 

Type-2 over Type-1 is that is the conductive are can be place so that is more closely 

tangential to the undesirable TE,, mode. Both Type-1 and Type-2 are designs that 
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Figure 6-5. Mode filter definitions. 
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possess the desired 90 degree rotational symmetry necessary to support the required dual 

polarization. 

A third mode filter was also constructed and is designated Type-3 (Figure 6-Sc). 

This filter was constructed for test purposes only, and resembles in principle the linear 

polarized case given in references [4] and [5]. Due to the symmetry properties of the 

Type-3 mode filter, it will highly attenuate the TE,,, TM,,, and TE,, modes, however 

have almost no effect on the TE,, mode. Although the Type-3 mode filter does not 

support dual polarization, it is a useful test case and is used to help identify the dominant 

mode from other higher-order medes. The reason for using the Type-3 mode filter will 

become clear in the following sections. 

6.5. Measured Results 

6.5.1 Overview of Resonant Cavity Measurements 

The CSW was experimentally investigated using several test cases. Initially, the 

unloaded square waveguide (CSW housing) was measured, as a canonical test case from 

which the measurement methodology can be verified. A CSW was constructed using a 

dielectric insert with ¢, = 9.0, designated 'Test Case # 1' from which the first set of 

measurements were performed. A second set of measurements were performed using a 

CSW with a dielectric insert having ¢, = 2.56, designated "Test Case #2'. A summary of 

the parameters, dimensions and modal cutoff frequencies for each of the test cases are 

provided in Table 6-1. Various mode filter and coupling configurations were investigated 

for each of the test cases as discussed in the remainder of this report. 

6.5.2 Unloaded Waveguide Test Case 

An unloaded square waveguide provides a simple canonical test case from which 

the test methodology and can easily be verified and compared to theory. Numerous texts 

give detailed derivations of the fields and modal resonances, such as [2],[6], and therefore 

are omitted from here. Measurements were performed on an unloaded square waveguide 

using the resonant cavity methods described above. The unloaded waveguide which was 

characterized was the same as that used for constructing CSW, therefore the coupling 

methods could also be measured and evaluated, both with and without the dielectric 
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Table 6-1la. 

Test Case Parameters. 

  

  

  

          
  

TEST CASE Septum thickness Dielectric 
(c/a) constant (€,) 

unloaded 0 1 

waveguide 
Test Case #1 0.1283 9.0 

(ceramic) 
Test Case #2 0.319 2.56 

(polystyrene) 

Table 6-1b. 
Modal Cutoff Frequencies for Test Models. 

Frequencies are Calculated Using the Procedure in Sections 5.2.2 and 5.2.3. 

  

  

  

  

  

  

  

  

  

  

Test Case # 1 Test Case # 2 
MODE cutoff frequency | cutoff frequency 

(GHz) (GHz) 
TE,,, TE,, 5.443 6.964 

T™,, 6.45] 9.335 
TE,, 7.864 10.099 

TE so 15.954 15.297 

TE oy 17.254 16.033 

T™,, 11.276 15.428 

TE,, 19.033 18.350 

T™, », 13.493 20.397 

TM; 15.455 22.245         
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septum present. Both £,-probe coupling and H,-loop coupling were investigated to 

facilitate the experimental adjustments of the coupling mechanism size and location. 

Investigation of the two coupling mechanisms allows one to compare measured resonance 

frequencies using each method. A summary of the results is provided in Table 6-2. 

The experimental data from the two coupling methods demonstrate two points. 

First, the measured resonances occur at frequencies that are approximately equal to those 

predicted by theory. One can note the frequency spacing between the resonances also 

occurs as predicted by the theory. Second, both methods of coupling yield similar results, 

as expected. One may at least partially attribute any difference between theoretically 

predicted and observed resonances for the two different coupling methods to the coupling 

mechanism being either slightly capacitive or inductive, as was explained in Section 6.2. 

The measurements using the unloaded waveguide therefore verify the measurement 

technique to within a reasonable level of certainty, provided care is exercised in 

interpreting the measured results and correctly identifying the modes. 

6.5.3 Test Case #1 Measurements Results 

A series of measurements and experiments were conducted on the Test Case #1 
CSW (see Table 6-1), using £,-probe coupling as in Figure 6-4b. A measurement of S,, 

was performed without the mode filters to identify the cavity modal resonances; the 

resulting S,, vs. frequency data are shown in Figure 6-6. The first resonance is the 

dominant TE,, mode, and occurs at 5.78 GHz. The first higher-order mode is the TM,, 

mode and occurs at about 6.92 GHz. It becomes difficult to identify the modes beyond 

about 8 or 9 GHz due to the density of the resonances with respect to frequency. Table 6- 

3 gives the measured resonances from Figure 6-6 and theoretically predicted values using 

the mode matching technique described in Chapters 4 and 5, subject to the phase constant 

of the n” modal resonance given by (6.7). The cutoff frequencies can be obtained from 

the measured data by observing the asymptotic nature of the resonances as the longitudinal 

phase constant approaches zero (e.g., k, +0) in a stepwise fashion. Considering the 

TE,, mode, the measured cutoff frequency of about 5.7 GHz compares to within about 

5% of the theoretical value of 5.443 GHz given in Table 6-1b. The measured cutoff 

frequency of 6.92 GHz for the TM,, compares to within about 6.8% of the theoretical 

cutoff frequency of 6.451 GHz. 
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Table 6-2. 

Unloaded Resonant Cavity Measured Data. 

  

  

  

  

  

  

  

  

  

  

  

  

  

        

Resonant Resonant frequency Resonant 

Propagating frequency using £),- probe frequency using 

mode (theory) GHz coupling H,- loop coupling 

(measured) GHz (measured) GHz 
TE, 9; 10.040 10.087 10.090 

TE, 9 10.484 10.406 10.375 

TE ,93 11.015 10.986 10.900 
TE 04 11.717 10.587 11.590 

TE, 9s 12.56] 12.300 12.415 

TE 96 13.523 13.293 13.330 
TE 197 14.578 * 14.410 

higher-order 
modes below 

here 

TMi 14.199 * 14.050 
TM,,,,FE,,, 14.279 * 14.230 

T™, TE, 14.516 * 14.590 

T™,);, TE, 14.904 15.019 15.100 
TM, 14, TE, ,, 15.430 15.712 15.730       

NOTE: * indicates that the modal resonance could not be clearly discerned from the data. 
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Figure 6-6. Measured |S,,| vs. frequency for Test Case #1 without mode filters, 

using E.-probe coupling. 
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Table 6-3. 

Resonant Cavity Measurements, for the Test Case # | Dielectric Septum Insert. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Resonant frequency | Measured resonant | Measured resonant 

in GHz, frequency in GHz frequency in GHz 

Propagating mode predicted from without mode filter with mode filter 

equations (5.9) and installed, installed, 
(6.7) (from Fig.6-6) (from Fig.6-7) 

TE, 5.489 5.780 5.730 
TE, 6. 5.657 5.950 5.880 

TE 03 5.923 6.240 6.140 

TE, 4, 6.272 6.610 6.500 
TE, 95 6.689 * 6.970 

TE 66 7.149 * 7.420 
TEs 67 7.648 * 7.940 
TE) os 8.170 * 8 480 

TE 05 8.707 + 9.060 
TEyo49 9.250 * 9.660 

TEL) 9.804 * 10.260 

higher-order 

modes given below 

here: 

TM 4, 6.451 6.920 suppressed 
TE,,, 7.895 8.105 suppressed 
  

NOTE: * indicates that the modal resonance could not be clearly discerned from the data. 

Once the resonances were identified for the dominant mode, measurements were 

then conducted with mode filter Type-1 inserted into the guide. The measured S,, data in 

Figure 6-7, and gives the mode filter performance. The absence of the additional 

resonances indicates that the higher-order modes are suppressed. As shown the filter 

results in the confinement of energy to the dominant TE,, mode over a frequency 

bandwidth from about 5.7 to about 9.6 GHz. At the frequencies higher than about 9.6 

GHz higher-order modes begin to propagate, as indicated by the additional resonances. 

The addition resonances observed at higher frequencies are likely due to both coupling and 
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Figure 6-7. Measured |S, ,| vs. frequency for Test Case #1 with Type 1 mode filters, 
using £,-probe coupling. 
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the frequency dependence of the mode filters. These two points are discussed further 

below. 

Additional experiments were performed using the Type-2 mode filter, however 

only a slight improvement to about 10 GHz was obtained. At frequencies greater than 

about 10 GHz, propagation of higher-order modes were observed, and the energy is no 

longer confined to a single-mode. The maximum frequency of about 10 GHz represents 

the highest operating frequency obtained (and the largest bandwidth ratio) for the Test 

Case #1 CSW, for which experimental measurements were performed. Some 

experimental work was done to obtain increased bandwidth performance over that 

obtained above. Several modifications in the mode filters were tried experimentally, and 

did not yield further improvement. 

The two likely reasons that further bandwidth could not be achieved are 

degradation of mode filter performance and dominant mode coupling. First, mode filter 

performance will depend on frequency. A close inspection of the transverse and axial 

electric field components for the dominant and the higher order modes can explain the 

decreased performance at the high frequency end of the CSW. An explanation of the 

mode filter performance, and high frequency roll off is apparent by close inspection of the 

hybrid nature of the modes. Recall that in the dominant TE,, mode (or more generally all 

TE modes) of an unloaded square waveguide, the electric field is purely transverse and 

contains no z-directed electric field E,. However with the insertion of the dielectric 

septum, hybrid modes are obtained. Only at the cutoff frequency are the electric fields in 

the loaded waveguide purely transverse. As the frequency increases, the E, component of 

the TE,, mode increases relative to the transverse field component. This tends to be 

detrimental to the mode filter performance at higher frequencies in terms of dominant 

mode propagation since the mode filter lies in the plane of the &, component and thus the 

dominant mode energy is more rapidly attenuated. 

Similarly, for the TM,, mode, close inspection of the electric field components 

indicates a reduced attenuation level at the higher frequencies of operation. At cutoff 

frequency the transverse electric field of the TM,, mode (or more generally all TM 

modes) is zero and the electric field is purely axial. As the frequency is increased the 

strength of the transverse electric field increases relative to the £, field component. 

However the mode filter is designed to heavily attenuate the £, component for the TM,, 
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mode. Then by analogy to the TE mode discussion above, a reduction in mode filter 

performance for TM modes will occur at higher frequencies. 

The second source of degradation at the high frequencies can likely be attributed 

to the coupling considerations. The TE,, and TM,, modes each contain a strong 

transverse component that is heavily excited when using the £,-probe coupling method. 

In particular, the transverse electric field component of the TM,, mode becomes stronger 

at the higher frequencies and therefore under this condition coupling into the dominant 

mode over the undesired modes at the higher frequencies is no longer favorable. 

The solution to this problem is to improve the coupling method and to position the 

mode filters so that performance is less sensitive to changes in field distributions over the 

intended operating frequency range. Using insight obtained from Test Case #1, another 

CSW dielectric insert was constructed and is defined as Test Case #2. The measured and 

computed results are provided in the following section. 

6.5.4 Test Case #2 Measurements Results 

The Test Case #2 dielectric insert (see Table 6-1) was constructed and 

experimentally characterized using insight and experience gained from the Test Case #1 

data. The two problems encountered in Test Case #1 identified in the previous section 

were the coupling and mode filter performance at the high frequency end of operation. By 

inspection of the transverse and axial electric field components of both the dominant and 

higher-order modes, it was found that increasing the width of the septum to c/a = 0.319, 

and reducing the dielectric constant to ¢,=2.56 would produce more desirable 

performance in terms of achieving improved mode filter performance over the entire 

bandwidth. As for the coupling method, another cavity back-plate was constructed to 

facilitate H,-loop coupling. By inspection of the field plots presented in Chapter 5, one 

finds that H,-loop coupling will favor excitation of the dominant mode and not the higher- 

order modes. The theoretical cutoff frequencies for modes of interest of Test Case #2 are 

shown in Table 6-1 and the computed modal resonances are given in Table 6-4. 

Figure 6-8 shows IS, | measured data performed using H,-loop coupling for Test 

Case #2 without the mode filters present. As shown in the figure, the first resonance of 

the dominant TE,, mode occurs at about 7.025 GHz and compares well to the first 

theoretical resonance of 7.041 GHz shown in Table 6-4a. Higher-order modes begin to 

propagate at about 9.3 GHz for the TM,, mode. It is believed that a resonance just above 
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Table 6-4a. 

Dominant Mode Resonances for Test Case #2. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Propagating | Resonant frequency | Measured resonant { Measured resonant 

mode in GHz, predicted | frequency in GHz, | frequency in GHz, 

from equations with Type-3 mode | with Type-2 mode 

(5.9) and (6.7) filter installed, filter installed, 
(from Fig.6-11) (from Fig.6-10) 

TE vo 7.041 6.925 6.950 
TE, 93 7.268 7.150 7.150 
TE v6 7.631 7.500 7.550 
TE os 8.110 7.975 8.025 
TE, 95 8.686 8.550 8.575 
TE 0 9.338 9.175 9.225 
TE, 07 10.051 9.875 9.900 

TE 9g 10.811 10.625 10.650 
TE v95 11.608 11.400 11.425 
TE, 9-10 12.432 12.200 12.225 
TE, 54; 13.279 13.050 13.075 
TE, 61 14.141 13.900 13.925 
TE, ,-43 15.017 14.775 14.800 

TE i014 15.902 15.625 15.650   
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Table 6-4b. 

Higher-order Modes, F,- Probe Coupling, Without Mode Filter. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

Propagating Resonant frequency Measured resonant 

mode in GHz, predicted frequency in GHz, 

from equations (5.9) | without mode filter, 

and (6.7) (from Fig.6-9) 

T™,,, 9.396 9.250 
TM, 9.577 9.450 
TM,,; 9.87] 9.725 
TM, 10.267 10.125 
TM; 10.752 10.625 
TMi 11.315 11.200 
TMi; 11.942 11.850 
TMi 12.622 12.575 
TM 1, 13.346 13.300 
T™,,-1 14.106 14.075 
™, 14, 14.894 14.875 
TM, 15 15.705 15.675 

TM, », 15.459 15.325 
T™M,,. 15.553 15.400 
TM, 43 15.707 15.550 
TM, 34 15.921 15.800   
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Figure 6-8. Measured |S,,| vs. frequency for Test Case #2 without mode filters, 

using H, -loop coupling. 
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10 GHz is the likely to be the TE,, mode however it is difficult to be certain, due to the 

proximity and obstruction by other modes. Although H,, loop coupling favors excitation 

of the dominant mode, clearly there are other resonances present over the frequency 

response indicating higher-order mode excitation. In order to determine the TM mode 

resonances, S,, measurements were performed using E,-probe coupling, as is shown in 

Figure 6-9. The responses clearly indicate the excitation of both TM,, and TM,, 

resonances as summarized in Table 6-4b. Agreement between theory and experiment is 

very good. 

In the experimental demonstration of mode filters and single-mode propagation, 

what is needed is a method to clearly identify the dominant mode at frequencies above the 

onset of the first higher-order modes. A method for achieving this can be found in the use 

of the Type-3 mode filter which was defined in Section 6.4.2. The Type 3 mode filter lies 

in the plane of the TE,,, TM,,, and TE,, mode electric fields and therefore will rapidly 

attenuate these modes. By inspection of the TE,, mode fields, one finds the electric field 

is normal to the plane of the Type 3 mode filter and therefore will not be attenuated. 

Although the Type-3 mode filter will not support a circular polarized wave, it is a valuable 

test tool in identifying the dominant mode resonances by removing the unwanted modal 

resonances. A plot of S,, measured with the Type-3 mode filter present is shown in 

Figure 6-10. A comparison between theory and experimentally observed dominant mode 

resonances are provided in Table 6-4a, and shows consistent agreement over the range of 

frequencies measured. 

The next stage of the experimental program was to demonstrate a suitable mode 

filter over the intended frequency range bounded by the TE,, and TE,,, modes. It was 

experimentally found that Type-2 mode filters yielded better results over the intended 

frequency range, compared to Type-1 mode filters. Measured S,, data for the CSW with 

Type-2 mode filters are shown in Figure 6-11. Comparison of the data with the mode 

filters (Figure 6-11) to that data without the mode filters (Figure 6-8), shows that the 

presence of the mode filter indeed removes the unwanted resonance, leaving most of the 

energy propagating in the dominant mode. The modal resonances are provided in Table 6- 

4a and indicate excellent agreement when compared to the Type 3 mode filter data. 

However unlike the Type 3 mode filter, the Type 2 mode filter will support dual 

polarization which is one of the key requirements for the radiating element described in 

Chapters 2 and 3. 
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Figure 6-9. Measured |S, ,| vs. frequency for Test Case #2 without mode filters, 

using £_-probe coupling. 
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Figure 6-10. Measured |S, ,| vs. frequency for Test Case #2 with Type 3 mode filters, 

using H,-loop coupling. 
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Figure 6-11. Measured |S, || vs. frequency for Test Case #2 with Type 2 mode filters, 

using H,-loop coupling. 
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The theoretical bandwidth from Table 6-1 for Test Case #2 is 6.96-15.3 GHz, 

which is a bandwidth ratio BW = f,(TE,,, )/f,(TE,,.) =2.20:1. It has been demonstrated 

that one can excite both the dominant and higher-order modes above cutoff and 'remove' 

unwanted modal resonance with mode filters as described by the design example provided 

in this section. The following chapter provides further evidence to show that the 

propagating mode is the desired mode and is not an undesired mode. Furthermore, the 

work in the following chapter shows that the CSW element can be used as a radiating 

structure and the resulting patterns are sufficiently well behaved that it would be useful for 

some applications. 
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CHAPTER 7 

CSW RADIATION CHARACTERISTICS 

THEORY AND EXPERIMENT 

7.1 Overview of CSW Radiation Characteristics 

The results of an investigation into the far-field characteristics are presented in this 

chapter. The theoretical far-field radiation patterns of the CSW are analyzed and 

compared to measurements performed on an experimental CSW radiating element. For an 

application such as a phased array antenna, one needs "well behaved" patterns in the scan 

range of the antenna. The term "well behaved" is intended to imply a beam having a well 

defined main lobe and side lobes that do not contain an appreciable portion of the radiated 

energy. High cross-polarization is also undesirable since it is an indication of energy 

present in a higher-order mode as discussed in Sections 7.3 and 7.4. 

The propagation characteristics of the CSW described in Chapter 6 were 

experimentally investigated by measurement of a resonant cavity both with and without 

mode filters. This chapter will further characterize the CSW properties by showing that 

when properly excited and with the use of mode filters, the energy can be largely confined 

to the dominant TE,, mode. Under these conditions, it is shown that resulting patterns 

are well behaved especially at the low frequency end and exhibit graceful degradation 

through the highest frequency of operation. 

Aperture theory is used to compute the far-field patterns arising from the electric 

fields at the mouth of the open-ended CSW. Although the intent is to demonstrate 

radiation characteristics for a single mode of propagation in the CSW, the problem must 

be considered in a more general sense. A multimode analysis (see for example [5-7]) is 

performed in order to identify the salient features which could be present in the antenna 

patterns if the mode of propagation in the CSW were not the dominant mode. The far- 
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field patterns of the CSW are therefore computed for three cases accounting for secondary 

effects. First, it is assumed that the all energy is confined to the dominant TE,, mode and 

the resulting patterns are computed. Second, it is assumed that all propagating energy in 

the CSW is confined to a higher-order mode such as the TM,, and the resulting patterns 

are computed. Third, tt is assumed that the energy propagating in the CSW is present in a 

multimode configuration, and the resulting patterns are computed. Next, the far-field 

patterns of a CSW are measured and compared to theory. Both E- and H-Plane patterns 

including the co- and cross-polarization patterns are considered. An investigation of the 

co- and cross-polarization performance is used to infer information about the type of 

modes propagating and radiating in the CSW. 

Two prototype CSW units were experimentally investigated in Chapter 6. These 

two units were designated Test Case #1 and Test Case #2, where the dimensions and 

parameters are also defined in Table 6-1. Although measurements were performed on 

both test cases, this report presents the experimental results of Test Case #2 since it was 

demonstrated to have the largest usable bandwidth of the two test cases. 

7.2 Theory and Analysis of the CSW Far-Field 

The modal characteristics and fields of an infinitely long CSW were described in 

Chapters 4 and 5, where the solutions were obtained for the CSW using the mode 

matching technique. Figure 7-1 shows the CSW and the corresponding coordinate system 

used for the analysis. The transverse fields for a given mode at the mouth of an open 

ended waveguide CSW can be expressed in the form 

N 

Ea (2) = Df Een (X VIE + Ey (XY I} (7.1) 
v=l 

— N A 

Fa(XY')= > [Hew (XY E+ Hi (eV IH (7.2) 
v=] 

where E,E,.,H,,, and H,, are the corresponding series field expansion coefficients, 
xnv?““ynv? 

and 7 represents the n” propagating mode. Propagating modes are those modes excited 

above cutoff frequency including the higher-order modes attenuated at least partially by 
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Figure 7-1. Open-ended CSW radiating element and coordinate system. 
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the mode filters as discussed in Chapter 6. Implicit in (7.1) and (7.2) is the assumption 

that reflections at the waveguide/air interface are neglected. For simplicity, we define n 

for each of the propagating modes under consideration as given in Table 7-1. 

Table 7-1. 

Mode Description and Designation for Pattern Analysis. 

  

  

  

  

          

n mode description/comment 

1 TE,, dominant (desired) mode 

2 TE,, dominant (orthogonal) mode 

3 TM, higher-order mode 

4 TE,, higher-order mode 
  

Most generally it is assumed that the fields at the mouth (or aperture) of the guide 

are a linear combination of all propagating modes in the guide. Therefore, the aperture 

fields are written as 

EY) = 1 Lal) (7.3) 

AY) => Lon OOY') (7.4) 

where vy, is a complex scaling constant. 

In expressing the fields E,, and H, as in (7.1) and (7.2), it is further assumed 

that the fields for each of the » propagating modes have been normalized such that the 

energy passing a reference cross sectional plane of the guide is the same. The 

normalization is expressed by integrating the z-component of the Pointing vector over a 

cross section of the guide, given by 

al2 a/2d 

P. => [ [Ex H,")e2dbe dy. (75) 
~afl-a/2 
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Each mode is normalized relative to the emitted power P, passing through a reference 

plane at the point z = 0 of a section of the guide. Therefore, in terms of the emitted power 

for each mode, one can write 

P= P= Pa = Bas (7.6) 

Then by definitions in (7.3) through (7.6) the scaling constant 7, is used to describe the 

amount of energy radiated by a given mode, relative to all modes carrying equal energy. 

Aperture theory is used to compute the far-field patterns in the investigation of the 

CSW radiation properties. It is assumed that the fields in the mouth of the guide are the 

same as those computed in an infinitely long length of the guide subject to scaling of the 

energy radiated by each mode. The physical optics approximation is used, in which the 

fields on the surface S are generally non-zero and in the region outside the mouth of the 

guide in the x-y plane are assumed to be zero. 

Since both E,, and H,, are known, one could use either one or both of these to 

compute the far-field patterns. For simplicity E, is used here to compute the far-field 

patterns. From (7.1), let the electric field across the aperture be written in the general 

form 

E(x.) = EY E+E, (YI (7.7) 

Then the radiated electric fields in the far-field are given by [1] 

  

  

E(r,0,) = E,(0,9)0+ E,(0,9)¢ (7.8) 

where: 

eter 

E, = jk, [P. cosd + P, sing] (7.9) = 

e Jker 
E, = Jk, say cos6| P, cos¢ — P. sing] (7.10) 
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and 

ts 4) J Egy yee ee ded" (7.11) 

k,=2n/A (7.12) 

u=sin@cosd (7.13) 

v=sin@sin@¢ (7.14) 

In (7.11) A is the free space wavelength. When computing far-field patterns one is 

primarily interested in the real (physically observable) space inside the unit circle of the u-v 

plane, given by 

uty’ <i. (7.15) 

    
The aperture surface S, is the region defined by |x’|<a and |y’|<a and by the 

physical optics approximation, the fields are assumed to be zero for all points outside S.. 

One can therefore replace S with +00 in equation (7.11) and obtain 

“uy oP , , janx! jiay' , , 

r.,[ 4.2) [ | Bay ye *e * d'dy (7.16) 

The functions P, and P, are recognized as the familiar 2-dimensional Fourier transform of 

the aperture fields E,, and E,, respectively. 

For simple canonical cases where the tangential aperture fields are expressed in 

closed form, (7.16) is often easily computed by direct evaluation of the Fourier transform 

integral. However the CSW has a relatively complex aperture field pattern that is non- 

separable and is not in closed form. Therefore, it is relatively difficult to obtain simple 

analytical expressions for the far-field patterns of the CSW. Appropriate Fourier 

transform theory [2,3] can be applied to efficiently evaluate (7.16) by sampling the 

aperture fields and obtaining a discrete sequence for evaluation on a digital computer. Let 

E.., be the aperture field sampled at spacings of Ax’=Ay’=W/M, where W is an 
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observation window larger than the dimension of the aperture and / is an integer power 

of 2. Furthermore, let P.,, be sampled at spacings Au = Av = 1/W, then one obtains 

M/f2-1 M/2-1 ~ _ 2 
P.,(p,Au/A, p,Av/A) = > > Ez Aer Ay" exp] JE (pm, +p.) (7.17) 

ny =~ M/2 ny =- Mi2 

where p, and p, are integers. Equation (7.17) is in the form of the 2-dimensional discrete 

Fourier transform and is efficiently evaluated with the use of the fast Fourier transform 

(FFT) algorithm [2,3]. 

Once the radiated electric fields in (7.8) are obtained, the normalized far-field 

patterns can be calculated. In computing the far-field patterns the polarization 

characteristics of the CSW radiator must be preserved for comparison to the measured 

data. In this report the third definition of polarization given by Ludwig [4] is used, which 

relates measured, calculated or observed far-field pattern at an observation point (or 

probe) relative to a test antenna located at the origin. The corresponding relationship for 

a y-directed source (the CSW) and a probe (the measurement horn) is given by: 

F.,(8,9) = E(0,9) [sing 0-056 4] TE@ al a8) 

F.,(0,9) = E(6,9)*[cosd 8-sing alE@o (7.19) 

where F and F are the normalized co- and cross-polarized far-field patterns 

respectively. As stated, both the co- and cross-polarization patterns are normalized to the 

maximum of the electric field. The normalized far-field patterns are used to calculate the 

theoretical patterns for comparison to measured data in the following sections. In this 

report it is assumed that all calculations and measurements are relative to a y-directed 

source. 
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7.3 Computed Patterns for the CSW 

In this section, Section 7.4, and Appendix B, the CSW far-field co-polarized 

patterns are computed using (7.18) and the cross-polarized patterns are calculated from 

(7.19). The patterns in this section are computed at a frequency of 11 GHz using the Test 

Case #2 CSW. The computed cases in this section allow one to form a general 

understanding of the CSW radiation characteristics, for comparison to the measured 

results in Section 7.4. The general case of both dominant and higher-order mode radiation 

is considered to identify key factors necessary to understand measurements of the CSW. 

To perform the multimode analysis presented in this section, the scaling constant 7, 

defined by (7.3) through (7.6) is used to vary the relative energy contained in each of the 

propagating modes. Additional computed far-field pattern data for one octave frequency 

bandwidth are provided in Appendix B, for comparison to measured results discussed in 

Section 7.4. 

7.3.1 Dominant Mode Radiation Characteristics 

For measurement and analysis purposes the "ideal case" radiation condition occurs 

when all of the propagating energy in the CSW is confined to the dominant TE,, mode. 

Therefore no is energy propagating in the higher-order modes and the orthogonal TE,, 

mode! (y,=1, and ¥, = 7; = 7, =0). A plot of the computed radiation characteristics 

for the Test Case #2 CSW is shown in Figure 7-2. Co- and cross-polarization patterns for 

both the E- and H-planes of the CSW are provided in the figure. As shown in the co- 

polarization patterns of Figures 7-2a and 7-2b, the E-plane has a wide main beam 

compared to the H-plane. The wider beamwidth in the E-plane is due to the electric field 

taper across the aperture. 

The cross-polarization for the E- and H-plane is determined by a relatively weak x- 

directed electric field present on the boundary of the dielectric septum and air. This x- 

directed field component is not present in an unloaded waveguide excited only by the TE,, 

mode. The cross-polarization due to this weak x-directed component was found to be 

about -60 dB and is relatively small compared to the cross-polarization levels calculated 

and measured in the non-ideal cases in following sections. 

  

1This assumes we are transmitting or receiving pure linear polarization, for a y-directed source. 
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Figure 7-2. Computed far-field patterns for the CSW assuming pure TE,, mode radiation. 

The parameters are; Test Case #2, frequency = 11.0 GHz, 7, =1, and 7, = 7,=7, =0. 
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7.3.2 Orthogonal Mode Radiation Characteristics 

The method of coupling energy into the CSW may also result in exciting the 

dominant orthogonal (TE,,) mode, as well as the desired dominant (TE,,) mode. Once 

excited, the dominant orthogonal mode will propagate relatively unattenuated since the 

mode filters are intended to remove only energy from the higher-order modes. It is 

therefore necessary to include the dominant orthogonal mode in the multimode analysis of 

the CSW radiation properties. A plot of the CSW radiation patterns for 7, =1 and 

7X, = 01, 03,05, 10, and 10'° is shown in Figure 7-3. The patterns indicate that when 

X> 1s small, there is little change in the main beam. However as y, increases, power is 

shifted from the co-polarized beam to the cross-polarized beam as expected. When nearly 

all the energy is in the orthogonal mode (y, —10'°) the cross-polarization pattern of 

Figure 7-3 identically resembles the co-polarization pattern for the case of 7, = 0 shown 

in Figure 7-2. The presence of the orthogonal mode results in a lobe at @=0 rather than 

a null as will be seen in the next section. 

7.3.3 Higher-Order Mode Radiation Characteristics 

The case when all energy is contained in one of the higher-order modes is now 

considered. We will arbitrarily choose the TM,, mode as the propagating mode by letting 

“i =H» =X,=9 and yv,=1 when computing the far-field patterns. The computed 

patterns for this case are shown in Figure 7-4. The patterns indicate that the H-plane 

cross polarization and the E-plane co-polarization patterns are identical, and have a deep 

null in the center. Likewise the H-plane cross-polarization and the E-plane co-polarization 

patterns are identical, however have a lobe in the center of about -18 dB. The observed 

symmetry in the calculated patterns for the TM,, mode is expected since the electric field 

pattern for this mode is identical when rotated by 90 degrees. A similar discussion also 

applies to the TE,, mode. 

7.3.4 Multimode Radiation Characteristics 

A more complete and realistic understanding of the CSW radiation characteristics 

can be obtained by considering energy distributed among multiple propagating modes in 

the CSW, referred to as multimode propagation. Propagating modes referred to here are 

modes that are above cutoff frequency, and the associated energy is that which may be 

coupled into the guide but not completely removed by the mode filters. This includes all 
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Figure 7-3. Computed far-field patterns for the CSW assuming both dominant TE,, and 

orthogonal TE,, mode radiation. The parameters are; Test Case #2, frequency = 11.0 

GHz, 7,=1, 7, = 01, 03, 05, 10, 10", and 7, = v7, =0. 
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Figure 7-4. Computed far-field patterns for the CSW assuming pure TM,, higher-order 
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modes given in Table 7-1, provided that the frequency of operation is at least above cutoff 

for the corresponding mode. 

Energy content in each mode is controlled by adjusting the scaling constant 7, in 

computed values. The first multimode case is computed by holding the dominant TE,, 

mode energy constant (y, =1), and letting the energy in each of the other modes be 

equal, however varied for values of y,=y7;= 7, =0,01,03, 05,10 representing 

power levels of —co, —-20, -10, —6 and 0 dB respectively relative to the TE,, mode. The 

computed radiation patterns in Figure 7-5 show that the shape of the main beam for the H- 

plane remains constant, however the peak of the main beam is reduced in amplitude, as 

energy is redistributed into the other modes. The E-plane in contrast to the H-plane 

shows the main beam becoming asymmetric as the beam tends to squint with increasing 

values of y,, 7, and y,. Also, as shown in the figure, the maximum cross polarization in 

the H-plane is higher than that of the E-plane for all cases of 7,, v7, and y,. The 

introduction of energy in the higher-order modes results in an increase in cross- 

polarization. 

The next computed multimode radiation case holds energy in the dominant TE,, 

mode constant, and energy associated with a single higher-order mode, specifically the 

TM,, mode is varied; this is expressed as 7, = 1, 7, = y, =9, and 7, = 0, 0.1, 03,05, 1. 

The computed far-field patterns in Figure 7-6 are somewhat similar to those obtained in 

Figure 7-5. As y, is increased, the H-plane pattern remains relatively constant. Also as in 

the prior case, the increase energy in the higher-order mode results in distortion of the E- 

plane pattern referred to as beam squinting. The patterns for the cross-polarization also 

indicate one can expect the peak cross-polarization in the H-plane to be affected more 

severely than the E-plane by about 15-20 dB, when 7, is increased. 

7.3.5 Comments on Analysis Results 

For a CSW radiator element, one would design the waveguide to minimize 7,, 7; 

and y, relative to y, which is accomplished by the use of proper coupling methods and 

mode filters as discussed in Chapter 6. It must be emphasized that as a practical matter, 

one does not have knowledge or control of the amplitude and phase of the scaling 

constant y, for each mode under consideration. Considering both magnitude and phase 

of v,, 7, and y,, there are six unknowns which cannot be uniquely specified or inferred 

by measurements of the far-field patterns. Therefore, the calculated patterns obtained 
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Figure 7-5. Computed far-field patterns for the CSW assuming TE,,, TE,,, TM,,, and 

TE,, multimode radiation. The parameters are; Test Case #2, frequency = 11.0 GHz, 
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above are useful only in identifying effects of the dominant and higher-order modes. This 

however is quite valuable in identifying the important far-field measurement parameters 

necessary for characterizing the CSW far-field patterns. From the data computed in 

Sections 7.3.1 through 7.3.4 and from Figures 7-2 through 7-6, one can summarize the 

generally observed trends of the multimode analysis. These trends are referred to in 

Section 7.4 for comparison of theoretical to measured data: 

e Co-polarization, H-Plane: As energy shifts from the dominant mode to the higher- 

order modes, little change in the shape of the main beam shape occurs. If all the energy 

were contained in one of the higher-order modes, then one would observe a decrease in 

the main beam strength. If all of the energy were contained in the dominant orthogonal 

mode, one would also observe a substantial decrease in the main beam strength. 

e Co-polarization, E-Plane: A deformation in the shape of the main beam is 

observed as energy shifts from the dominant mode to the higher-order modes. This 

deformation can lead to an off axis peak referred to as beam squinting. If all of the energy 

were contained in a higher-order mode then a null would be measured on boresight. If all 

of the energy were contained in the dominant orthogonal mode, one would also observe a 

dramatic decrease in the main beam strength. 

e Cross-polarization, H-Plane: An increase in the cross-polarization is observed as 

energy shifts from the dominant mode to the higher-order modes. In all of the multimode 

computations performed above, the maximum H-plane cross-polarization was found to be 

larger than that of the E-plane cross-polarization. If all of the energy were contained in a 

higher-order mode then a null would be measured on boresight and the cross polarization 

level would be relatively high. If all of the energy were contained in the dominant 

orthogonal mode, then a main beam with relatively high amplitude would be observed on 

boresight. 

e Cross-polarization, E-Plane: The effects of multimode propagation on the E-plane 

cross-polarization are roughly the same as those of the H-plane, except that the peak 

amount of cross-polarization is less. If all of the energy is contained in one higher-order 

mode, then one would observe a main beam similar to that of the H-plane co-polarization 
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pattern. If all of the energy were contained in the dominant orthogonal mode, a main 

beam would be observed on boresight, and its amplitude would be relatively high. 

7.4 Measured Results 

Using the CSW referred to as Test Case #2, far-field pattern measurements were 

performed using the antenna measurement range at Va-Tech's Whittemore Hall. Both co- 

and cross-polarization of the H-and E-planes were measured at frequencies of 7.5, 9.0, 

10.0, 11.0, 12.0, 13.0, 14.0 and 15.0 GHz. Therefore the measurements frequencies span 

one octave within the theoretical bandwidth ratio of 2.20:1, based on cutoff frequencies of 

the TE,, and TE,,, modes given in Table 7-2. 

Table 7.2 

Test Case #2 Modal Cutoff Frequencies. 

  

  

  

  

  

  

        

Mode Cutoff frequency 

(GHz) 
TE,o 6.96 

TE,, 6.96 

T™,, 9.34 

TE,, 10.10 

TE 4, 15.30 

T™M,, 15.43 
  

7.4.1 Co-Polarized Measured Results 

Appendix B lists all of the Test Case # 2 measured data presented for each of the 

frequencies given above. Shown are the measured and theoretical patterns for the CSW. 

The theoretical patterns were computed assuming only the dominant TE,, mode present, 

1e., 7, =land vy, =7;=y7,=0. In interpreting the measured results, one can consider 

two subsets of measurement frequencies: a.) those below the TM,, (the first higher-order 

mode) cutoff frequency where only the dominant mode is propagating, and b.) those 
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above the TM,, mode cutoff frequency where we desire single mode propagation but 

there may also be energy contained in higher-order modes. 

7.4.1.1 Co-Polarized Patterns Below Higher-Order Mode Cutoff 

The first set of measured patterns includes those performed below the cutoff 

frequency of the TM,, mode, specifically the 7.5 and 9.0 GHz measurements. At these 

frequencies the aperture must contain only the dominant mode fields?. Therefore, in terms 

of aperture fields, the dominant mode theory should best predict the far-field patterns of 

the CSW since as in Section 7.3 above, the effects of multimode radiation will not apply. 

The H-plane co-polarized data shown in Figures B-1 and B-2 (Appendix B) indicate 

excellent agreement with theory, especially within the @ = +45° region of the patterns. 

Beyond about 9 = +60°, there is increased ripple in the measured patterns and there is less 

agreement between measurement and theory, likely due to surface currents on the edge of 

the guide which are not accounted for by the physical optics approximation. Cross- 

polarization patterns are discussed in Section 7.4.2. 

In the measured E-plane patterns of Figures B-9 and B-10, two trends are obvious. 

First, the measured patterns are well behaved over about @=+30°, but beyond that 

exhibit increased ripple. However, these patterns are likely to be sufficiently good for 

many phased array antenna applications. The second observation is that the computed 

patterns predict a broader pattern than was observed experimentally. There are several 

possible explanations for this discrepancy between theory and experiment. The CSW is an 

electrically small aperture with a width of about 0.375/A at the lowest measurement 

frequency. One possibility for the discrepancy between theory and measurement is in 

consideration of the electric field distribution of the TE,, mode. For the TE,, mode the 

field strength at x=0, y=+a/2 (where a = width of guide) is a maximum compared to 

the field strength in the x-variation which is roughly cosine tapered and zero at x = t+a/2. 

This could conceivable introduce edge currents that contribute to the E-plane patterns but 

leave the H-plane relatively unaffected, especially since the CSW 1s an electrically small 

aperture. There may also be perturbations tn the fields at the aperture due to the mode 

filters which are not accounted for. These secondary effects are discussed in Section 7.5 

  

2 We will neglect evanescent modes which contain stored energy near the aperture. 
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7.4.1.2 Co-Polarized Patterns Above Higher-Order Mode Cutoff 

The second set of measured patterns includes those performed above the cutoff 

frequency of the TM,, mode, including 10.0, 11.0, 12.0, 13.0 14.0 and 15.0 GHz. At 

these frequencies, the higher-order modes may have an effect on the far-field patterns, 

depending on the amount of energy coupled into the each of the modes and the 

performance of the mode filters at a given frequency. The H-plane patterns shown in 

Figures B-3 through B-8 are well behaved within about @ = +45° and the comparison to 

theory is good at frequencies up to about 12.0 GHz. As the frequency increases (to 13.0 

GHz or greater), there is increased ripple present in the patterns. 

The E-plane patterns shown in Figures B-11 through B-16 are well behaved at 

frequencies through about 12.0 GHz. Above about 13.0 GHz, the beam squinting 

phenomena described by theory in Section 7.3 gradually appears as the frequency 

increases. This beam squinting is normally considered undesirable and is most likely due 

to energy associated with a higher-order mode such as the TM,, mode present at the 

CSW aperture. The appearance of energy in a higher-order mode is an indication of 

reduced performance of the mode filters at the high frequency end of operation. 

7.4.2 Cross-Polarized Measured Results 

Cross-polarization measurements in both the E- and H-planes were performed at 

the identical frequencies as described in Section 7.4.1. The data are shown along with the 

co-polarization measurements provided also in Appendix B. The measured cross- 

polarization data for both planes for the CSW are plotted in Figure 7-7 as a function of 

frequency. The plotted cross-polarization values are the maximum levels within a 

@=+45° region. It is reasonable to neglect cross-polarization levels outside 6 = +45° 

since this region is more likely to be dominated by effects of surface currents which are 

neglected in the physical optics analysis. 

As in the co-polarization measurements, the cross-polarization measurements are 

best interpreted in two sets defined by those below and those above the cutoff frequency 

of the TM,, mode. Each of these cases are considered below. 

7.4.2.1 Cross-Polarized Patterns Below Higher-Order Mode Cutoff 

The measured cross-polarization of the CSW at frequencies below the cutoff of the 

first higher-order mode (7.5 and 9.0 GHz) provide very useful information about the Test 
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Figure 7-7. Measured cross-polarization vs. frequency for E- and H-planes. The values 

given are the maximum cross-polarized values within @= + 45°, from the CSW Test Case 

# 2 measured results in Appendix B. 
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Case #2 since the pattern contribution must come only from the dominant TE,, or the 

orthogonal TE,, modes. The levels of cross-polarization range between about 10-16 dB, 

and from Section 7.3.1, this is indicative of energy coupled into the TE,, mode at about 

10-16 dB relative to the TE,, mode. We recall that the mode filters are intended to 

remove the TM,, and TE,, mode energy, and hence will not affect the TE,, mode relative 

to the TE,, mode. Although this cross-polarization is not excessively high, it is somewhat 

of a disappointment when compare to the -60 dB levels computed using only the TE,, 

mode. Several possible explanations for the observed cross-polarization levels include the 

coupling into the orthogonal mode and also imperfections in the construction of the CSW. 

The calculations performed in Section 7.3.1 showed that for the case when energy 

is confined to only the dominant TE,, and TE,, modes, cross polarization levels in both 

planes should be the same. As shown in Figure 7-7, it was observed that the E-plane and 

H-plane cross-polarization levels are equal to within about 2-3 dB. This point is 

considered further in the following section. 

7.4.2.2 Cross-Polarized Patterns Above Higher-Order Mode Cutoff 

At frequencies above the TM,, mode cutoff frequency (i.e., 10.0 -15.0 GHz) the 

cross-polarization measurements must be evaluated in terms of the multimode radiation 

characteristics. In Section 7.3 it was shown that the peak cross-polarization of the H- 

plane is greater than the peak of the E-plane cross-polarization, when the higher-order 

modes are present. In Figure 7-7 we see that for all frequencies above the TM,, mode 

cutoff frequency, the H-plane cross-polarization is larger than the E-plane cross- 

polarization. For the cases where this difference is significant, it is likely that the high 

cross-polarization is due largely to the higher-order mode radiated energy, rather than to 

the orthogonal mode. The cross-polarization tends to gradually increase at the higher 

frequencies and is likely due to reduced performance of the mode filters at the higher 

frequency of operation. 

7.5 Higher Order Effects on Far Field Patterns 

The modal analysis of the CSW in the preceding Chapters was performed on a 2- 

dimensional cross section of an infinitely long waveguide. The assumption of an infinitely 
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long waveguide is a good approximation when the both ends of the waveguide are well 

matched. However, the open ended waveguide radiating element discussed in this chapter 

may not necessary be well matched. Both the aperture (open end of the waveguide) and 

the coaxial feed present discontinuities for waves traveling in the +2-directions. 

Therefore one must solve a 3-dimensional boundary value problem when performing an 

exact analysis of the CSW modal and radiation characteristics. Of particular interest for 

the radiation problem is the waveguide/air interface which forms the aperture. The 

waveguide/air interface represents a discontinuity for waves that are incident to the 

interface. According to Maxwell's equations, continuity of both the magnetic and electric 

fields must be maintained at the interface. A perturbation in the field structure at the 

aperture will occur and therefore produce higher order effects? on the radiation patterns 

that are neglected in the analysis provided in Sections 7-2 through 7-4. These higher 

order effects have been examined in relatively simple cases, such as unloaded rectangular 

waveguides [8-12]. A discussion of the higher order effects can be useful in explaining 

discrepancies between computed and measure patterns. The discrepancies referred to here 

include differences in computed and measured beamwidths, and the presence of ripple in 

the measured patterns. 

There are two phenomena which occur due to the boundary conditions at the 

waveguide/air interface; reflections of z-directed waves [8-12] and surface currents on the 

edge of the guide walls due to fringing [10]. Each of these two phenomena are now 

discussed to identify and qualitatively explain likely higher order effects apparent when 

comparing the patterns computed using (7.3) through (7.19) (e.g., aperture theory) to the 

measured patterns. 

7.5.1 Effects Due to Reflections at the Air/Waveguide Interface 

First, we will discuss the likely effects of the reflections occurring at the 

air/waveguide interface. The exact representation of the fields at the interface can be 

written in terms of the sum of incident and reflected waves traveling in the +z and —z 

directions respectively. Gardoil [8] gives an expression for the fields in a waveguide for 

which a single propagating mode is incident the aperture and multiple (dominant and 

higher-order) modes are reflected. Gardiol's representation can be expanded to include 

  

3 The terms ‘higher order effect' in this context is referring to a secondary effect, not higher-order modes. 
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multiple propagating modes which are incident the waveguide/air interface. Then the 

electric and magnetic fields at the z = 0 interface (see Figure 7-1) are given by 

EY = DLE an Y + DY Ln mE am(XsY') (7.20) 

and 

AX Y= Dan YI A— YL Vn am EY’): (7.21) 

As given in (7.3) and (7.4), 7, is a complex scaling constant representing losses in the 

guide and the relative excitation of the n™ mode. In (7.20) and (7.21) the summation over 

N represents modes traveling in the +z direction that are incident the interface. The 

summation over M represent modes traveling in the —z direction that are reflected from 

the interface having a reflection coefficient given by [.,. One can note that when T., = 0, 

(7.20) and (7.21) reduce to (7.3) and (7.4) respectively. Incident modes in general include 

the unattenuated dominant mode and multiple higher order propagating modes which are 

desired to be suppressed by the mode filters. Reflected waves include both propagating 

and nonpropagating (evanescent) modes. The reflection coefficient was shown to have 

the effect of changing the beamwidth of an unloaded open-end waveguide radiator [9,11]. 

A rigorous solution of (7.20) and (7.21) for the CSW is somewhat of a protracted 

problem since it requires solving a 3-dimensional boundary value problem. One must 

accurately know the relative excitation and suppression of each of the modes, as well as 

the reflection coefficients at the interface boundary and the feed point. To solve (7.20) 

and (7.21) one would need a model for expressing the relative excitation of each of the 

modes (such as a Green's function) for the CSW. To obtain the relative level of modal 

suppression one would need an expression (or model) that includes losses and reflections 

due to the mode filters. To pursue this problem further would require the development of 

more detailed mathematical models and/or an experimental program to determine the 

magnitude and phase of the reflection coefficient, for all modes of interest. An 

experimental investigation of general case multimode reflection coefficients is a task 

requiring significantly more equipment than was at hand for the work performed during 

the course of the research project. This task will be left as a potential area for future 

work. 
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7.5.2 Effects Due to Edge Surface Currents 

The second likely higher order effect to consider is that of surface currents on the 

edge of the guide (ie., the flange). It is believed that these edge currents may be 

responsible for the tendency of the aperture theory (Sections 7.2-7.5) to predict too wide 

of a beamwidth in the E-plane at the lower frequencies, and also for the presence of ripple 

in the measured patterns. 

The magnitude of currents present on the edge (or flange) of the guide depend on 

the modal field distribution present in the aperture. The transverse electric field 

distribution of the dominant mode of the infinitely long CSW shown in Figure 5-1a is a 

maximum at x/b=0 (i.e., on the y-axis). In order to maintain continuity of the electric 

field, one would expect that surface currents must extended to the edge (flange) in the 

+y-direction of the z=0° plane of the open-ended waveguide. The maximum edge 

currents must then occur near the y-axis. These edge surface currents effectively increase 

the size of the radiating structure in the y-direction which in turn narrows the beamwidth 

in the E-plane. Upon inspection of the measured and computed E-plane patterns shown in 

Figures B-9 through B-16, one can note at the lower frequencies, the measured patterns 

exhibit a more narrow beam in comparison to aperture theory. At the higher frequencies 

where the aperture is electrically larger, aperture theory is a better predictor of the 

radiation patterns. For an unloaded rectangular open-ended waveguide, Yaphjian [10] 

corrects for the currents on the edge of the guide by the use of superposition. An 

‘artificially’ line source is placed along the z-axis, to account for the edge currents on the 

guide thus forcing the computed pattern to become more narrow, and thus more closely 

resembling the measured data. 

Where the transverse electric field shown in Figure 5-la is a minimum (_e., 

x/b=+1), no edge currents need to be introduced on the edge of the guide in the z = 0° 

plane in order to maintain continuity of the electric field since the electric field is zero. 

Therefore, one would expect that the x-dimension of the radiating structure will not 

significantly increase beyond the confines of the aperture; hence the H-plane beamwidth 

will not become narrower. Upon inspection of the H-plane data in Figures B-1 through B- 

8, one finds that there is generally very good agreement between aperture theory and 

experiment over the whole range of frequencies. 
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7.6 Summary of CSW Radiation Characteristics 

The measured and calculated results of this chapter demonstrate several key 

points. These points can be summarized as follows: 

° Aperture theory has been used to model the CSW radiation characteristics. The 

analysis included both single mode and multimode radiation in order to also model the 

secondary effects of the higher-order modes on the radiation patterns. 

e The measured patterns clearly indicate that when the CSW (with mode filters 

present) is excited with a loop, the dominant mode will propagate and radiate producing 

patterns which may be sufficient for many applications. Typical observed cross- 

polarization levels were about -10 dB. The absence of a strong cross-polarization 

component indicates energy is largely confined to the dominant mode, rather than a 

higher-order mode. 

° Patterns for the CSW Test Case #2 were measured and compared to theory over 

an octave of bandwidth. The patterns are well behaved and may be suitable for many 

phased array applications. Performance indicates graceful degradation, with reduced 

performance at the high frequency end of the bandwidth. 

e The mode filters have no noticeable adverse effects at the low frequencies where 

only the dominant mode can propagate. Since cross-polarization levels of -10 dB were 

observed even at the low frequencies, this may be an indication of energy also coupled 

into the orthogonal mode. 

e Several higher order effects apparent in the measured patterns have been identified 

and discussed. These effects include ripple present in the measured patterns and differing 

beamwidths in the E-plane which are not accounted for using the aperture theory 

presented here. Based on prior work, these secondary effects are likely attributable to 

factors including edge currents and reflection of waves at the air/waveguide interface. 

CSW RADIATION 167



7.7 References for Chapter 7 

[1] W.L. Stutzman and G.A. Thiele, Antenna Theory and Design, New York: John Wiley 

and Sons, 1981, Chapter 8. 

[2] A.B. Carlson, Communications Systems, Third edition, New York: McGraw Hill, 

1986, Appendix B. 

[3] N.S. Jayant and Peter Noll, Digital Coding of Waveforms, Englewood Cliffs, New 

Jersey: Prentice Hall, 1984, p.600. 

[4] A.C. Ludwig, "The definition of cross polarization", JEEE Trans on Ant and Prop, 

Vol. AP-18, pp.116-119, January 1973. 

[5] C.C. Han and A.N. Wickert, "A new multimode rectangular horn antenna generating a 

circular polarized elliptical pattern", JEEE Trans on Ant and Prop, Vol. AP-22, pp.764- 
751, Nov. 1974. See also Electromagnetic Horn Antennas, ed. A.W. Love, New York: 

IEEE Press, 1976. 

[6] P.A. Jensen, "A low-noise multimode cassegrain monopulse feed with polarization 
diversity", Northeast Electron. Res. and Eng. Meeting, Nov. 1963, pp.94-95. See also 

Electromagnetic Horn Antennas, ed. A.W. Love, New York: IEEE Press, 1976. 

[7] A.W. Love, "The diagonal horn antenna", Microwave J., Vol. V., pp. 117-122, March 

1962. See also Electromagnetic Horn Antennas, ed. A.W. Love, New York: IEEE Press, 

1976. 

[8] F.E. Gardiol, "Open-Ended Waveguides: Principals and Applications", Advances in 

Electronics and Electron Physics, Vol. 63, Academic Press, New York, 1985. 

[9] S. Silver, editor, Microwave Antenna Theory and Design, MIT radiation lab series, 

Vol. 12, McGraw-Hill: NY, 1949, Chapter 10. 

[10] AD. Yaghjian, "Approximate formulas for the far field gain of open-ended 

rectangular waveguide", /EEE Trans on Ant and Prop, Vol. AP-32, No. 4, pp.378-384, 

April 1984. 

[11] H. Baudrand, J.W. Tao and J. Atechian, "Study of radiating properties of open- 

ended rectangular waveguides", /JEEE Trans on Ant and Prop, Vol. AP-36, No. 8, 

pp.1071-1077, August 1988. 

CSW RADIATION 168



[12] K. Yoshitomi and H.R. Sharobim, "Radiation from a rectangular waveguide with a 

lossy flange", [EEE Trans on Ant and Prop, Vol. AP-42, No. 10, pp.1398-1403, 

October 1994. 

CSW RADIATION 169



CHAPTER 8 

PHASED ARRAY IMPLICATIONS AND 

LIMITATIONS 

8.1 Overview of Phased Array Implications 

In Chapters 4 through 7 it was shown that the CSW element can provide more 

than one octave of single-mode bandwidth with the dielectric insert and mode filters 

present. The emphasis of the research described in this report is to assess the performance 

of the CSW with the focus on the wideband phased array application using the criteria 

outlined in Section 2.4. This criteria is based on both prior studies of canonical case 

infinite arrays (Section 2.3) and the hypothetical phased array requirements (Section 1.2). 

In this chapter, the practical implications of the results of Chapters 4 through 7 are 

interpreted in the context of the original phased array problem. 

8.2 Array Element Size and Lattice Considerations 

The k-8 diagram discussed in Section 2.3.2 is a useful method of presenting array 

scan performance for a given frequency range and element spacing. Figure 2-9 presented 

Knittel’s graphical method [1] of bounding the usable scan range as a function of 

frequency, higher order modes and grating lobe loci. The vertical axis of the k-£ diagram 

is given by k,d./a where k, =22/A,, A, = ( fol HoEo )", d, is the element spacing and 

f, is the frequency. The horizontal axis is given by k,d,/a, where k, =k, sin@, and @, is 

the scan angle. 

The k-£ diagram of Figure 8-1 shows the performance of an array of CSW 

elements having parameters defined as Test Case #2 in Tables 6-1a and 6-1b (see also 
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Figure 8-1. Bounds for scan angles using the &-£ diagram, based on Knittel's graphical 

method [1]. An element spacing of d, = 1.1 a is assumed, using the Test Case # 2 CSW. 

The grating lobe 1s denoted by 'GL' 
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Section 6.4.1). An element spacing of d, = 1.la is assumed for the calculations of the k-B 

diagram. The spacing of d, = 1.la is physically realizable for a closely packed rectangular 

lattice of elements, with a waveguide wall thickness of 0.05a. The horizontal lines 

represent the theoretical modal cutoff frequencies given in Table 6-1b. The lower and 

upper frequency bounds are determined by the TE,, mode and TE,,, modal frequencies 

respectively. The upper bound frequency assumes that both the TE,, and TM,, modes are 

suppressed using the mode filters demonstrated in Chapter 6. 

In Figure 8-1, the diagonal lines marked 15°, 30° and 90° represent lines of 

constant scan angle over the given range of frequencies. The diagonal line labeled GL 

represents the first grating lobe loci, computed using (2.7) as a function of frequency. 

Table 8-1 summarizes the maximum scan angle vs. bandwidth performance of the Test 

Case # 2 CSW based on Figure 8-1. The bandwidths given are ratios defined by (2.1) 

where the TE,, is the lower bound frequency. The upper bound is determined by either 

the higher-order TE,,, mode or the grating lobe. The size of the Test Case #2 CSW 

element is therefore sufficiently small that it can fit in an array lattice that satisfies the scan 

angle requirements given in Table 1-1 over an of octave bandwidth. Near the highest 

frequency of operation, the grating lobe and higher-order mode are the limiting factor for 

beam scanning the based on Knittel's graphical method [1]. The following section will 

further discuss the mutual coupling and matching considerations that must be addressed 

when designing a large scanning array. 

Table 8-1. Maximum Scan Angle and Bandwidth Ratio. 

  

  

  

        

Maximum Scan Angle }| Bandwidth Ratio from Upper Bound 

for a Given Bandwidth | Figure 8-1, using (2.1) Limitation 

11.2° 2.20:1 TE,,, mode 

15° 2.08:1 grating lobe 

30° 1.75:1 grating lobe   
  

PHASED ARRAY IMPLICATIONS 172



8.3 Mutual Coupling Considerations 

As was discussed in Section 2.3.2 mutual coupling among array elements is a 

phenomena that can limit performance of the array when electronically scanned. In the 

analysis and design of large phased arrays, one often conducts infinite array studies which 

are then experimentally verified using a test array. Infinite array studies generally involve 

treatment of the array waveguide as a boundary value problem. A rigorous solution of the 

array boundary value problem is left as an area of future work. 

Although one must be prudent when making claims of the performance of the 

CSW (without the ngorous array boundary value treatment), some inferences on the 

expected performance of the CSW can be made with respect to prior work. Again 

comparing the A-f diagram in Figures 2-9 and 8-1, one can speculate on the possible 

existence of blind spots. Recalling the discussion in Section 2.3, Figure 2-9 gives a 

graphical method [1] of predicting the bounds for blind spots. These bounds are due to 

the mutual coupling effects near a higher-order mode, based on the analytical work of 

Farrell and Kuhn [2]. The blind spots (in Figure 2-9) could possibly occur also for an 

array of CSW elements in Figure 8-1 just below the cutoff frequencies of the next higher- 

order mode, that is, the TE,,, mode. The extent of this must be further investigated to 

fully understand the phenomena in the context of the dominant TE,, mode and the 

suppressed TE,, and TM,, modes. 

The scan dependent reflection coefficient in a array of waveguide elements 1s 

normally minimized to avoid unwanted reflections of energy. Therefore, one must use a 

suitable matching technique to match the element over some set of scan angles. 

Compared to an unloaded waveguide, the CSW has two additional parameters which may 

be varied to some extent to achieve a suitable match over the scan range. These 

parameters include the septum thickness and dielectric constant. 

8.4 Cross-Polarization Considerations 

In Section 7.4.2 cross-polarization levels for the Test Case #2 CSW were 

measured. Typical cross-polarization levels of about -12 dB were observed with a best 

case of -16 dB and worst case of -7.5 dB. Of interest to a phased array radar designer 1s 
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how these cross-polarization levels will impact system performance. For the radar threat 

simulator discussed in Section 1.2, several generalizations on cross-polarization can be 

made. If the phased array antenna is operated in an emitter only mode!, then cross- 

polarization levels of this amount will have essentially no effect on the threat simulation 

performance [3],[4]. 

Cross-polarization rejection ratio is a measure of a radar system's ability to rejected 

an incoming wave orthogonal to the desired polarization state during the receive mode of 

the radar system. One must consider the cross-polarization rejection ratio of the antenna 

during tests of the jamming mode of operation and other electronic counter measures for a 

threat simulation application [4]. For active noise jamming methods (such as spot and 

barrage jamming [5]), the cross-polarization rejection ratio characteristics of the receiving 

antenna are typically not exploited [5]. Hence, typical cross-polarization levels of 12 dB 

are suitable for active noise jamming simulator applications. However for cross- 

polarization jamming, the cross-polarization rejection ratio of the phased array antenna is 

a significant factor in system performance [5]. The cross-polarization rejection ratio must 

then be evaluated on a case by case basis for a particular application using the simulator 

validation guidelines given in [4]. 
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CHAPTER 9 

CONCLUSIONS 

This report described the modal, bandwidth and radiation characteristics of a novel 

radiating element known as the crossed septum waveguide (CSW). The CSW consists of 

a square waveguide with crossed dielectric slab inserts placed so as to preserve the 90° 

rotational symmetry, which is a necessary condition for supporting dual polarization. The 

modal characteristics of the CSW were investigated using the mode matching technique. 

It was shown that the dominant TE,, and the TE,,, cutoff frequencies can be separated by 

the proper selection of dielectric thickness and permittivity. The modal separation for the 

dominant and first several higher-order modes depend on the symmetry properties of a 

given mode, and whether or not it is TE or TM. Another interesting observed phenomena 

is mode splitting, which was found to occur for the TE,, and TM,, modes. The mode 

splitting phenomena will split the designated modes into and upper 'U' and lower 'L' 

modes, each with significantly different field structures and phase constants. 

The dielectric insert in the square waveguide increases the separation in the TE,, 

and the TE,,, cutoff, and one can achieve single-mode bandwidth extension if mode filters 

are used to 'remove' the TE,, and TM,, mode energy. A design procedure has been 

described for the necessary mode filters. A mode filter was constructed using a thin 

resistive film, and was demonstrated using the resonant cavity technique. A linear 

polarized mode filter was used to clearly identify dominant mode resonances, and then 

used to compared and corroborate the dual polarized mode filter measurements. The 

resonant cavity measurements performed both with and without mode filters present are 

shown in Figures 6-11 and 6-8 respectively. The dual polarized mode filter investigated 

and measured was successfully shown to suppress the TE,, and TM,, modal resonances 

that are excited when feeding the waveguide. Under these conditions, a theoretical 

bandwidth of 2.20:1 was demonstrated, limited by the TE,, and the TE,, cutoff 

frequencies. 
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The open ended CSW was studied both theoretically and experimentally as a 

radiating element over an octave of bandwidth. A general single-/multi-mode analysis was 

performed to identify the higher-order mode contributions to the far-field patterns. The 

patterns for a prototype CSW were computed, and both co- and cross-polarization 

measured for comparison to theory, as shown in Figures B-1 through B-16. The results 

show several key points. First, the mode filters have no adverse effect at the low 

frequencies before the onset of the first higher-order mode cutoff frequency. Second, 

above the higher-order mode cutoff, the patterns indicate energy is confined mostly to the 

dominant mode. Performance is especially well behaved at the low frequencies, however 

at the high frequencies, performance rolls off and the E-plane beam squints slightly--a 

likely indication of higher-order mode energy radiation. The patterns are sufficiently well 

behaved for the radar simulator and hypothetical phase array application described in 

Chapters 1 and 2, since any pattern degradation occurs gradually as frequency is 

increased. Energy coupled into the TE,, and TM,, modes of the CSW by way of mutual 

coupling can be dampened by the mode filters and kept from resonating. 

The novel components of the research which are contained in Chapters 4-7, 

include the theoretical and experimental study of the CSW and demonstration of a mode 

filter that supports dual polarization while achieving the bandwidth extension. Chapter 8 

interpreted the results obtained in Chapters 4 through 7 in the context of the phased array 

antenna requirements. The CSW element will fit within a rectangular array lattice and 

support 15 degree scan over an octave of bandwdth, subject to matching the element in an 

array environment over the desired scan angle. Future work areas are suggested in 

Chapter 10 and include infinite array studies, CSW/phase shifter coupling, and mode filter 

refinements. 
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CHAPTER 10 

FUTURE WORK 

This dissertation reported on a study of the crossed-septum waveguide (CSW) in 

terms of obtaining single-mode bandwidth enhancement of a square waveguide. Although 

the work presented here has answered certain questions, there are additional remaining 

questions that are of interest and could potentially be addressed in the future. A few of 

the areas currently identified as potential future work include: 

° The design of the broadband high power ferrite phase shifter using the CSW cross 

section, such that the radiating element and phase shifter can be integrated into a single 

device. This could conceivably require that the characterization of the CSW for a general 

fu and € case where as the radiating element analysis is considered for the lossless 

dielectric case. The problem of an ‘optimal phase shifter’ is a separate issue and is beyond 

the scope of this work. As pointed out in Chapter 2, a broadband phase shifter already 

exists, but may not be the optimal design choice since it requires potentially complex 

coupling and matching networks. 

e An investigation of optimal impedance matching and coupling networks is 

identified as an area of future work for the CSW radiating element. This problem may 

need to be addressed to provide the best possible match to a phase shifter. The difficulty 

inherent in this problem that of obtaining a wide band coupling match while retaining the 

dual polarization characteristics. The polarization switching scheme mentioned in Chapter 

2 also requires further work to implement. 

° In Chapter 6, it was clearly demonstrated that for Test Case #2, one could use 

mode filters to suppress unwanted TE,, and TM,, mode resonances. It was stated that it 

is believed that the Test Case #1 failed to achieve the octave bandwidth because of both 

mode filter and coupling considerations. Upon inspection of the TM,,, TM,,, and TM,,,, 
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mode fields, one finds that there is a strong z-component of the electric field present in 

these modes. Furthermore, one can inspect the plot of S,, shown in Figures 6-8 and 6-11 

and observe that the TM,, mode resonance at about 15.4 GHz is apparently dampened by 

the mode filters. One would speculate that if both the TM,,, and TM,,,, modes could be 

suppressed also due to the strong z-component of the electric field present for these 

modes, then additional bandwidth might be obtained. Referring to the cutoff frequencies 

for the Test Case # 1 given in Table 6-1, it is observed that if the TM,,, TM,;, and TM,,,, 

modes could also be suppressed, then one could obtain BW = f,(TE,,, ) / fATE,,) which 

is a ratio of about 2.93:1. It is possible that this would result in decreased efficiency since 

there are additional modes for which energy could couple into and hence more loss due to 

the mode filters. To investigate this would have required further machining and 

modifications to the Test Case #1 hardware to improve the probe coupling and the 

necessary perform measurements. Hence this was not further pursued within the allowed 

time frame of the research. An investigation of a mode filter to suppress these higher- 

order modes ts left as an area of future work. 

e From the onset of this investigation, the thrust was to obtain extended single-mode 

bandwidth of the square waveguide, which is needed (based on prior mutual coupling 

work) to support scanning the array without blind spots. Sound design practices including 

confinement energy to a single mode of propagation should minimize potential effects of 

mutual coupling. However, a rigorous analysis of the CSW array mutual coupling in 

terms of the infinite array problem discussed in Chapters 2 and 8 are a necessary area of 

future work required to show that the main beam can steer within the intended 

frequency/scan range without blind spots occurring. As discussed in Chapter 2, blindness 

is associated with a resonance condition of the higher-order modes. In this context, the 

problem is view in terms of achieving a suitable match over the desired scan and frequency 

range. One will need to model the higher-order suppressed modes to include mode filter 

loss rather than evanescent decay. It is believed by the author that a rigorous treatment of 

this problem does not currently exist in the open literature. 

e Construction and testing of a fully populated 'test' array is an area of future work, 

and would conceivably follow the mutual coupling analysis discussed above. One would 

consider a small array of around 15x15 elements, and terminate all but one element as 
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discussed in Chapter 2. A single element would then be excited and the far field pattern 

measured and observed for the presence of nulls. This must be verified prior to building a 

complete array. 

e A study of array architecture and element thinning for the hypothetical phased 

array discussed in Section 1.2 is recommended as an area of future work. For a space-fed 

array system using the CSW element, array architecture studies would be need to obtain a 

satisfactory design that operates over the frequency and scan range while minimizing the 

number of elements required. 

° Section 7.5 stated that a reflection coefficient exists at the discontinuity of the 

open-ended waveguide and free space boundary. There are also secondary effects caused 

by the surface currents on the edge of the guide. It is believed that a rigorous analysis of 

these effects requires solving a 3-dimensional boundary value problem. An area of future 

work includes a rigorous treatment of the reflection coefficient and edge currents for an 

isolated CSW radiating element. This, however, may be of only limited interest for the 

phased array scanning application, compared to treatment of the element in an array 

environment. 
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APPENDIX A 

ELECTRIC AND MAGNETIC FIELD 
COEFFICIENTS 

A.1 Coefficient Definitions 

In Chapter 4 the fields in the CSW are expanded in a series and solved using the 

mode-matching technique. The total electric and magnetic fields in each region are 

expressed in a summation of the following form: 

N 

E® = DE OR + EOS + BOs he He (A.1) 
n=] 

N 

H® =S{HO8+ HOS+ HOzle Me (A.2) 
n 

n=1 

where (7) = 1,2,3 for each region of the waveguide as defined in Chapter 4. The modal 

solutions are obtained using the numerical techniques given in Chapter 5, for a particular 

mode, phase constant &,, and frequency. The following are a list of the field coefficients 

for each of the symmetry cases and regions. Since the regions are defined for a 1/4 

section of the CSW per Figures 3-4 and 4-1, the symmetry properties of the solutions are 

used to reconstruct the fields in the whole waveguide cross-section. 
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A.2 Even /Odd Symmetry Case Coefficients 

The field coefficients in region 1 for the even / odd symmetry case are given by: 

E® =~? — 2) AM sin kx sink (y—B) 
OME, 

ay IK pay Em 70) EY, = FY cosk,, xcosk,, (y-5) 
1 

J yaya) 4a) (1) (ly —~——k,, ky, 4,’ cosk,, xcosk,,’(y— 6) 
OU, E, 

-~l~ ~ ~ Q) () eQ) Oyen pO | hn FY’ cosk,,’x sink, (y— 6) 
1 

k, OAM kx sj kD ( —b) "ne m4, cosk,, xsink,(y 
171 

~ 

HQ =—*-(k? ~k © EX? cosks?xcosk,,(y- 8) 
OLE, 

xn 

a TS FOE EO ee TOyp in FO(y_ HH, =——k,,’k,, FP sink,,’xsink, (vy —5) 
OMe, 

_ Jk Al” sink&?x sin k{? (y— 6) 
hy 

kK ~ ~ ~ ay _* DEO a Fd) (1) Hi’? = kOF® sink, xcosk,, (y—b) 
OMe, 

] 1) AQ) gin EO a) rae A,’ sink,,,x cosk,,, (y~) 
} 
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(A.5) 

(A.6) 

(A.7) 

(A.8) 
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The fields in region 2 are given by: 

APPENDIX A 

E® =—4 (2 —k2”) A cosk® (x—b) sink® (yb) 
OL ,€, 

2) _ She pay ee) 72) EY =o” sink.,’ (x —b)cosk,,(y—5) 
2 

- J ko ky, AS sin ky? (x — b)cosk\? (y—5) 
OLE, 

E® = FFOF® sink (x- b) sink (y—b) 
é 2 

k, 

OME, 

  + AOA,” sin kG? (x -— b) sinks (y ~ 5) 

H® =—£ (42 - £2") F© sink (x-b) cosk ® (y-b) 
OU, €, 

H® = _ FEOF cosk (x -b) sink (y -b) 
OME, 

FF 4) cok (x - b) sink (y—5) 
2 

—k, 

OL, €5 

1 4242 cosk2(e- b)cosk,, (y—8) 
4 
= 

H® =—=_k OF cosk © (x-b) cosk,’(y-b) 

(A.9) 

(A.10) 

(A.11) 

(A.12) 

(A.13) 

(A.14) 
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The fields in region 3 are given by: 

ES =—4- (7 — kA sin kx sin ky 
Ope; 

3) Ske pe) nef) E 3) ES =F, cosk, x cosk,’y 
1 

J 1.) ,) 4o @) (3) —~—+— kk, A,” cosk,, xcosk,’y xn ““yn 
OME, 

-l~ ~ > (3) _ (3) RG) (3) (3) Ey =—h,, Fy cosk, xsink yy 
é) 

k, k2@ A® cosk® x sin k® — wo A, COSk,, x sink, y 
OME, 

gy) __ J 2_ 7 @B2\e7@2) jp 3) jp 3) 
Ay, =—_ (k, —k,; ), cosk,, xcosk,,’y 

OME, 

a j a > . > « > 3 

Hy, = —L kooky Fo sink, x sink,, y 
OWE, 

Fhe 48) en Ly cin FO 24 Ay’ sink, x sink yy 
Fadl 

k ~~ it Lal 3) FOP Aa FQ) (3) Hy’ = kook sink; x cosk,, y 
OMe, 

1 (3) 4B) gin EG) (3) a i A,’ sink, xcosk,y 
l 
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A.3 Odd / Even Symmetry Case Coefficients 

The field coefficients in region 1 for the odd/even symmetry case are given by: 

APPENDIX A 

EX s—L(k (k; — ky” AM coski, x sink,, (y—5) 
OME, 

ay _ Jk, pay Fa) xa) E., =e sink, x cosk,,’(y —5) u(n-2) 
1 

+—+_ J KOK A sinky?x cosk,, (y—8) 
OLE, 

EM = EOF sin kx sink? (y—b) u(n—2) 
é} 

+ Ke KA sink x sin Key ~b) 
OME, 

  H® =—4 (4? — 6) F sink x cosk (y—b) u(n—2) 
OLE, 

Ho = J kOROF© cosk Ox sink? (y—b) u(n—2) 
yn xn “yn 

Oe, 

_ Jk, A\” cosky, x sin ky, (y— 5) 
hy, 

—k 

OME, 

H® = _ 
2n 

i KO F cosk, x cosk,?(y — b) u(n—2) 

1 AO ge cosk{,x cosk\(y —b) 
7 

(A.21) 

(A.22) 

(A.23) 

(A.24) 

(A.25) 

(A.26) 
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The fields in region 2 for the odd/even symmetry case are identical to those of the even 

/odd symmetry case except that a u(n—2) (unit step function) is inserted into the TE™ 

modes. Therefore we obtain: 

E® =—4 (42 —k 2") A® cosk® (x—b) sink (y—b) 
OU ,€, 

  

@) _ Ske po en FO) £2) EY, =7F, sink, (x —b)cosk,?(y—b) u(n—2) 
2 

+L 42k A sin k® (x — b) cosk® (y—b) 
OLE, 

—| ~ . a 4 . ~~ 9% 

EO = him Fe sin k(x —b)sin ko — b) u(n-2) 
2 

¢ fe pr go sin ky, (x —b)sin ky,’ (y—b) 
OL,€, 

| 

~ 

H® =—/ (42 -£2")F© sink (xb) cosk  (y-b) u(n-2) 
OU, €E, 

HY = Lf OKO PO cosk (x — b) sin kO(y —b) u(n—2) 
xn 

OU,&, 

- FF 42 cosk® (xb) sin k2(y-6) 
~ 

Ho = ake foo cosk, (x —b)cosk(y-b) u(n- 2) 
OME, 

— 1 p@go cosk“(x—-b) cosky? (y —b) 
nt 

5 
< 
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The fields in region 3 are given by: 

(3) 
Ay, 

(3) AY = 

(3) _ 
Ay 
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ES =—*— (hk) —k8”)A® cosk@ x cosk\?y 
ina 

3) SK. pe) FO, GA FO) EY a sink, xsink,)’y u(n— 2) 
I 

__J KD AS sinks x sink’? y 
OME 

] ~ > 

E® = —kOF® sink xcosk y u(n—- 2) 
€ 

] 

k 
+—2—k A® sin kx cosky, y 
OMe, 

= — (kh? - FO) F sink xsink ky u(n-2) 
OLE, 

a KOKO cosk® x cosk y u(n— 2) 
OLE, 

Le (3) (3) (3) se A,’ cosk,, xcosk,y 
] 

=k OF cosk; ky sink, K° Oy u(n—2) 
OWE 

1 (3) 4G) By cin £3) +o hm A,’ cosk,, x sink, y 
1 

(A.33) 

(A.34) 

(A.35) 

(A.36) 

(A.37) 

(A.38) 
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A.4 Even / Even Symmetry Case Coefficients 

From Chapter 4, the boundary conditions of regions 1 and 2 are the same for the 

even / even symmetry case as for the even / odd symmetry case. Therefore the coefficients 

for region | are given by equations (A.3) through (A.8), and the coefficients for region 2 

are given by equations (A.9) through (A.14). The field coefficients in region 3 are given 

by: 

3) TI gd _ 4.2) JO ein LO (3) Ey = EGA,” sink x coskyy 
OLE, 

a) _ Jk, pa). Oyen FO Ey, =7 Ff, cosk, xsink,’y 
1 

J 4) 4@ By cin £03) +—— kk AY” cosk, x sink, y xn 0") 

1 ~ ~ ~ 
(3) _ (3) (3) (3) (3) En = Ky A cosk,, xcosk,y 

é) 

k, k® A® cog k® 5 Oe wn 4, COSk,, x cosk,y 
171 

3) _ ~J 2  703)2 GQ) 7 (3).. ten J (3) H® “Toe (k, — KS”) FY? cosk,, xsink, y 
m1 

ga J FOTOLO ATO 7 (3) A, - Ome ky by’ sink x cosk,’y 
| 

ke . 

— a 2 A” sin k® x cosk;,. y 

l 
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kL > 
2k F© sink kx sink,” Ky 
OME 

H® = 

; 
(A.44) 

DAD gin kx sin k +—k? A” sink,’ x sink,” y 
] 

A.5 Odd / Odd Symmetry Case Coefficients 

From Chapter 4, the boundary conditions of regions 1 and 2 are the same for the 

odd / odd symmetry case as for the odd / even symmetry case. Therefore the coefficients 

for region 1] are given by equations (A.21) through (A.26), and the coefficients for region 

2 are given by equations (A.27) through (A.32). The field coefficients in region 3 are 

given by: 

E® = (k? — £27) A® cosk®x sin key (A.45) 
OLE, 

E® = Jk, <2 F° sink © x cosky u(n— 2) 
€ 

(A.46) 

+ 21242 A® sin kx cosk®y 
OLE, 

E®= FOR sink x sink y u(n- 2) 
E 

i (A.47) 
—-—=—k2 AO sink x sink, y 

HY = —!(k -k&?)F® sink 2x cosk® y u(n- 2) (A.48) 
OMe, 
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3 SJ FOTO LEO onc FOyp sn FO Ay, =k, k,, Fy cosk,, xsink,,’y u(n—2) 
xn 

Oe (A.49) 
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In A,” coski?x sink’ y 
Fadl 
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H® = 2k °F cosk x cosk y u(n-2) zn OU, é xa * on xn yn 

171 (A.50) 
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APPENDIX B 

MEASURED CSW FAR-FIELD 

PATTERN DATA 

Provide in this appendix are the measure patterns for the Test Case #2 CSW. The 

measurements were performed using the Satellite Communication Group's Antenna 

measurement range at Whittemore Hall, Bradley Department of Electrical Engineering, 

Blacksburg VA. Both co- and cross-polarization of the H- and E-planes were measured at 

frequencies of 7.5, 9.0, 10.0, 11.0, 12.0, 13.0, 14.0 and 15.0 GHz. Figures B-1 through 

B-8 provide the H-plane patterns, and Figures B-9 through B-16 provide the results for E- 

plane patterns. All co-polarization patterns are computed using (7.18) and assuming only 

the dominant (i.e., single) mode of propagation and radiation, as defined by 7, =1 and 

Xo =H3 =H, =O (see Section 7.3.1 and Figure7-2). The computed cross-polarization 

levels (see also Section 7.3.1 and Figure 7-2 ) are found to be about -60 dB and lower; 

hence computed cross-polarization levels are omitted from Figure B-1 thorough B-16. 
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Normalized Pattern (dB) 

H-Plane at 7.5 GHz 
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Figure B-1. Measured and computed H-plane far-field pattern at 7.5 GHz. Shown are the 

co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Normalized Pattern (dB) 

H-Plane at 9.0 GHz 

Co-Pol. Measured 

Cr-Pol. Measured 

Co-Pol. Computed 

  
Figure B-2. Measured and computed H-plane far-field pattern at 9.0 GHz. Shown are the 
co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Normalized Pattern (dB) 

H-Plane at 10.0 GHz 

Co-Pol. Measured 

8@=Q0° #£----- Cr-Pol. Measured 

Co-Pol. Computed 

  
Figure B-3. Measured and computed H-plane far-field pattern at 10.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Normalized Pattern (dB) 

H-Plane at 11.0 GHz 

Co-Pol. Measured 

Cr-Pol. Measured 

Co-Pol. Computed 

  
Figure B-4. Measured and computed H-plane far-field pattern at 11.0 GHz. Shown are 
the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 
CSW. 
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Normalized Pattern (dB) 

H-Plane at 12.0 GHz 

Co-Pol. Measured 

Cr-Pol. Measured 

Co-Pol. Computed 

  
Figure B-5. Measured and computed H-plane far-field pattern at 12.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 
CSW. 
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Normalized Pattern (dB) 

H-Plane at 13.0 GHz 

Co-Pol. Measured 
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° Co-Pol. Computed 

  
Figure B-6. Measured and computed H-plane far-field pattern at 13.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Normalized Pattern (dB) 

H-Plane at 14.0 GHz 

Co-Pol. Measured 
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° Co-Pol. Computed 

  
Figure B-7. Measured and computed H-plane far-field pattern at 14.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 
CSW. 
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Normalized Pattern (dB) 

H-Plane at 15.0 GHz 

Co-Pol. Measured 

8=Q° ----- Cr-Pol. Measured 
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Figure B-8. Measured and computed H-plane far-field pattern at 15.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 
CSW. 
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Normalized Pattern (dB) 

E-Plane at 7.5 GHz 

Co-Pol. Measured 
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Figure B-9. Measured and computed E-plane far-field pattern at 7.5 GHz. Shown are the 
co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 
found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 
CSW. 
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Normalized Pattern (dB) 

E-Plane at 9.0 GHz 

Co-Pol. Measured 
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Figure B-10. Measured and computed E-plane far-field pattern at 9.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 
found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Normalized Pattern (dB) 

E-Plane at 10.0 GHz 

Co-Pol. Measured 

Cr-Pol. Measured 

Co-Pol. Computed 

  
Figure B-11. Measured and computed E-plane far-field pattern at 10.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Normalized Pattern (dB) 

E-Plane at 11.0 GHz 

Co-Pol. Measured 

8=Q° £----- Cr-Pol. Measured 

Co-Pol. Computed 

  
Figure B-12. Measured and computed E-plane far-field pattern at 11.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Figure B-13. Measured and computed E-plane far-field pattern at 12.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 
CSW. 
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Figure B-14. Measured and computed E-plane far-field pattern at 13.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Figure B-15. Measured and computed E-plane far-field pattern at 14.0 GHz. Shown are 

the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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Figure B-16. Measured and computed E-plane far-field pattern at 15.0 GHz. Shown are 
the co-polarized (Co-Pol.) and cross-polarized (Cr-Pol.) cases. The computed pattern is 

found using (7.18) assuming single-mode propagation. The data are for the Test Case # 2 

CSW. 
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APPENDIX C 

ELECTROMAGNETIC FIELD PLOTS 
OF HIGHER-ORDER MODES 

In Chapter 5, the electromagnetic field plots of the dominant TE,, mode and the 

TM,,, TE,,, TE, ,, and TE,,,, higher-order modes were shown. In this Section, the field 

plots of the TM,,, TE,,, TM,;, ,and the TM,,,, higher-order modes are presented. Again 

as in Chapter 5, the plots shown are computed using the Test Case # 2 CSW parameters 

as defined in Chapter 6. The arrows represent the transverse field components and the 

contours give the magnitude of the normalized axial field at intervals of 0.2. The plots of 

these modes are given in Figures C-1 through C-4. 

APPENDIX C 208



  
(a) 

  

0.57 : i      i 

\ 

  

      
    

  

— ‘\ \ 

0 0.5 1 

x/b 

aoe 

0.5 -1 

    
  

(b) 

Figure C-1. Field distributions of the TM,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are €, = 2.56, c/a = 0.319, cutoff frequency = 15.732 GHz, k, = 100 

(Test Case # 2). The arrows indicate the magnitude and direction of the transverse field 

component. Contours indicate the amplitude of the axial (or z-directed) field component 

in 0.2 increments, normalized to the maximum axial component. 
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Figure C-2. Field distributions of the TE,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are ¢, = 2.56, c/a = 0.319, cutoff frequency = 22.470 GHz, k, = 100 

(Test Case # 2). The arrows indicate the magnitude and direction of the transverse field 

component. Contours indicate the amplitude of the axial (or z-directed) field component 
in 0.2 increments, normalized to the maximum axial component. 
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Figure C-3. Field distributions of the TM,;, hybrid mode. (a) Electric field. (b) 

Magnetic field. Parameters are ¢€, = 2.56, c/a = 0.319, cutoff frequency = 20.650 GHz, 

k,=100 (Test Case # 2). The arrows indicate the magnitude and direction of the 

transverse field component. Contours indicate the amplitude of the axial (or z2-directed) 

field component in 0.2 increments, normalized to the maximum axial component. 

APPENDIX C 211



  

   

    

  

   

  

4 To ¢ 

LSS ost /* > 4 
fe S ES 7 

~ - 

Ao} 
> Oo 

YI OS \ 
-0.5r ‘sve ‘ 

S77 
4 

. 1! Ll     
  

  

  

x/b 

(a) 

OSA 

LS ES 
A NVA 

2 pie tt 
> SU 

}! 35-7 EC 

ose VES RX 

FRY     
  

-1 TS ia (AS 1 

(b) 

Figure C-4. Field distributions of the TM,,,, hybrid mode. (a) Electric field. (b) Magnetic 

field. Parameters are €, =2.56, c/a = 0.319, cutoff frequency = 22.454 GHz, k, = 100 

(Test Case # 2). The arrows indicate the magnitude and direction of the transverse field 
component. Contours indicate the amplitude of the axial (or z-directed) field component 
in 0.2 increments, normalized to the maximum axial component. 

APPENDIX C 212



APPENDIX D 

DISCUSSION OF A CANONICAL CASE 

IDEAL MODE FILTER 

A mode filter that supports dual polarization and suppresses even/even symmetry 

modes and passes even/odd or odd/even modes is presented in Chapter 6. A canonical 

case ‘ideal’ mode filter is discussed in this appendix to provided an understanding of how 

mode filters can suppress unwanted modes and pass desired modes. This example will 

illustrate the basic principles and theory however will differ significantly compared to the 

geometry and modal suppression given in the dual polarized case of Chapter 6. 

The canaonical case that will be considered is formed in a bifurcated square 

waveguide as shown in Figure D-1. Figure D-la shows an incident wave containing an 

arbitrary spectrum of waves, having symmetry properties given by Table 3-2. It is 

assumed that the incident wave consists of even/even, even/odd, and odd/even modes. 

The section label 'mode filter’ contains an infinitesimally thin perfect electric conductor 

(PEC) placed on the x-axis. The cross-section of the mode filter section is shown in 

Figure D-1b. To the right and left of the mode filter section is a square waveguide as 

shown in Figure D-1c. 

Incident waves with an x-directed electric field having a maximum in the along the 

x-axis will not pass through the mode filter since the tangential electric field must vanish at 

the PEC boundary. Hence the modes with even/even and odd/even are filtered rather than 

passed by the filter. Modes with even/odd symmetry will have no x-directed electric field 

along the along the x-axis and therefore pass through the mode filter since the tangential 

electric field is zero on the PEC boundary. In consideration of the incident wave 

symmetry and the boundary conditions, only even/odd modes will exit the left side of the 

mode filter. Hence this mode filter ideally suppresses even/even and odd/even modes and 

passes even/odd modes. 
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Figure D-1. Bifurcated square waveguide used to demonstrate ideal mode filter. 

(a) Bifurcated square waveguide. (b) Cross-section with mode filter. (c) Cross-section 

without mode filter. 
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This canaonical case mode filter supports only linear polarized waves and hence is 

insufficient for the CSW which requires dual polarization. An approximation of this ideal 

mode filter is found in [1] and [2] and consists if a thin resistive film placed on the x-axis 

of a rectangular waveguide. The Type-3 mode filter defined in Figure 6-Sc is also an 

approximation of the ideal mode filter discussed above. The Type-3 mode filter will not 

support dual polarization, but will suppress odd/even modes and is useful in identifying 

resonances in the cavity measurements performed in Chapter 6. 

The dual polarized mode filters discussed in Chapter 6 (Figures 6-5a and 6-5b) are 

based on the same principles and concept but vary in geometry, since the 90 degree 

rotational symmetry property must be satisfied. 
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