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ABSTRACT

R F / microwave terrestria l point-to-point and satellite  com m unication systems em ­

ploy a large num ber of waveguide com ponents operating  a t microwave and m illim eter 

wave frequencies, .\ccu ra te  design of these com ponents for optim um  perform ance 

of the  overall system  is critical. To achieve this, com putationally  efficient and ac­

cu ra te  num erical m ethods are indispensable tools in the  design and optim ization of 

com ponents and  subsystem s.

.Among th e  large variety of potentially  suitable num erical m ethods, the m ode 

m atching m ethod  in conjunction with the generalized scattering m atrix  technique 

has been found to be one of the most reliable and straightforw ard techniques to 

design waveguide com ponents. In the  past the m ethod has been m ainly applied to 

eigenvalue an d  scattering problems in rectangular waveguides. In this thesis, the m ode 

m atching m ethod  is extended to ridge waveguide problem s in circular waveguides and 

thus closes a gap in the lite ra tu re  th a t has existed for a  long time.

T he thesis begins with a  study of the basic principles of the mode m atching m ethod 

as it is known from rectangular waveguides. These principles are then applied to  the 

analysis of th e  rectangular ridged and coaxial waveguide, followed by an eigenvalue 

analysis of ridged circular waveguide. R ather than  rectangular ridges, ridges of uni­

form angular thickness(conically shaped) are used in the  circular waveguide to avoid 

a m ixed coord inate  system  which would render the m ode m atching m ethod com pu­

ta tionally  very inefficient. On the o ther hand, conically shaped ridges are as easy to 

fabricate  as rectangular ridges and are not detrim ental to  the electrical perform ance 

of th e  com ponent.

The thesis then continues to trea t the discontinuity problem at the  interface be­

tween the em p ty  circular waveguide and ridged circular waveguide. To verify the 

com puted  sca tte rin g  param eters, m easurem ents were perform ed and good agreement
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was found. By cascading several discontinuities transform ers and evanescent mode 

filters were designed. fifth order filter Wcis designed and fabricated and also here 

good agreem ent between m easured and com puted d a ta  was found.

The final chap ter in the thesis analyses the  coupling between orthogonal modes in 

the  presence of an asym m etric discontinuity. D eterm ining the coupling factor between 

orthogonal m odes is an integral p a rt of the design of polarizers and duéd mode filters 

and. for conically shaped ridges, has not been published in th e  open literatu re  yet. 

To realize various coupling coefficients, a single or double ridges m ust be placed at 

an arb itrary  angle to the exciting wave. The m ode m atching m ethod is extended to 

include also th is  case and various convergence tests have been perform ed to validate 

the  algorithm . As a final example, the  algorithm  has been applied to design a circular 

polarizer with two ridges.

.Although only two-port problems are trea ted  in this thesis, the basic framework 

for the mode m atching method in circuleir waveguide has been established and can 

now be extended to three-port problem s. This will be the subject of future work to 

analyze and design power d iv id e s  and ortho m ode transducers.

Examiners:
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Chapter 1

Introduction

Advances in the field of telecommunications have been very rap id  and substantial in 

recent years. W ireless communication is progressing a t geom etric proportions in re­

sponse to the massive information exchange tha t is taking place globally. The active 

role of radio frequency and microwave components in the telecom m unication industry 

has directly lead to the demands for m iniaturized com ponents w ith improved perfor­

mance. This is particularly so in satellite systems where specifications are stringent 

and com pactness and light-weights are assets. However, sm aller com ponents satis­

fying the specifications with great accuracy require precision in m anufacturing, thus 

increasing the investm ent in fabrication greatly. Consequently, the  microwave indus­

try  relies greatly on efficient com puter aided analysis and design tools th a t elim inate 

the  costly and tim e consuming cut and try procedure in the fabrication. In addition, 

the com puter aided design process should be capable of handling optim ization, as a 

m easure of m eeting the stringent specifications.

T he microwave components can be either passive or active. The present work 

focuses on passive components only and therefore the  discussions here are lim ited to 

issues related to them . A. couple of decades ago, passive microwave com ponents such 

as filters were first designed on the basis of low frequency prototypes. The microwave 

filter was then realized by replacing the lumped elem ents in th em  using distributed  

elem ents evaluated from the equivalent circuit approxim ations. Some of the com­



mercially available software packages like Touchstone. Spice and  Super-com pact still 

use this theory for the design of components. .Although slowly, depending on the 

application, held-theory based methods replace network approaches. In m icrostrip 

and similar technology, where the  electrom agnetic held behavior is quasista tic , the 

equivalent circuit approxim ations are valid over a  broad frequency band. For such 

cases, the behaviour of the microwave realization is somewhat close to th e  expected 

performance. D espite this, a rigorous num erical analysis is s till worthw hile in order 

to predict the  exact behavior and a number of them  have been developed recently. 

.Also, the com plexity of such circuits has increased substantially  due to th e  m in ia tu r­

ization. P roxim ity  of such com ponents during system  integration can degrade their 

performance. U nder such circum stances, num erical analysis of the electrom agnetic 

held is a key to  m eet the design goals.

L nlike for cjuasistatic cases, the equivalent circuit approxim ation for waveguides 

is valid over a narrow band of frequency alone. Hence, this technique of realization 

of waveguide com ponents from the low frequency prototypes no longer m eets, the 

m odern days dem ands of accurate performance requirem ents. Over th e  last two 

decades, a variety of numerical techniques have been developed for rigorous analysis 

and design in order to predict accurately the characteristics of the  com ponents over 

a wide band of frequency. Every numerical technique has unique features and  merits 

th a t make them  suitable for certain  type of components. T he search for th e  best 

technique in te rm s of efhciency and accuracy has continued to  be a challenge. The 

characteristics of waveguide com ponents are sensitive to dim ensions, and a num erical 

technique tha t can handle optim ization of the initial design is an ideal cand idate .

The num erical technique used in this work for the  design and  analysis of waveguide 

com ponents is called the Mode Matching M ethod (MMM) and it was first proposed 

for the solution of rectangular waveguide discontinuities [I]. Subsequently a  num ber 

of researchers have used this technique to design various waveguide com ponents. The 

fact tha t this technique lends itself to the approach of building com ponents from
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the basic discontinuities in them  makes it suitable for handling com ponents com­

posed of m any successive discontinuities. .\lso. an integrated system  can be analyzed 

rigorously once the  com ponents in it have been individually analyzed. T he m ost im ­

portan t feature of the .VIMM is tha t it is rigorous and yet enables the op tim ization  

of the  param eters of the initial design.

T he first section in this chapter gives a brief overview of the  various num erical 

techniques th a t can be used to analyze different types of passive microwave compo­

nents along with their m erits and demerits.

This research focuses on the  computer aided analysis and  design of certain  pas­

sive com ponents for an tenna feeds in satellite systems. The m ain  objective has been 

to develop com puter aided design algorithms for the design of com ponents in circu­

lar waveguide technology using a  held theoretical approach, .-\ntenna beam  forming 

networks in sate llite  systems, however, have recently used rectangular coaxial lines 

(RCL) as an a ttrac tiv e  alternative to waveguides due to th e ir  sm aller size. How­

ever. all com ponents in the satellite systems cannot afford th e  use of RCL as certain 

com ponents dem and for exam ple rectangular, circular or coaxial waveguides, hnlines 

and m icrostrip  lines for various reasons. Each transm ission line has its own distinct 

advantages and disadvantages and preference of one over an o th er depends upon the 

requirem ents of the system .

The present work begins with a study on the analysis of som e of the well known 

struc tu res in rectangular waveguides and RCL. The principles of th is study have later 

been utilized to rigorously design components in circular waveguides with good nu­

merical efficiency and using original modeling techniques. Som e of the discontinuities 

discussed in this work are not available in the published lite ra tu re  and hence m easure­

m ents have been carried out in order to validate the num erical algorithm s presented. 

.\  detailed  outline of the dissertation follows at the  end of this chap ter. The con tribu ­

tion of th is work is in the area of filters, m atching networks and  polarizers in circular 

waveguide technology.



1.1 N u m er ica l tech n iq u es  - A n  o v erv iew

Electric and m agnetic fields th a t are independent of tim e are called s ta tic  fields. T he 

basic field problem  in electrostatics is to solve Poisson s or Laplace’s equation for a 

potential function tha t satisfies the boundary condition. For some boundary value 

problems a d irect analytical solution of these is possible while for others a num erical 

evaluation is th e  only approach.

For tim e-varying fields the electric and m agnetic fields are described by Maxwell's 

equations:

V x  //  =  J+^  (1.1)

V  X £  =  (1.2)

V  ■ D = p (1.3)

V B  = 0 (1.4)

For a homogeneous, isotropic, source free region Xlaxwell’s equations can be reform u­

lated to obtain the  Helmoltz equation. The Helmholtz equation is of the  form:

V + fĉ  c' = 0 ( I..5)

where k =  For simple cases, it is possible to determ ine c’ . the vector po­

ten tial. from which the field in a homogeneous source free region can be evaluated 

explicitly. However, for cases where analytic solutions are not possible a numerical 

evaluation is sought. The num erical techniques themselves can be classified as tim e 

dom ain and frequency domain techniques depending on w hether the solution is ob­

tained using spatial discretization (frequency domain m ethod) alone or spatial and 

tim e discretization (tim e dom ain method) of the MaxwelFs equation. Some of these 

m ethods are discussed below.



F in ite  D ifference Frequency D om ain  m ethod  (F D F D ):

This m ethod is one of the oldest techniques to solve Maxwells equations. The 

p artia l differential equations are solved by approxim ating the  derivatives of functions 

of continuous variables in space, by finite differences using Taylor's series. Thus, 

the  region inside a specified boundary w here the electrom agnetic field problem  needs 

to  be solved is divided into a rectangular mesh. The value of the function at the 

intersecting points of the mesh, called th e  nodes, are derived from the  value of the 

functions at the neighboring points. T he num ber of nodes th a t are used to  form the 

m esh are increased until a convergence in the value of the  function is observed. 

technique called the Richardsons ex trapo lation  can be used to increase the  accuracy 

of the  solutions. Examples of this m ethod  have been discussed in [2].

In order to get accurate solutions th e  num ber of nodes can be large for certain 

cases. W ith an increase in the number of nodes the solution using finite difference 

technique needs more memory space and  com putation tim e. Hence, som e problems 

can becom e unwieldy using this m ethod. But this m ethod can handle a rb itra ry  and 

com plicated shapes, like curved boundaries using stair step approxim ations. Because 

of the general approach to solve problems, commercial packages are available. M.\FI.A. 

is one such tool to  solve electrom agnetic field problems.

F in ite  D ifference Tim e Dom ain m eth o d  (FD T D ):

This m ethod to solve Maxwells equation  was first proposed by Yee [3]. Since 

the electrom agnetic fields vary both in tim e and space, in this m ethod the  partial 

derivatives with respect to tim e and space are approxim ated by finite differences. 

This m ethod requires a closed region in order to  have a finite number of nodes. To 

handle problems involving open boundaries special absorbing boundary conditions 

have been derived. Complicated geom etries can be handled here too as in FDFD. 

The frequency domain response is ob ta ined  from the tim e domain characteristics 

using Fourier transforms. Examples of th is  m ethod have also been discussed in [2].



T ransm ission Line M atrix m eth od  in T im e D om ain (T D T L M ) and Fre­

q u en cy  D om ain  (FD T LM ):

Here, the electrom agnetic field problem is converted to a three dim ensional equ iv ­

alent network problem  based on Huygen s principle of wave propagation [4]. T h is 

m ethod is very general and can handle arb itrarily  shaped structu res and open bound­

aries w ith special absorbing boundary conditions. Once again here too. the com pu­

ta tion  tim e and m em ory space needed can be large for some problem s.

The frequency dom ain TLM m ethod was proposed by .Jin and Vahldieck [5]. T he  

sam e discretization scheme as in the  TDTLM  is used. However, there is no need 

to use a Fourier transform  to obtain  the frequency dom ain response since the en tire  

a lgorithm  works in the  frequency dom ain. In particu lar, for narrow band problem s, 

th is m ethod is faster than  the TD TLM .

M eth od  of M om en ts (M oM ):

This m ethod is m ore analytical [6] when com pared to the above three m ethods. 

sum  of basis functions with unknown coefficients is used as an approxim ate solution 

to a differential or integral equation. By taking the  inner product of the resulting 

equation with a weighting function, a set of linear equations is obtained which is 

solved to get the  approxim ate solution to the problem . The choice of basis functions 

depends on the problem  itself and the boundary conditions. The weighting function 

can be a delta function, pulse function or the sam e as the basis function. W hen th e  

choice of the weighting function is the same as the  basis functions, the m ethod is 

also called G alerkin 's method. T he general MoM is also equivalent to a variational 

m ethod. .A judicious choice of the  functions used in this approach can m inim ize 

com putation tim e and memory and yet produce numerically accurate  results.

F in ite  E lem ent M eth od  (FEM ):

.A variational form ulation of the  differential equation for the specified boundary 

condition is first obtained. The region of interest is divided into a num ber of sub- 

regions called finite elem ents. T he elem ents can be any polygon. A triangle is th e



sim plest of the surface elem ents but it can approxim ate very well m ost of the a r­

b itrary  shaped structu res. In this small elem ent, the  function is approxim ated by a 

polynom ial with unknown coefficients. The choice on th e  order of the  polynomial is an 

additional degree of freedom while using this method. Rayleigh-Ritz procedure trans­

forms the  variational form into a linear system  of algebraic equations. The system of 

equations is then solved to obtain the unknown coefficients of the functions. Using a 

num ber of small elem ents with higher order polynomials to  approxim ate the function, 

accurate solutions to  field problems can be obtained using this m ethod. Eigenvalue 

analysis of various s truc tu res like finlines in rectangular and circular waveguide hous­

ings [7]. ridged circular waveguides [8.9] have been perform ed using FEM . The analysis 

of rectangular waveguide components using FEM is available in [10.11.12]

Since the  procedure is general and can be used on arb itrary  shapes, commercial

C.A.D packages like HFSS (High Frequency S tructure Solver from H ewlett Packard) 

are available. However, memory space and com putational tim e required are high in 

this m ethod  as well.

O ther methods like integral equation method (lE M ) [13] and boundary element 

m ethod (BEM ) [14] have been frequently used to solve waveguide discontinuity prob­

lems. These m ethods deal with the discretization of th e  boundary ra th e r than the 

whole region of the problem  as other discretization approaches do. Hence, they are 

com putationally  efficient. However, they require more analytical effort.

S p ectra l D om ain M eth o d  (SD M ):

This m ethod is well suited for analysis of planar transm ission lines such as m i­

crostrips. finlines and coplanar waveguides [15]. Basis functions are chosen to ap ­

proxim ate the  current in the strips on the transm ission line. G alerkin 's method is 

then used to yield a homogeneous system  of equations to  determ ine th e  propagation 

constants, current d istribu tion  and the characteristic im pedance of th e  transmission 

lines. Since the m ethod is highly analytical, the com putational efficiency is excellent.
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M ethod of L ines (MoL):

Although this m ethod was available to solve problems in theoretical physics, it 

was first proposed by Pregia [16] to solve electrom agnetic field problems. To solve a 

two dimensional electrom agnetic field problem , discretization of space is applied in 

one dimension while analytical formulations are possible in the  other. This semiana- 

lytical procedure saves com putation time and memory. In dealing with structures like 

multilayered transm ission lines, this method is often used. .\s  th e  m ethod can handle 

arb itrary  shapes, analysis of finlines in circular and elliptical waveguide housings [17. 

IS] have been published using this method.

M ode M atching M ethod (M M M ):

As stated earlier, the Mode Matching M ethod was first proposed by VVexler to 

handle waveguide discontinuity problems. In this m ethod th e  fields on both sides 

of the discontinuity are first expanded in term s of their respective modal functions. 

L sing the continuity  condition of the field at the interface of regions along with 

application of orthogonality property of the modal functions, results in a set of alge­

braic equations. The solution of these algebraic equations yields the eigenvalues or 

the scattering param eters of the fundam ental and higher order modes. T he modal 

representation of the  fields directly provides the generalized sca ttering  m atrix  which 

enables one to evaluate the field at any point close to the discontinuity including 

the effects of evanescent higher order modes along with the  propagating fundam ental 

mode. Consequently, a rigorous analysis of the  com ponents is possible by cascading 

the generalized scattering m atrices of subsequent discontinuities in close proximity. 

The technique to cascade individual discontinuities is called the  Generalized Scat­

tering Matrix Technique (GSM T) [19]. .\n  extension of the conventional scattering 

m atrix  technique, it was introduced by M ittra  and Pace.

For an efficient design of components, optim ization is essential. O ptim ization of 

any function can take several iterations before the function converges and therefore 

it can be tim e consuming, especially when th e  evaluation of the  objective function is



com putationally  intensive. But as MMM in conjunction with GSM T is a numerically 

efficient approach, optim ization of com ponents is possible within a reasonable am ount 

of com putation time. However, it should be noted th a t the .VIMM can handle only 

those structures where the modal functions can be expressed analytically. This means 

that highly arb itrary  shaped structures cannot be analyzed using th is  m ethod. On 

the o ther hand, most waveguide structures are of rectangular or circu lar shapes, and 

therefore explicit expressions for modal functions can be found analytically.

The equivalent circuit approxim ation of several waveguide d iscontinuities have 

been discussed in great detail by M arcuvitz [20]. Using these closed form  expressions. 

M atthaei. Young and Jones have presented practical designs of m any  com ponents 

in [21]. .Accurate design of waveguide components presently relies m ore on MMM. 

Numerous paper quoted in the references have applied MMM to analyze and design 

com ponents such as m atching networks, filters and polarizers which involve scattering  

problems in rectangular waveguide technology [22-32]. hnlines [33-3.5]. and  m icrostrip 

lines [36.37]. The propagation characteristics for a Online struc tu re , shielded mi­

crostrip lines and ridged waveguides have been investigated in [36-40]. However, only 

little work has been published on the analysis of com ponents in circu lar waveguides 

using MMM. .Analysis and design of m ode converters using circular waveguides have 

been presented in [41.42]. Metal insert circular waveguide filter, analogous to the 

E-plane filter in rectangular waveguide technology, was first developed by Filolie and 

Vahldieck [43] where the insert was approxim ated by a bow-tie shaped s tru c tu re . The 

present work builds on this idea to design filters, m atching networks and  polarizers 

in ridged circular waveguide technology. .A more detailed discussion will follow in the 

next section.

In view of the advantages of MMM. m any researchers recently have focussed a tten ­

tion on the  combination of discretization schemes with MMM [44.45]. T h is scheme has 

been applied when there are rectangular elements in a circular housing or. in general, 

to problems which involve mixed coordinate system. For a com bination of FEM  and
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MMM or FD and MMM. the eigenvalue analysis of the arb itrarily  shaped stru c tu re  is 

done using FEM or FD. Subsequently, the discontinuity from a s tru c tu re  th a t is well 

su ited  for a MMM analysis is m ade possible by a com bination of techniques. Since 

th e  s tru c tu re  tha t is discretized is sandwiched on either sides by a region where fields 

can be expressed as modes, application of the  matching condition and orthogonality  

of modes results in integrals which can be performed as sum m ation. Therefore, the 

m odal representation gets directly incorporated and a generalized sca ttering  m atrix  

is obtained. Such hybrid techniques are a ttrac tiv e  due to the ability to handle s tru c ­

tures th a t are. at least to some degree, a rb itrarily  shaped. In this work, however, only 

such structu res are investigated and designed for which the MMM analysis can be 

used entirely. .Measurements have been carried out to validate the theory  proposed.

1.2  O rg a n isa tio n  o f  th e  d isse r ta tio n

C h ap ter 2 begins with the study of MMM. .A full-wave analysis of double plane 

step  rectangular waveguide discontinuity is first discussed as an exam ple. Eigenvalue 

analysis in ridged rectangular waveguides and rectangular coaxial line have been 

perform ed. .A step discontinuity in rectangular coaxial line is also analyzed and 

com pared with the literature.

C hap ter 3 discusses the eigenvalue analysis in ridged circular waveguides using 

MMM. The analysis of one to four ridges placed equiangularly has been analyzed 

and com pared with the literature. The ridges have been shaped conically in order to 

fit the  cylindrical coordinate system . It is worth m entioning here th a t it is possible 

to  fabricate  such shapes as well. Besides, a comparison with lite ra tu re  shows th a t 

for ver\' th in  ridges, it is possible to approxim ate the rectangular cross-section as 

conically shaped ones in the analysis.

The eigenvalue solutions are necessary before the scattering param eters of a dis­

continuity  can be determ ined. Using the  results from C hapter 3. a d iscontinuity  from
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Figure 1.1: Three resonator evanescent mode circular waveguide filter

an em pty  circular waveguide to a ridged circular waveguide has been analyzed in 

C hapter -I. Based on this analysis, evanescent mode circular waveguide filters using 

ridged circular waveguide resonators have been designed, fabricated and m easured. 

.Also ridged circular waveguide transform ers have been designed. .All designs have 

been optim ized. Figures 1.1 and 1.2 show an evanescent mode filter and a double 

ridged circular waveguide transform er, respectively.

C ircular waveguides can support orthogonal fundam ental polarization. .Asymmet­

ric s truc tu res  couple energy from one polarization to the  other. Such structu res are 

an essential feature in dual mode filters and polarizers. .A typical dual mode filter 

and a polarizer are shown in Figures 1.3 and 1.4. The dual mode filter has a coupling
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Figure 1.2; Circular ridged waveguide transformer

screw placed asymmetrically (usually at 45 degree) to the  excitation. There  are two 

o ther screws called the tuning screws placed horizontally and vertically. These screws 

are needed to tune the filter in order to overcome the  discrepancies that can occur 

in practise. However the tuning screws can be eliminated if an accurate design is 

available for practical realization. Such filters, without the  use of tuning screws, have 

been designed using a combination of FEM  and MMM [45]. The hybrid approach 

was needed because the coupling screw was simulated as rectangular post. Chapter 5 

deals with the  analysis of discontinuities where the ridges in the  circular waveguides 

have been placed asymmetrically to the excitation as in the  case of a dual mode filter.



13

f -  r

Figure 1.3: two-pole dual-mode filter

.A.S the ridges have been shaped conically, a  rigorous analysis of a discontinuity be­

tween empty circular waveguide and single ridged or double ridged circular waveguide 

oriented at any arbitrary  angle has been derived using MMM. The ridged region of a  

dual mode filter and polarizer shown in Figures 1.3 and 1.4 has been modified to the  

one as shown in Figure 1.5 for the analysis in the present work. The conclusions and 

recommendations for further work has been presented in C hapter 6.



u

Figure 1.4: circular waveguide polarizer
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(a) (b)

(c) (d )

Figure 1.5; (a) Ridged section in a dual-mode filter (b) Modified ridged section as 
used in the present work (c) Corrugated section in a circular waveguide polarizer (d) 
Ridged section as used in the present work
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Chapter 2 

Analysis of Rectangular Cocixial 
Lines Using Mode Matching 
Method

2 .1  In tro d u ctio n

The Rectangular Coaxial Line (RCL) has been used in beam forming networks [46] 

as an alternative to the rectangular waveguide. The RCL has reduced dimensions 

compared to the rectangular waveguides which makes it attractive for satellite appli­

cations. The power handling capability and loss characteristics of RCL are compara­

ble to tha t of circular coaxial line. Besides, manufacturing components using RCL is 

more economical compared to that in circular coaxial lines. Computer aided design 

of RCL components is important to further reduce manufacturing cost and to reduce 

the  design-manufacturing cycle.

This chapter begins with a description of the Mode Matching Method cis the 

"engine" for the analysis of a variety of discontinuities utilized in the design of filters, 

polarizers and beam forming networks. The double step discontinuity in rectangular 

waveguides is analyzed first. Since, the  Mode Matching Method analysis of step 

discontinuities in rectangular coaxial lines is an extension to this type of discontinuity 

it will be discussed second. The mode matching analysis of components in circular
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waveguides discussed in the later chapters can be derived straightforwardly from 

discontinuities in rectangular waveguides.

In order to characterize discontinuities using the Mode Matching Method, the  

eigenvalues of the cross-section left and right from the discontinuity plane must be 

known. The eigenvalues of the RCL cross-section cannot be written analytically as 

in a rectangular waveguide or a circular coaxial line. Hence, in order to analyze 

discontinuities in the rectangular coaxial lines an eigenvalue analysis of the cross- 

section has to be done first. There are four possible symmetries in the  rectangular 

coaxial lines cross-section. For a particular symmetry of RCL. the s truc ture  is th a t  

of a single ridged rectangular waveguide which has been analyzed in the  literature 

before. This symmetry is discussed first, followed by the eigenvalue analysis of a RCL 

for various other symmetries. The Transverse Electromagnetic cell(TEM cell) which 

is used in electromagnetic interference and compatibility tests has the  cross-section 

of a RCL with very th in  inner conductor. The eigenvalues of the RCL obtained 

using the MMM are compared with the literature for a TEM  cell. The characteristic 

impedance of the RCL is another im portant parameter for the discontinuity analysis 

and has been obtained in this chapter using the Mode Matching M ethod and the  

finite difference method. Finally, a step discontinuity in the  RCL has been analysed 

and compared with measurements from the literature.

2.2 F u ll w ave a n a ly sis  o f  a  d o u b le  s te p  d isc o n ti­
n u ity  in  rec ta n g u la r  w a v eg u id e

The analysis of any discontinuity using the  MMM involves the  following steps.

1. The fields on both sides of the discontinuity are expanded in te rm s of a series 

of modes of incident and reflected waves.

2. The magnitude of power carried by each of the modes is set to unity.
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3. The continuity  conditions for the tangential components of the electric and 

magnetic fields are imposed.

4. Using th e  principle of orthogonality of modes, the equations of the continuity 

conditions are transformed into matrices relating the expansion coefficients of 

incident and reflected waves at the discontinuity.

•5. The m atrices are rearranged and inverted suitably to obta in  the generalized 

scattering m atrix  which describes the discontinuity in term s of the dominant 

and higher order modes.

Theoretically, the generalized scattering matrix is of infinite dimensions corre­

sponding to the  infinite number of eigenmodes. T h e  m atrix  is t runca ted  to a finite 

size for numerical calculations. Hence a larger m atrix  has to be inverted if more 

modes are included in the analysis. The test for the  m aximum num ber of modes to 

be included for the most accurate result or. in o ther words, a test of convergence 

of the evaluated scattering parameters is hence an im portan t part of every analysis 

using the M MM . Since there is a choice on the num ber of modes included in the two 

or more regions of the discontinuity, the best possible ratio between the num ber of 

modes also has to be identified. This phenomenon of relative convergence has been 

extensively s tudied  in the literature [47] and a further discussion will be presented 

later at the end  of this section.

.\  fact th a t  is worth observing before beginning an analysis of a discontinuity is 

to find if the  fundamental mode that is excited in the  discontinuity couples energy 

to all the higher order modes included in the analysis. If the fundam ental mode 

that is excited in the discontinuity does not couple energy to som e of the higher 

order modes, then such modes can be eliminated from the analysis. By including 

these modes, however, the scattering parameters of the  fundamental mode do not get 

altered. This certainly involves more computational effort in calculating the elements 

of the matrices or inverting them. On the other hand, at certain discontinuities, it
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Figure 2.1: H-plane step discontinuity

is sometimes necessary to include higher order modes th a t  are not necessary for the 

analysis of tha t discontinuity. This is so because at subsequent discontinuities these 

higher order modes may get excited and. if the two types of discontinuities are in 

close proximity to each other, all modes tha t  can possibly be excited will interact and 

affect the performance of the component. . \n  example of such a situation is discussed 

in C hapter 4. .A. knowledge of which modes must be included in the analysis can be 

derived from the symmetries of a discontinuity and the sym m etry  in the fundamental 

mode tha t is incident. For instance, at a H-plane discontinuity, as shown in Figure 

2.1. the fundam ental mode { T E i q̂ mode) excitation will not excite modes other than 

the T Em.o modes (where m = 1.2.3. At a discontinuity tha t  has no symmetries 

whatsoever, it is essential to include all the  higher order modes in the analysis and 

check for convergence to get the accurate values of the S-parameters.

The double plane step discontinuity as shown in Figure 2.2 is a symmetric one. 

The incident fundamental TE\_q mode will excite only modes with magnetic wall and 

electric wall sym m etry as shown in Figure 2.2. This implies tha t it is sufficient to 

include only modes with such symmetry namely the TEm.n and T \Im.n with m odd 

and n even. However, at an asymmetric step shown in Figure 2.3(b) all the  modes 

have to be included in the mode matching analysis. The analysis of the double plane 

step discontinuity is well known and has already been been presented in a num ber of
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Figure 2.2: Double plane step discontinuity in rectangular waveguides

papers. [23.24]. It has been repeated here for introducing the  principles of MMM.

The full-wave analysis presented in the following is based on the matching of 

the tangential field components at the discontinuity. The fields are derived from the 

superposition of the  electric and magnetic vector potentials. T he  two potential vectors 

are represented in terms of mode functions that are transverse electric { T and 

transverse magnetic ( T M ^ ^ )  to either the z coordinate (usually the direction of wave 

propagation) or the  .\ [ T and „) or y ( T „ and T.V/^ „) coordinates. The 

alternative field descriptions other than the one in propagation direction is necessary 

either for improving the efficiency of the method or for analyzing certain types of 

discontinuities. However, in the following analysis the z-component of the vector 

potentials is used to describe the field components as this is more appropriate for the 

discussions in la ter chapters.
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The six field components are obtained from the superposition of the  potential

—»(&) —f(̂ )
vectors l' . and t ’ . .

— »  — t.i'*) 1 —».(«>
E  =  V ---- X c- -i- T-V X V  X L'z (2.1)

- 1
H  =   V X V  X {/'- +  V  X f -  (2.2)

_,(/*) _,(^) . . . .
The potential vectors and ii'- individually satisfy the Helmholtz equation

from which the fields are derived. Superscripts h and e denote the magnetic and

electric potentials respectively. They can be written as an infinite sum of the  incident

and reflected normal modes in both regions of the discontinuity. The coefficients Cp.,

and .4m.„ are the incident wave amplitudes of T M  and T E .  respectively, while Dp.,

and Bm.n are  the reflected wave amplitudes, respectively, as indicated in Figure 2.3.

- . j . . - )  =  £  f ;  (2.3)
,{Rh)
I (X. ÿ. r) =

m =0 n=0

=  £ £  ) A i f ’r i « ' ’( x . i , ) ( 0 - - ’- '= -  '-) (2.4)
p = l q = l

where. R  £  1.11  are the two regions of the  discontinuity. The wave im pedance Z and 

adm ittance  V  are as follows:

^{Rh) __
m n  j{Rh) (-••^1

“̂m.n

(2.6)

It can be observed that the  coefficients of the field components namely .4. B .  C  and D 

have two indices. This is a direct consequence of the separation of variable solution to
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Figure 2.3; (a)Sym m etric double plane step discontinuity in rectangular waveguide 
(b) .Asymmetric double plane step discontinuity in rectangular waveguide

the Helmholtz equation. However, these coefficients form a vector during the analysis,

since m . n  or p.q  represent one particular mode with a certain value of propagation 

constant J^.n or The transverse component of the potential functions in the

region [ I  can be written as:

+  <5o.n 

sin(A;(^y)z) sin(t^y)y)

(•2.7)

( 2 .8 )

where =  m - J w  . =  n - j h  . A].” ' =  pi^/w and =  qTz/h when w is the

width and h is the height of the rectangular waveguide in region I I .
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Similarly in region I  the potential functions are as follows:

Y 1 +  éo.m Y 1 +  ®Q.n

' - p Ï ’ =  ^p.J*sin(Â:ip’(x  -  ĉ )) sm{k[[Hy ~ Cy)) (2 .1 0 )

where =  m - j a  . = mr/b  . k̂ .̂ J = pir/a and k^^J = q-irjb with a as the width

and b as the height of the rectangular waveguide.

T he  propagation constants in either regions (/?). can be evaluated from

= l a t i )

The power carried by each mode and in each of the region is evaluated from

where 5 ' ^ ’ is the surface area of the cross-section of that region. The coefficients 

and 7^^^) of the potential functions are chosen so that the magnitude of the  

power carried in the corresponding mode is unity. Thus.

P  =
Iff for propagating modes
-l-Jff for evanescent T E  modes (2.13)
—Jff  for evanescent T’A/ modes

This vields.

=  “ ------   (9 14)
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9
—  " —   (0

\ A ¥ 7 T 7 f ? v ^

At the junction of the discontinuity (z=0) formed by two rectangular waveguides, 

with their axis in line, as shown in Figure 2.3, the continuity condition is applied as 

follows

E ^^ \x . t j )  =  E^^^ \x .y )  z G yÇi[cy.dy\  (2 .IS)

=  0 otherwise (2.19)

H'^^Hx.y)  =  H' ‘̂^ \ x . y )  x e j c ^ r - d x ] .  yÇ: [cy .dy ]  (2 .20)

The above two continuity conditions of tangential electric and  magnetic fields can 

be separated into four sets of coupling equations using the property  of orthogonality 

of modes. The resulting coupling equations after matching th e  tangential electric 

fields at the discontinuity and applying orthogonality is of the following form:

+  B i y  =  +  D»>) C2.21)

c;."’ + A'.'/' = KAc>'> + B<|i) + vu(A<;;„ + 12.2 2 )

It must be noted tha t though the coefficients of the field components, namely A. B ,  C  

and D  when they form a vector are arranged in ascending order of the cutoff frequen­

cies of the corresponding modes. The elements of the matrices V),/,. Vé/,. Vhe and 

can be computed from the equations below.
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\\^{ lj .pq)  =

\ \ h { i j . m n )  —

Vhe{ij.rnn) =

)dxdy

j(/e)
,  Ale)

# r r <

Alle)
pg ( e )dxdy

(2.2 5 ,
*/Cx *'Cy

- I -ÂO Cx ^Cy
)dxdy

(2.23)

(2.24)

(2.26)

The vectors e are the tangential electric fields evaluated from the potential functions 

and are obtained using .\ppendi.x .A. or the equations below:

_^(M)
 ̂ mn (2.27)

— »(/f)
== (2.28)

^ V =  ;  x T rc t '! / . (2.29)

-yille) 
^ V (2.30)

It can be verified that is zero. This has been analytically proved in [48]. Matching 

the H-fields and applying orthogonality again results in

+  K U c H ,” -  D j " ' )

C'.'J -  -  o % i )

(2.31)

(2.32)
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It can be verified that the coupling matrices in the above equations are transposes of 

the Vhh • Vv/i and obtained in the E-field matching. Rearranging the four sets of 

equations, we have

/  r 0
0 r 0 £)(/)

—I /i/i 0 r 0
V — iç/i 0 V V

( 0
0 E 0 q E)

k/i/i 0 - r 0 B(ii)

Vee 0 - r \  j

(2.33)

where C  is the  unit matrix.

T he  generalized scattering matrix of a step discontinuity is hence given by

5  =  A ' , - ‘ A', (2.34)

. \n  alternative scheme of inversion [49] is given in the  Appendix B. That scheme 

is com putationally  more efficient, since the size of the  m atrix  to be inverted is smaller 

compared to tha t  in the  equation (2.34). Hence, the inversion technique in Appendix 

B has been used in all the  analyses presented in this work.

T he  symmetric double step discontinuity can also be analyzed using the T „ 

approach, as the fundamental mode T E ^ q is the sam e as T E \ q. In this approach, 

the fields at the  discontinuity are evaluated based on the magnetic vector potential 

(Aj- =  U) alone. This approach is not a rigorous one as the c '  potential vector is 

ignored due to the fact tha t the E^ field is very small at the  discontinuity. .Although 

this type  of analysis produces a computationally efficient algorithm, it has been shown 

in [50] tha t  for certain types of component analysis, like resonant-iris waveguide filters.
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this approach can result in inaccurate results. .An improved version of the T  

approach has been presented in the same reference [50].

2.2 .1  C onvergence analysis

In order to overcome the phenomenon of relative convergence in the MMM. the num­

ber of modes included in the regions left and right of the discontinuity are truncated 

suitably. This phenomenon has been discussed extensively in [47]. For rectangular 

waveguides, where the potential vector is a double sum in the two coordinates of the 

cross-section, best convergence is observed when the truncation ratio of the modal 

indices in the two regions is equal to the corresponding dimension ratio. The conver­

gence of the S-parameters for a  symmetric step discontinuity occurs with only about 

20 T E  and T M  included in the waveguide with greater dimensions. The variations 

of 5 n  and S’i2 with frequency is shown in Figures 2.4 and 2.5. The results agree very 

well with literature [26].

2 .3  E igen va lu e  an a lysis  u s in g  M M M

The MMM can be applied to solve for the eigenvalues in complex structures includ­

ing microstrip lines, coplanar waveguides and  finlines. .A rectangular single ridged 

waveguide has been treated here as an example. Since the structure  is symmetric, a 

magnetic wall or electric wall symmetry can be assumed to obtain the eigenvalues of 

the  corresponding modes. One half of the symmetric ridged waveguide is once again 

divided into two subregions as shown in Figure 2.6. The potential functions in each 

of these regions can be expressed in terms of x and y dependent terms th a t  satisfy the 

Helmholtz equation and the boundary conditions in the two subregions. The electric 

and magnetic potential functions for a magnetic wall symmetry is written as:

^  ,4m s in    cos{k \^^\i  — a /2))  (2.35)
m  =  l 9
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Figure 2.4; M agnitude of reflection coefficient from a input waveguide of dimension 
10.7mm X 4.32mm to a output waveguide of dimension 15.8mm x 7.9mm

. ( e2 )  _ Sin
I

n - y  I
(2.36)

M
^  ^  c o s - ^ ^ - ^  sin(A'(.|j')(z -  a / 2 ) )

m=0 9

a=0

(2.37

(2.38)

The propagation constant in the x  direction in the above equations (2.35) to (2.38) 

can be obtained from the equations below.

•Tm ^
=  p - t ! ' " " ’ - ( T )

(¥) (2.39)
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Figure 2.5: M agnitude of transmission coefficient from a input waveguide of dimension 
10.7mm X -1.32m m  to a output waveguide of dimension 15.8mm x 7.9mm

(2.40)

At cutoff, k: is zero and the cutoff wavenumber is defined as k^ = k^ +  k^. Hence, in 

equations (2.39) and (2.40) k^ is set to zero for the eigenvalue analysis. The tangential 

com ponents of Ey. t L  (for 7’£ ’ modes) or Hy, E~ (for T M  modes) are evaluated from 

the  potentia l functions using the formulas in .Appendix These field com ponents are 

m atched at the  interface of subregions 1 and 2. In order tha t  the fields be described 

completely, the sum m ation of the potential functions should be infinite, i.e M  and 

iV should be infinite. However, for numerical purposes they are truncated. Using
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Figure 2.6: Single ridged rectangular waveguide 

orthogonality a system of homogeneous equations is obtained. It is of the form:

[F][.V] =  0 (2.41)

The vector [.\] is an array of the unknown coefficients Cm and for T E  modes 

and .4m and for T \ f  modes. The characteristic equation for the T E  modes is 

given below:

P Q
R S

C
D

0
0 (2.42)

where the  elements of the submatrices of F  can be obtained as:

P { m .n
sin -  a /2 ))  if m = n = 0

^^Jsysin — a /2 ))  if m = n  and m ^  0

otherwise

(2.43)

Q (m .n )  = — cos I cos —/; n x y  m x y  
co s  ay (2.44)
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S {n i .n )  = i
u sin if m=n=0
a /2  sin if m=n  and m  ^  0 (2.45)
0 otherwise

R ( m .n )  = cos — a/2) f  cos - c a s  - d y  (2.46)
" Jq q u

I I I  order for the  coefficients of the potential functions to be non zero or. in other 

words, to get a nontrivial solution, the determinant of the characteristic m atrix  F  

should be zero. Hence, the cutoff wave number of all the modes can be obtained 

by searching for the  zero of the determinant at various Iĉ . \ s  the  value of .V/ and 

.V is increased a convergence behavior can be observed. The ratio of .V/ to .V can 

be set equal to the  ratio of the ridge gap to waveguide height in order to overcome 

the relative convergence phenomenon. It has been shown that the Singular Value 

Decomposition(SVD) of the characteristic matrix [51] can be used to determine the 

eigenvalues.

Using the S \  D. a matrix can be decomposed as below

(.d) =  (U )(5 )(U ) (2.47)

where (S') is a diagonal matrix formed by the singular values in decreasing order and 

(f ) and (I ) are columns of left and right singular vectors. The cutoff wavenumbers 

are obtained using a search for the minimum of the  smallest singular value while using 

SVD. The poles of the  determinant of F  do not affect the singular values and hence 

the values of .V/ and .V can be chosen for the best convergence. Using this procedure, 

the eigenvalues o{ T E  and T AI modes of the single ridged rectangular waveguide have 

been obtained and summarized in Table 2.1. Results are in close agreement with [52] 

where the eigenvalue solutions are obtained using variational technique.
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Mode
Patte rn

Eigenvalue 
of rect. VV'G 
rad /m m

L tsumi's [52]
solution
rad /m m

MMM
solutions 
rad /m m

TEuo .1653 .0930 .0943
T E u i .3697 .3332 .3322

.4960 .3881 .3820
TEs.i .5962 .5265 .5282

.6817 .6654 .6654
TEs,o .8267 .6917 .6918

.8267 .7456 .7458
TEs.i .8904 .8298 .8321
T M u i .3697 .4665 .4708
r .v / i .2 .6817 .7358 .7408
T  .V/3.2 .8267 .9427 .9379

Table 2.1: Eigenvalues of single ridged rectangular waveguide of dimension a= I9 m m . 
u=9.5m m . q =  1.7mm and t=0.1-5mm

2 .4  A n a ly s is  o f  rec ta n g u la r  co a x ia l lin e  s te p  d is­
c o n tin u ity  u sin g  M M M

Step discontinuities in rectangular coaxial lines (Figure 2.7) can be analyzed using the 

MMM [53]. However, unlike in the case of rectangular waveguide or circular coaxial 

lines, knowledge of higher order modes is not available analytically. Hence, the first 

step involves the eigenvalue analysis for the  determination of higher order T E  and 

T M  modes. The fundamental mode is the T E M  type and its solution is obtained 

from Laplace's equation.

2.4.1 S tep  1: E igenvalue A nalysis

The solution for the fundamental transverse electromagnetic mode is obtained by 

solving Laplaces equation

=  0 (2.48)
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Figure 2.7: Symm etric inner conductor step discontinuity in RCL

L sing a magnetic wall along the two lines of sym m etry  it is sufficient to analyze 

one quarte r  of the cross-section alone. This is again divided into two subregions as 

shown in Figure 2.8. The inner line is assumed to be a t potential V", and  the outer 

line at zero potential. The solution for the potentials in both regions is obtained from 

Laplaces equation with unknown coefficients. \ t  the interface of the two subregions 

the continuity of the potential is applied. The solution for the potentials in the two 

regions is found as:

<■/
(2.49)

.ir.3 6? ( ! - < ) )

. n~y  . n - x  
sin —:— sinh —-— (2.50)

The value of n is odd due to symmetry. For numerical purpose the sum m ation  in 

equation (2.50)is truncated. The T E M  electric field components in the two subregions 

are obtained using

E  = -  V C (2.51)
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Figure 2.8; (a)Cross-section of RCL (b) Expanded view of half the  cross-section of 
RCL

If the  inner conductor of the RCL is infinitely thin, the potential functions can be 

obtained by setting q =  6/2 in equations (2.49) and (2.50). The capacitance per unit 

length of the line is obtained using Gauss law to solve for the charge Q on the center 

conductor and then evaluated using the relation given below.

(2.52)

The characteristic impedance is evaluated from the following relation

(2.-53)

where v is the velocity of light.

The characteristic impedance for certain dimensions has also been obtained using 

the finite difference technique in order to compare the solutions with the  above tech- 

nic[ue. This comparison has been summarized in Table 2.2. The difference between 

the two methods may be due to the edge condition not being satisfied completly at 

the interface of the two subregions while using MMM.
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SI.
no.

Dimensions in cms 
a. b 
a2. b2

MMM impedance
solution
(Ohms)

Finite
Difference
(Ohms)

I. 1.1. 1.0 
0.416.0.416

47.24 49.60

2. 1.1. 1.0 
0.7. 0.6

23.95 24.64

3. 610. 7.30 
406. 0.157

47.32

Table 2.2: Characteristic impedance of RCL

The variation of the characteristic impedance with the increase in the  width of 

the inner conductor, while keeping its thickness constant, is shown in Figure 2.9.

The cutoff frecjuencies of all the higher order modes in RCL can be obtained by 

considering suitable symmetries. There are four possible symmetries for the  RCL as 

there are two lines of symmetry as shown in Figure 2.8 which can be e ither electric 

or magnetic walls. Each of the  higher order modes evaluated can be traced to the 

TEm^n or the TMm.n luocle in an empty rectangular waveguide of the same dimen­

sions where the  inner conductor of the RCL is absent. Hence, in the  RCL they are 

referred to by the same mode nomenclature as in a rectangular waveguide though 

the field components are significantly altered. The cutoff frequencies of the  higher 

order modes corresponding to the magnetic wall along the y direction and electric 

wall along the x direction (TEodd.even and TModd.even) can be evaluated using the 

equations presented in section 1.3 for the single ridged rectangular waveguide be­

cause the cpiarter cross-section of RCL for such a sym m etry is the same as tha t of 

the single ridged rectangular waveguide. Similarly, for the sym m etry  with electric 

wall along the y direction and magnetic wall along the x direction {TE^yen.odd and 

TMfi-eri.odd)- the  quarter cross-section reduces to tha t of a single ridged rectangular
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Figure 2.9: Characteristic Impedance of RCL s

waveguide. But the axes are interchanged. This change is applied to  the  analysis in 

section 2.3 to determine the corresponding eigenvalues. For the case of TEodd.odd and 

T  Modd.odd sym m etry  (magnetic walls along both the lines of sym m etry), the  equations 

for potential functions are given as:

M
(2.54)

m = 1

.V . [2n - l)~y I
sin

n = I

.V/
cos

2" e '

mTTÿ 1

sin(A.4 '̂*x

-  a /2 ))
m=0

(2.55)

(2.56)

(2.57)
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The procedure described for the  eigenvalue analysis has been followed once again to 

evaluate the cutoff frequencies of TModd.odd and TEodd.odd modes. The eigenvalues 

for a case of rectangular coaxial line with a very thin inner conductor, called the 

Transverse Electromagnetic cell (TEM  cell), has been evaluated and compared with 

the  FEM [.54] and the TL.\I [55] method. It should however be noted that the  FEM 

and TLM methods have assumed the thickness of the  center conductor zero although, 

physically, the thickness of center conductor of the  TE.M cell is finite. This assumption 

is m ade because otherwise a fine discretization is necessary in order to account for the 

finite thickness of the inner conductor while using these m ethods. This may increase 

the memory requirements and cpu time needed to solve the  problem. However, an 

approximation of zero conductor thickness does not introduce an appreciable error in 

the cutoff frequencies of the TE M  cell.

The values denoted in the Table 2.3 indicate that the  cut-off frequencies have 

been evaluated using waveguide formula because the  line of sym m etry  for those modes 

are electric wall along the direction of the center conductor. .\s  the  thickness of the 

center conductor is assumed to be zero, it is appropriate  to use the  waveguide cut-off 

formula. The analysis for this symmetry however, have been evaluated using the  

rigorous procedure described, as the  inner conductor thickness is assumed non-zero. 

The potential functions for such a symmetry have been given below.

sin sin(Ar[.[j'(j' -  a/ 2) )  (2.58)

sin — sin(4^;>x) (2.59)
n =  l ^

^  COS   cos{k^^J^\x — a/'2 )) (2.60)
m=0 9

^  Dr; co s— -  cos{k^^^^x) (2.61 )
n=0 "
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The eigenvalue solutions for a TEM cell using MMM are in close agreement with 

tha t of the FEM  and TLM.

Mode
P a tte rn

TLM met hod [55] 
fc in MHz

FEM method[54] 
fc in MHz

MMM 
in MHz

T E oa 15.1 15.5 16.0
TEuo 24.6= 24.6 = 24.6
T E u i 31.1 31.2 31.4
T E o .2 41.1 = 41.1 = 41.1
T E 2 .1 45.4 45.3 46.1
T E i .2 47.8= 47.8= 47.8
T E 2 .0 49.2= 49.2= 49.2
T E o.3 54.2 54.4

62.1 62.5
64.1 = 64.1
73.2 72.4

T E 3 .0 73.8= 73.8
76.9 75.6
84.4= 84.4
87.2 87.1

r .v / „ 47.6 47.9 47.5
r . \ / i> 47.8 47.8= 47.9
TMoi 64.3 63.0
T M 2 2 64.1 = 64.1
T M i3 82.0

Table 2.3: Cutoff frequencies of TEM  cell of dimensions a=6.1m . b=7.3m . a2=4.06m. 
b2=0.I.57cm

2 .4 .2  S tep  2: A n alysis o f a step  d iscon tin u ity  in rectangular  

coaxia l line

.4 symmetric step  discontinuity in circular coaxial line has been analyzed considering 

only T E M  and TMo,m modes [56.57]. In the case of rectangular coaxial line discon­
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t inu ity  shown in Figure 2.S. however, an incident T E M  mode which has magnetic 

walls along the two lines of symmetry, will e.xcite TEodd,odd and TModd.odd modes.

The cut off frequency of higher order modes with magnetic walls along the lines of 

sym m etry  is found using the steps discussed above for the eigenvalue analysis. The 

coefficients for the  potential functions in the equations (2.54). (2.55). (2.56). (2.57) 

can be obtained by solving the homogeneous characteristic equation (2.41) a t  the cut 

off frequency. This is achieved by initially setting one of the coefficients in either 

subregions to unity and then calculating the remaining coefficients. The potential 

functions in the RCL cross-section can be written as the sum of the potential functions 

in the  two subregions in which they satisfy the  boundary conditions. T he  respective 

m odal amplitude coefficients are obtained at all the cutoff wavenumbers. For instance, 

th e  magnetic potential functions are written as the sum of the  potential function in 

th e  subregions 1 and 2 as given in equations (2.56) and (2.57) with their appropriate 

m odal amplitude coefficients and the value of kj. obtained from the  eigenvalue analysis. 

These amplitude coefficients are then normalized so that the m agnitude of the power 

carried by each of the T E  and T M  modes is 1 watt. This is done by adding the 

power evaluated in the subregions 1 and 2 for th a t  mode. For the T E M  mode which 

is included as a special case of T M  mode in the discontinuity analysis, the power 

carried is determined by jZo where is th e  characteristic impedance. It can be 

noted that the T E M  fields in a rectangular coaxial line is represented as a series in 

subregion 2 and is truncated suitably.

.\ t  the junction between two rectangular coaxial lines with different dimensions, 

there  are subregions on both sides where the tangential components of electric and 

magnetic fields have to be matched. Hence, a  small length of a waveguide of the 

dimension of the outer coaxial line is assumed initially (Figure 2.10) in the  analyis of 

th e  discontinuity [49]. The tangential components of E-fields at the  Junction between 

th e  rectangular coaxial line and the waveguide are matched. .A. set of equations is 

obtained  using the  property of orthogonality of modes, and the  coupling integrals
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RCL1 WG RCL2

Figure 2.10: .A junction between two RCL with an assumed waveguide section in 
between them

can all be evaluated analytically. The H-field matching condition is obtained by 

transposing the matrices that result from the m atching condition of the E-field as 

discussed in section 2.2. The generalized S-m atrix  of the step RCL discontinuity 

(RCL 1 - RCL2) is obtained from the above S-matrices for the two junctions (RCLI- 

VVG and  VVG-RCL2) by letting the  waveguide length, as shown in Figure 2.10. go to 

zero. It should be noted that there  is no T E M  m ode in the em p ty  waveguide but 

while cascading generalized scattering matrices, the  TEM  mode S-parameters from 

one RCL to another RCL is obtained because the  T E M  mode is present in bo th  the 

RCLs.

.A RCL cascaded step discontinuity has been analyzed using the  above procedure 

and compared with the literature. The characteristic impedance of the  two lines are 

nearly -30 Ohms and 25 Ohms (Table 2.2). The o u te r  conductor dimensions of the  -50 

O hm  and 25 Ohm line are II x 10 mm. The inner conductor dimensions of th e  25 

O hm  line is 7 x 6 mm  and that of the 50 Ohm line is 4.16 x 4.16 m m . The length of 

the 25 Ohm section is 20mm. The S-parameters of such a  cascaded step  discontinuity
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Figure 2.11: Magnitude of reflection coefficient of cascaded inner conductor step 
discontinuity in RCL (50 Ohm RCL inpu t/ou tpu t to  25 Ohm of length 20mm)

are compared with measured data available in [53]. .A good agreement is found using 

the full-wave analysis as shown in Figures 2.11 and  2.12.
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Figure 2.12: Magnitude of transmission coefficient of cascaded inner conductor step 
discontinuity in RCL (50 Ohm RCL input/output to 25 Ohm of length 20mm)
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Chapter 3 

Eigenvalue Analysis of Ridged 
Circular Waveguides

3 .1  In tro d u c tio n

An overview of the mode matching method with regard to the analysis of rectangular 

waveguide structures has been dealt with up to this point. This chapter deals with the 

eigenvalue analysis and the evaluation of characteristic impedance of certain types of 

ridged circular waveguides. .As indicated earlier, the  ridges have been shaped conically 

for m athem atical ease in formulation. Ridged circular waveguides find application in 

filters, matching transformers, orthom ode transducers, septum polarizers, magnetrons 

and gyratrons to nam e a few. A knowledge of the  propagation characteristics and 

characteristic impedance of the individual waveguide section is of utmost importance 

in the  design of these components.

This chapter is divided into two sections. The first section examines the technique 

to determ ine the eigenvalues of fundamental and various higher order transverse elec­

tric and transverse magnetic modes for different types of ridged circular waveguides. 

The second section deals with the evaluation of the  characteristic impedance.
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3 .2  E ig en v a lu e  a n a ly sis

3.2 .1  S ingle r id ged  circular w aveguide

To s ta r t  with, we first consider the cross-section of the single ridged circular wave­

guide of Figure 3.1(a) and (b). The eigenvalues of double, triple and quadruple 

ridged circular waveguide can be easily derived by following the sam e theory below 

and considering electric wall(ew) and magnetic wall(mw) sym m etry  suitably. The 

eigenvalues of the orthogonal dominant modes and higher order modes of such a 

s truc tu re  can be obtained from the solution of the Helmholtz equation in cylindrical 

coordinates.

.\ssum ing propagation in the  ;  direction, the structure as shown in Figure 3.1(a) 

can be divided into two homogeneous subregions. Solving the Helmholtz equation 

in each homogeneous subregion by applying the boundary condition, the  potential 

function for subregions I and 2 of Figure 3.1(a) for T E  modes can be w ritten  as 

follows:

r cos l{o — 0) r =  1 .3 . . . .  and I = k r  mw
I  cos l{o — 9) r  =  0 . 1 . . . .  and / =  for ew

(3.3)
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(a)

T

D

I mw/ew
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Figure 3.1: Single ridged circular waveguide

The functions are the Bessel functions of order n and A; are the N eum ann functions 

of non-integer order /. The unknown coefficients of the eigenfunctions are .4„ and Cm 

and 6 is the radius of the circular waveguide.

Similarly, the potential functions for the T M  modes for both symmetries are given

bv

cos no  r =  0 for mw 
sin no  r  =  1 for ew (3.4)

,V2

sin l(o  — Û) r = 1 . 3 . . . .  and / =  mw
sin l{o — 0) r =  1 . 2 . . . .  and / =  for ew (3.5)

From the potential functions, the field components in each of the regions can be 

derived using .Appendix D. The continuity condition of the tangential components of 

the electric and magnetic fields is then applied at the interface of the  two subregions:
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r( l) _ /r(2) p =  a.o € [9.2/T — 1̂ (3.6)

=  0 p =  a.o € [—9 . 9\ (3.7)

= p =  a.o 6 [9.'2~ — 9] (3.8)

= p = a.o € [9.2~ — 9] (3.9)

£(l) = p =  a.o  € [0.2% — 9] (3.10)

=  0 p =  a.o € [—9 . 9\ (3.11)

Equating and H~ for T E  modes and E.  and for T M  modes a t the in ter­

face of the two subregions and using the orthogonality property, a system of linear 

equations of infinite size as a function of Ay is obtained. The size of this system of 

equations is made finite depending on the truncation index .VI and .V2. They repre­

sent the  number of modes included for the analysis in the two subregions. The ratio 

between the number of modes in the two subregions is chosen to be close to the ratio 

of the  angular widths of region I and region 2 to avoid relative convergence problems 

[47]. The set of linear homogeneous characteristic ecjuations of finite size is of the  

form:

F [ .V ] = 0  (.3.12)

where [A] is a vector of unknown coefficients of the potential functions and F . the 

characteristic matrix, is a function of Ay. If the m atrix  E  is written in terms of 

submatrices P . Q . R  and 5  as in equation 2.34 with [A'j as a vector of the unknown 

coefficients of the potential functions, then the elements of the submatrices of F  for 

T E  modes are as follows:

■K(f-cb)7T i f n  = m
“  i o" '  otherwise
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riz-e m - { o  — 9) .
— / cos — ------ —  sin noao  (3.14

Jd 2(TT-d)

_  /  ( -  -  0)[./;(A:*a).V7(^-*6) -  .//(A:*6):V/(A:*a)] if m =  rz rz i - i
1 0  otherwise ' ^

Rnm = f  siu HO COS dO (3.16)
Je lyT — u I

The eigenvalues of the system are obtained either by searching for the m inim um  

of the smallest singular value of the characteristic m atrix  or by searching for the  zeros 

of the  determ inant(det[F]=0). The SV'D technique has been used here for evaluation 

of the  eigenvalues.

There are two special cases for the ridge depth  tha t have to be distinguished.

3 .2 .1 .1  Special C ase 1 : R idge depth =  R adius

In this case, subregion 1 vanishes when the ridge depth  is equal to the radius of the  

circular waveguide. The potential functions of the  T E  modes for this case is similar 

to [56].

L' = Jn(f^'cP) cos n{o — 9) (3.17)

where, n =  0 . ^ ^ . ^ ^ ^ . . . .

The  cutoff wavelength for the dominant and higher order modes can now simply 

be obtained from the  search for the zeros of the function Jj[(/;^6) (as this makes E 0  = 0 

for p =  6) instead of using equation 3.12.
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3 .2 .1 .2  S p ecia l C ase 2 : R idge depth > R adius

W hen the ridge depth is greater than the radius of the circular waveguide (Figure 

3.1(b)). the potential functions for T E  modes for both sym m etries is the same as 

equation (3.3) for subregion 2. while for region I it is

=  (3.1S)
ri=0

where q =  jz^5ïë)- contrast to case I the cutoff frequencies a re  now computed from 

equation 3.12.

Similarly for the T M  modes, the potential function in subregion 2 is the  same as 

equation (3.3). while in region I for both the symmetries it is

.VI
.(le) _ n~(o  — ff)

=  .4„./,(^!p)sin-y^y—^  (3.19)
n=0

The cutoff frequencies for all the symmetries have been determ ined for the single 

ridged circular waveguide. The nomenclature of TEn.m and  TA/n.m modes of the 

em pty  circular waveguide is maintained even though the presence of metallic ridges 

distorts the field distribution of these modes. Using the above mode nomenclature 

means nothing else than tha t  those modes can be traced back to  the corresponding 

ones in the em pty  (undisturbed) circular waveguide.

Figure 3.2 shows the cutoff characteristics of a single ridged circular waveguide. 

The results of the fundamental mode have been compared w ith  a finite element so­

lution [59] and good agreement was found. It is sufficient to include 7 mode in each 

of the  subregions to achieve convergence of the eigenvalues shown in Figure 3.2. It 

is observed tha t  the cutoff frequencies of the orthogonally polarized degenerate T E  

modes of the  circular waveguide move in the opposite direction when the penetration 

depth  of the ridge increases. For the polarization with along the direction of the
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Figure 3.2: Cutoff characteristics of single ridged circular waveguide (t/D =0.04)

ridge, the loading by the ridge is capacitive while for the polarization with per­

pendicular to the ridge the loading is inductive. Since the  ridge is positioned to load 

either inductively or capacitively for the orthogonal polarizations of the  TE  modes, 

mode splitting occurs. The mode splitting phenomenon for T E  and  T M  modes is 

represented as V(Vertical polarization or magnetic wall sym m etry) and  H(Horizontal 

polarization or electric wall symmetry) in the Figure 2.2 and the  following figures 

of this chapter. Since the TEo.m modes and TMo^m modes are axially symmetric, 

they exist only for electric wall symmetry or magnetic wall sym m etry , respectively. 

Therefore, those modes are not identified by V or H index. For th e  T M  modes, the 

ridges act as inductive load for both the symmetries and hence th e  cutoff frequency
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increases with the penetration of the ridge. .\n  interesting conclusion tha t is of direct 

importance in the design of septum polarizers can be drawn from Figure 3.2. In [59] 

it was reported tha t the low port isolation of a septum  polarizer was due to the onset 

of the r.V/o.i mode. However, as Figure 3.2 clearly shows, by exceeding certain ridge 

penetration depths, the cutoff frequency of the T E i.iV  mode is lower than tha t  of 

the r.V/o.i and it is rather this mode tha t  is responsible for the limited port isolation 

reported in [59].

3.2 .2  D ou b le  ridged circular w aveguide

The double ridged circular waveguide cross-section is as shown in Figure 3.3. Unlike 

in single ridged circular waveguide, an additional line of symmetry can be considered 

here making it possible to analyze only one quarter of the cross-section. There are 

four possible combinations of electric and magnetic walls along the lines of symmetry. 

However, the most important symmetry is the one with magnetic wall along the 

direction of the double ridges and electric wall perpendicular to it. This s truc ture  is 

useful in the design of components like bandpass filters and transformers. .Analysis 

of all the four possible symmetries is essential for the design of a polarizers where the 

ridges are placed at 45'  ̂ to the o =  0“̂ or the o =  180'  ̂ planes.

The potential functions for T E  modes in subregions I and 2 for a double ridged 

circular waveguide for all possible symmetries is as follows:

{ sin no r = 1.3 for mw&ew. r =  2. 4 . . . .  for mw&mw
cos no  r  =  0 .2  for ew&ew. r =  1.3  for ew&mw

In the above and following set of equations it should be noted th a t  the  first line 

of sym m etry  is the one that is along the direction of the ridge and  the next one
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mw/ew
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Figure 3.3: Double ridged circular waveguide

is perpendicular to the ridge. For instance, mw&ew in equation (3.20) indicate tha t  

there is a magnetic wall along the direction of the ridge and electric wall perpendicular 

to the ridge.

,V2
= E  ĉ [Ji(fĉ .p)y;{fĉ b) -  jiiic b̂)Ni(k̂ p)]

f  cos l i e  — 9) r =  0. 1 . . . .  and I =  . for mw&ew or ew&iew
I  cos l (o — 9) r =  1 . 3 . . . .  and / =  for ew&mw or mw&mw '

Similarly, the potential functions for the T M  modes for all the  symmetries are 

given by

.VI
=  Y . B n J „ ( K p )

COS n o  r  =  1.3. 
sin n o  r  =  1 . 2 .

. for mw&ew. r =  0 .2 . 4 . . . .  for mw&mw 

. for ew&ew. r =  1.3 for ew&mw (3 .22)
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Figure 3.4: Cutoff characteristics of fundamental mode of double ridged circular
waveguide

.VJ

sin l (o — 0) r  =  I. 2 and / =  , for mw&ew or ew&ew(.. / 23)
sin /(o  — 0) r =  1.3 and / =  for ew&mw or mw&mw

Figure 3.4 shows the fundamental mode {E  field parallel to the ridges) cutoff 

characteristics of a double ridge circular waveguide for varying ridge parameters. 

The  results are again in good agreement with the FEM [S] and TLM [60] solutions. 

.As illustrated in the Figure 3.4. the effect of ridge thickness on the cutoff frequency 

of the  fundam ental mode is relatively small. The variation of the cut off frequency 

of the  higher order modes with respect to ridge penetration depth  is shown in Figure 

3.5. Mode splitting of the orthogonally polarized T E i  i. TEo,i  and T.V/, , is clearly 

shown. Also here the splitting of these modes is due to the  sam e reasons as explained
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for single ridged waveguide.

3 .2 .3  T riple ridged circular w aveguide

T he triple ridged circular waveguide has one line of sym m etry as in single ridged 

circular waveguide. But the results of the eigenvalues are interesting to note. There 

are three subregions in this s truc ture  as shown in Figure 3.6 and  hence the size of 

characteristic m atrix  becomes larger.

The electric and magnetic potential functions for the subregion 1 is the same as 

in equations (3.2) and (3.4) for the  single ridged circular waveguide. However, for the 

subregions 2 and 3 they are as follows:

sin lo  r = 1.3. .. and I = —  for mw0<3
COS lo  r  =  0. I . . ..  and I =  for ewOn! i-

(3.24)

SI
, ,(3A) _= ^  Cm[J,(t̂ /,).V;(/:̂ 6) -  J/(̂ >6).VdA:,V)]

r COS l[o — Oo/2 — 29) r =  0 ,1 . . .  . and I = ^  for mw 
[ cos l{o — Oo/2 — 20] r  =  0. I . . . .  and / =  ^  for ew (3.25)

V2

COS lo  r =  1 .3 . . . .  and / =  —  for mwOo
sin lo  r =  2 .4  and / =  ^  for ew (3.26)
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Figure .3.5: Cutoff characteristics of double ridged circular waveguide
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Figure 3.6: Triple ridged Circular waveguide

vj

sin l{o — Ool- — 26) r = 1 . 2 . . . .  and  / =  ^  for mw
sin l {o — Oo/2 — 26) r = 1 .2 . . . .  and  / =  ^  for ew (3.27

where Oo is as shown in Figure 3.6. .Alternatively, the triple  ridged circular waveguide 

can be viewed as 3 slots of 120 degree. Since the s truc tu re  is periodic, the field 

component at the boundary  between two slots can be w ritten  as:

0 -

t ’(r. o  +  ^ )  =  C’(r. <p)e ■'2=̂*-V3 (3.28)

In general for a s tru c tu re  with P  slots.

t ' (r.  o - r — ) = L'(r. o)e (3.29)
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Figure 3.7: Cutoff characteristics of triple ridged circular waveguide

Since the  structure closes on itself. v(r .2~)  =  c’( r .0). Hence for a triple  ridged 

waveguide k in equation 3.2S takes the integer values 1.2 and 3. For th e  boundary 

conditions with Ic = I and k = 2. the phase of the field at one edge of th e  slot leads 

or lags the o ther edge of th e  slot by 120 degree. Hence for the conditions ^ =  1 

and k =  2. the  eigenvalue solutions obtained are the same. From th e  boundary 

condition k =  3 the axisymmetric modes are obtained. This implies th a t  the modes 

of orthogonal polarizations are  degenerate.

The cutoff frequency variation of a triple ridged circular waveguide versus ridge 

penetration dep th  is shown in Figure 3.7. .\lso here a good agreement w ith  measure­

ments [9] is observed. The bandwidth of the triple ridged circular waveguide is the 

largest of all the cases investigated in this chapter since the modes do not split.
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Figure 3.8; (a(Quadruple ridged circular waveguide (b) Slotted circular waveguide

3 .2 .4  Q uadruple ridged circular w aveguide

It is sufficient to analyze one quarter of the  cross-section of a quadruple ridged circular 

waveguide (Figure 3.8(a)) just like the double-ridged circular waveguide. However, it 

is im portant to note th a t  the symmetry planes can be rotated by 4-5 degrees and the 

quadruple ridged waveguide appears as in Figure 3.8(b) which can be regarded as a 

slotted circular waveguide.

The electric and magnetic potential functions in subregion 1 of the  quadruple 

ridged circular waveguide of Figure 3.8(a) are the same as in equations (3.20) and 

(3.21) of a double ridged circular waveguide. However, the potential functions in 

subregion 2 are below:

,.(2A| _ •V2

r =  0 .1  and / =  for all polarizations (3.30)
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-V2
=  Y. Dm[ MKP) - ^' i ( Kb) - MKb) y i ( Kp) ] s ml ( 0 - O)

r = 1 . 2 . . . .  and I =  for all polarizations (3.31)

The num ber of subregions in the case of slotted circular waveguide (Figure 3.8(b)) 

is three and hence the potential functions and the characteristic matrix differ from the 

above. But the  results of the  eigenvalue analysis are just the same as for the  case of 

a (quadruple ridged circular waveguide due to the periodicity of the quadruple  ridged 

structure. W hile  certain modes are degenerate, some others get split. Physical reason 

for mode degeneracy and mode splitting of quadruple ridged circular waveguide are 

explained below. However, they can be explained from equation (3.29) as well.

The cutoff characteristics for the fundamental and higher order modes of a  quadru­

ple ridged circular waveguide is shown in Figure 3.9. The modes with magnetic wall 

along one line of symmetry and electric wall along the o ther line of sym m etry  {TE\_i.  

T T’a.!- T Ei.j etc. or in general T £’2m+i.n) have the same structure for both  polariza­

tions and hence the same eigenvalues. In contrast, the modes such as T E 2 .1 . TE^,i  

and T E 2.2 (in general. TE-im.n) will have either electric or magnetic walls along both 

lines of sym m etry  for the orthogonal polarization and. therefore, the loading by the 

ridges is e ither  inductive or capacitive and mode splitting occurs. In comparison to 

the single ridge and double ridge case, the loading is higher because of th e  presence 

of additional ridges and. hence, the cutoff frequencies of such modes increase or de­

crease more rapidly. This is of practical importance in applications where the  T E 2 m.n 

modes can get excited. In such a case, the bandwidth is greatly limited when the 

penetration depth  of the ridge is increased. This is in contrast to a s truc tu re  involv­

ing total symmetry, for example an orthomode transducer [61] which is a  quadruple 

ridged circular waveguide to circular waveguide transformer. Since in this case the
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stepped ridged discontinuities are symmetric, only TEom+i.n and TXEm+i.n modes 

get excited. Hence, the performance of the orthom ode transducer is not affected by 

the  T E l l  mode. Similar to the  corresponding T E  modes, the  TM\ , i .  r.V/3 j modes 

(modes with magnetic wall along one line of sym m etry  and electric wall along the 

other) do not split up. However, modes like TMi_i.  r.V/4.1 and T M u  (modes with 

electric walls or magnetic walls along both lines of sym m etry) do split up which is 

a phenomenon tha t has not been reported in [62.63]. But unlike for T E  modes, the 

loading by the  ridges is always inductive for T M  modes and the loading is higher 

in comparison to the single and double ridged waveguide due to the  presence of the 

additional ridges.

3 .3  C h a ra c ter is t ic  Im p ed a n ce

The characteristic impedance of the ridged circular waveguide can be obtained using 

the  power-voltage definition:

Zo = (3.32)

The slot voltage for the double ridged and quadruple ridged waveguide can be ob­

tained using the  relation:

r  =  - 2  £  E i y ^ ^ 0 ..=0 )dp (3.33)

For the  fundamental mode, the slot voltage is as given below for one expansion term  

used in the region I  of the double and quadruple rudged waveguide. The value of 

k’c in the following equation is tha t of the fundamental mode of the  corresponding 

ridged circular waveguide as obtained from the  eigenvalue analysis.

\ = —2.4i f  J\{k^p)—dp (3.34)
Jo p
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Figure 3.9: Cutoff characteristics of quadruple ridged circular waveguide

The integral of the above kind can be evaluated numerically using the recurrence 

relation of Bessel functions given in .Appendix E. However, the integrand is not a 

function of th e  propagation constant and therefore need not be evaluated repeatedly 

at all the frequencies.

It is essential to know the relationship between the coefficients of the  potential 

functions in the  two subregions of the discontinuity for the  evaluation of the  power 

flowing in the  guide. The coefficient of the potential function corresponding to the  first 

expansion te rm  in subregion 1 is assumed unity and then the coefficients for the fields 

for the fundam ental mode are evaluated by solving the homogeneous characteristic
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equation (3.12) for as determined in the eigenvalue analysis.

The average power P  transported in the quarter cross-section of the ridged guide 

is determined using the relation

1 - r
P =  -.3? ^  /  (£<"> X //•<’>).ds (3.35)

■1=1 •̂ '̂1

There are only two subregions (q = 1.2 for double and quadruple ridged circular 

waveguide) over which the surface integral is computed. The power in region 1 and 

2 for the fundamental mode in double ridged circular waveguide is given as

\ j l { k c P )  cos^ no -f sin^ no
P

pdpdo  (3.36)

p(2)  _

--^'P \m=0
—  c :  r  r ' ‘ {{xnk-MJUk^p)  - n Ja J9

COS

-b-L[./,(A'!'/,).V;(t^6) -  j ; ( 6) . V , ( ^ } p d p d o l  (3.37)
p- ' Oo j

where. / =  m- / O o  and Oo = ” /2  — 8. The total power over the double ridged circular 

waveguide cross section is four times the the sum of P^^^ and P^~K For the  quadruple 

ridged circular waveguide the  limits of o dependent integral in subregion 2 in equation 

(3.37) are from 0 lo ~/'2 — 8 and Oo =  r / 2  -- 28

The characteristic impedance of double and quadruple ridged circular waveguide 

have not been investigated in the literature before b u t  is of practical importance 

in the design of components such as transformers and orthom ode transducers. The 

characteristic impedance of double ridged circular waveguide for various penetration 

depth is shown in Figure 3.10 and that of the quadruple ridged circular waveguide 

is shown in Figure 3.11. Only the impedance for the  polarization parallel to the 

ridges is shown, because the  double ridged circular waveguide is used in applications
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where this type of polarized m ode propagates. Besides, the orthogonal polarization 

does not get excited at symmetric discontinuities. The variation of the characteristic 

impedance of the  quadruple and double ridged circular waveguide with th e  ridge 

penetration depth  at three different frequencies is shown in Figure 3.12. In comparison 

to the double ridged circular waveguide, the decrease in the characteristic im pedance 

of the quadruple ridged waveguide with the increased ridge penetration d e p th  is 

slightly higher because of the presence of the two additional ridges. O therwise the 

characteristic impedance behaves very similar in both cases.
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Figure 3.10: Characteristic impedance of double ridged circular waveguide, b=2cm . 
ridge thickness(20)=IO degree
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Chapter 4 

Discontinuities in Ridged Circular 
Waveguides

4 .1  In tr o d u c tio n

T he eigenvalue analysis of various types of ridged circular waveguides was discussed in 

the  previous chapter. However, this is only the  first step in the design of components 

in ridged circular waveguides. For a rigorous design of components involving ridged 

circular waveguides it is essential to evaluate the S-parameters of every discontinuity 

based on the interaction of the  fundamental and higher order modes. Once again 

here, the ridges have been shaped conically. This enables the coupling between the 

fundamental and higher order modes to be evaluated analytically a t least in certain 

subregions of the discontinuity.

In this chapter, first a discontinuity from a circular waveguide into a double­

ridged circular waveguide is analyzed. Subsequently, the  generalized scattering m atrix  

technique is utilized to analyze and design components. Based on the  characteristic 

impedance evaluated in the previous chapter. Chebychev transformers in double and 

quadruple  ridged circular waveguides have been designed and optim ized. Similarly, 

an evanescent mode circular waveguide filter has also been designed. A very thin 

m etal sheet of rectangular cross-section has been approxim ated as a  conically shaped



one in the  numerical analysis. Using this approximation, a filter has been fabricated, 

measured and compared with the theoretical analysis.

4 .2  C ircu lar  to  d o u b le  r id g ed  circu lar w a v eg u id e  
d isc o n tin u ity

The geometry of the  discontinuity is shown in Figure 4.1. The excitation of such a 

discontinuity is the  fundamental mode namely TEi_i.  From the geometry, it is clear 

tha t there can be two lines of symmetry for this excitation. For the  o rientation of the 

ridge and excitation shown, the lines of sym m etry  are magnetic wall along the line 

joining the  ridges and electric wall along the line perpendicular to this.

The solution to the Helmholtz equation in cylindrical coordinates is written for 

both regions of discontinuity as a sum of incident and reflected waves of unknown 

amplitudes.

where, the superscript i refers to region I  or I I  of the discontinuity. The wave 

impedance Z ‘̂  and the wave adm ittance for a mode with propagation constant 

k; are given as:

^  (43)

=  S t h .4)



6 8

e w

(a) z = 0

' t n w \

e w

II

hri
(b)

(c)

Figure 4.1: Discontinuity regions (a) circular waveguide (region I)  (b) double ridged 
circular waveguide (region I I )  (c) side-view

The transverse component of electric and magnetic potential functions in the 

em pty  circular waveguide(region I)  for such a sym m etry can be w ritten  as follows:

'̂' > ( p. o  ) =  X] i z  Jn ( p) sin no
m = l n=1.3

(4.5)

m = l n=l ,3
(4.6)

The eigenvalues of the circular waveguide for T M  and T E  modes can be determined
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from the  zeros of the Bessel functions and their derivatives respectively. T he  coef­

ficients P  represent the power normalization constants and are obtained by setting 

the magnitude of the power carried in each of the modes to unity. For a circular 

waveguide of radius b this yields.

" = 0

The values of .V/*. \ p  and .V*. in equations (4.5) and (4.6) depend on the  trun ­

cation of the number o i T E  and T \ I  modes used in the evaluation of the  generalized 

scattering matrix.

In the region I I  of the discontinuity the electric and magnetic potential functions 

are expressed as the sum of those in subregions 1 and 2. They are as follows:

Rh
= ^ ( c ’*‘^*(p. o) 4- (4.9)

r = l

R.
c’*̂ "̂*(/9. o) =  o) +  o)) (4.10)

r=l

The magnetic potential functions in the ridged circular waveguide subregions I 

and 2. shown in Figure 4.1 for a ridge thickness of 29 can be written as follows:

.VI

n=1.3
o) =  ^  AnJn(f^c^'"p)s\nno (4.11)

,v>
L'(''"(p.o) = ^  Cm[A-;(A:f/''6)J,(t"V)-^;((:i/''6)^V,(A:^/''p)]cos/(<?-g)(4.1:

m = 0
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where / =  Similarly, the  electric potential functions in the subregions 1 and 2

are written as follows:

.VI
(.■‘' ' ’( ^ . 0 ) =  ^  cos no  (4.13)

n=1.3

,V2
^  sin /(o  -  (4.14)
m = I

where, once again I =

It should be noted tha t  each r in corresponds to a set of indices n in

and rn in and has a particular value for It is similar for In other

words, the m odal indices are different in each of the two subregions 1 and  2 as a 

result of the  differing boundary conditions in the two subregions. It should also be 

noted that the  potential functions in subregion 2 has Bessel functions and Neumann 

functions of non-integer orders.

The value of k^J^ and k^^^ in the potential functions has been evaluated using 

the procedure in chapter 3. The coefficients are evaluated as mentioned in the  proce­

dure for the determination of the  characteristic impedance in Chapter 2. T he  modal 

coefficients are normalized so tha t the magnitude of power in each mode is unity.

From the  potential functions described above in the two regions of discontinuity 

the electric and  magnetic fields in each of the regions of Figure 4.1 can be derived, 

using the equations in . \ppendix  D.

.At the interface of the two regions (z =  0). the continuity of the tangential com­

ponents of E and H-field of the incident and reflected waves is applied:

E j  =  r €  [0. a],  o  €  [ 0 . 2 r ] :  r G [a. 6]. o  €  [(0.  ÎT — 0): ( t t - f  0.  27t — 0)]

=  0 r Ç. [a.b\. o ^ [ —9.+6\.o — 0 , ~ 6] (4.13)

H^f =  //f^  r  G [0. a] o G [0. 2-]; and r  G [a. 6]. o e  [(0 .7T — 0). (;r-f 0. 2~ — 0)]
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Using the orthogonality property of the modes, the above equation results in four 

sets of equations relating the  unknown wave amplitudes of the incident(F) and 

reflected! 5 )  waves. For instance, the continuity of the tangential components of 

the  E-field results in the two sets of equations given below:

(4.16)

(4.17)

where the [V ] matrices give the  coupling between the fundamental and higher order 

T E  and T \ I  modes. The coupling matrices are given below.

.VI ,V2

^hki-r-y) =  ( ^  Terrrii -f ^  Term.2 )
n = l .3  m=0

(4.18)

where the Tern i i  and T e rm i are given below. The x refers to  the  mode tha t is excited 

in cross section /  while y refers to that in I I .  .Also, represent the propagation 

constants of the  corresponding T E  and T M  modes in regions I  and I I .  The modal 

coefficients of the  subregions 1 and 2 .4^. Cm and Dm have been absorbed into the 

respective power normalization constants in the following equations of the  coupling 

integrals.

7o

=  0 ifn  ^  s (4.19)

T e r m ,  =



J[[kll^b)Ni[kll^p)]pdp • \  j  cos so  s\nl{o — 6)do +

J'i[kl.l^b)N[{kl.^^^ p)\pdp ■ A j  s'm so  cos l(o — 9)do  (4.20)

where / =  Oo = {~/'I — 0) double ridged circular waveguide as region / 1.

.VI ■V2
V„(.r.j/) = ( ^  T e r m ^ T e r m ^ )

n=1.3 m= I
(4.21)

■P

.ns 
1 0  -  p

=  0 if n ^  s

■j:

T e r m ,  =  P j^P ^!’ [  - j ^ J . ( k ‘: ^ p ) [ M H l ’p ) \ h { k [ H ) -

J i{k ‘̂ ^b).\'tik'j^p)]pdp ■ A J  sin ^GCosf(o — 0)t/o +

J!{k‘l^b).\''[{k‘‘^p)]pdp ■ A J  coSÿOs\ul{o — 9)do

where / =  Oo = (tt/2 — 9) double ridged circular waveguide as region I I .

.VI
Z

n = l ,3

V2
K h ( x . y )  =  ( ^  T e r m s  +  ^  T er n ie )

m = 0

(4.24)



T e r m ,  =  P j X >

■ [ [ o J ' M : ^ P ) U k l ! ‘'p) +  if n = s

=  0 if n ^  s (4.25)

T e r m ,  = p/^p''; j '  -

■ - I  J  COS d o s i n / ( o  — 0 ) ( / o +

.//(t^f/^6)A7(t” ^p)]<f/> ■ 4 J  sin ,o c o s / ( a  — d)do (4.26)

where / =  Oo =  (~/~ — double ridged circular waveguide as region I I .

While some of the integrals can be evaluated analytically, some others are evalu­

ated numerically. However, all the coupling integrals are frequency independent and 

hence the numerical integration is not repeatedly evaluated a t every frequency point. 

Hence, this procedure is rigorous and yet computationally efficient.

.Applying the continuity of the tangential components of th e  H-fields results in cou­

pling matrices that are the  transposed of the  coupling matrices in equations (4.16)

and (4.17). Equations (4.16) and (4.17) together with the m atrix  equations resulting

from the continuity of the H-fields can be rearranged suitably using .Appendix B and 

inverted to yield the generalized scattering m atrix  of the discontinuity between the 

em pty circular waveguide and a  ridged circular waveguide. .Any subsequent disconti­

nuity can be cascaded using the  generalized scattering m atrix  technique described in 

.Appendix C.
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Figure 4.2: Discontinuity regions (a) circular waveguide (region I)  (b) ciuadruple 
ridged circular waveguide (region I I )  (c) side-view

4 .3  C ircu la r  to  q u ad ru p le  r id ged  c ircu lar  w ave­
g u id e  d isco n tin u ity

The regions of the discontinuity from a circular to a quadruple ridged waveguide are 

shown in Figure 4.2. Since the extra pair of ridges as compared to the double ridged 

circular waveguide appear along the electric wall symmetry, the discontinuity from 

circular to quadruple ridged circular waveguide discontinuity is almost th e  same as 

the circular to double ridged circular waveguide discontinuity.
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But there are minor changes in the potential functions and hence in the  coupling 

integrals too. For the quadruple ridged cross-section. / in and of equations 

(4.12) (4.14) is given as / =  for a ridge thickness of 20. This is also the  value

of I in the equations of the coupling integrals, namely (4.20). (4.23) and (4.26). The 

coupling integrals also change with regard to the limits of the o dependent integral 

in the ecjuations for lée- ^eh and Vhh- The limits 0 to 7r/2 — ^ is used in place of 0 to 

~/2  for this discontinuity in equations (4.20). (4.23) and (4.26).

4 .4  C o n v erg en ce  an a ly sis

. \  convergence analysis for a discontinuity from empty circular waveguide to  double 

ridged circular waveguide shows that less than  40 T E  and T M  modes are required. 

This is shown in the Figure 4.3.

Since the highest order modes of the ridged circular waveguide included in the 

discontinuity analysis have cutoff frequencies which are very close to the corresponding 

one in the em pty circular waveguide, the number of modes used in the discontinuity 

analysis is the same in both regions of the discontinuity.

. \  discontinuity between an empty circular waveguide and ridged circular wave­

guide has not been analyzed in literature before. So a finitely long double ridged 

circular wave guide placed between an input and output em pty  circular waveguide 

was first evaluated using the rigorous procedure described above. The discontinuity 

was fabricated with a very thin ridge (thickness= 12o;tm in a circular waveguide of 

d iam eter 8mm) that has rectangular cross-section. In the com putation, this ridge was 

approxim ated as a conically shaped one with a  constant angular thickness of 0 =  I 

degree. This value of 0 is the angle subtended on the edge of circular waveguide 

to meet the rectangular thickness of the ridge and has been rounded to the  closest 

integer. The dimensions of the circular waveguide and the  ridge depth are given in 

Figure 4.4. comparison was made with measurements and good agreement was
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Figure 4.:3: Magnitude of S 12 of a discontinuity from a circular waveguide to a double 
ridged circular waveguide. b=2mm. a=1..5mm. f=.5.5GfIz. 0 =  .ôdegree

found as shown in Figure 4.4. The small disagreement may be a ttr ib u ted  to the 

approximation of the shape of the ridges.

4.5 C o m p o n en ts  in r id ged  c ircu lar  w a v eg u id es

4.5.1 Transform er Design

lowered characteristic impedance. The ridged circular waveguide has a  lower charac­

teristic impedance compared to that of an empty circular waveguide. This enables 

the excitation of the fundamental polarization in an em pty  circular waveguide from 

a coaxially fed double ridged circular waveguide. This same feature allows excita-
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Figure 4.4: S-parameters in dB of a discontinuity from circular waveguide to a  double 
ridged circular waveguide of finite length. b = 4 m m . a=2m m . ridge thickness = 125^m  
( 0 = 1  degree). 1=1.1mm. 4- measured. - calculated

tion of fundamental orthogonal polarizations to  a circular waveguide from a coaxially 

fed quadruple ridged circular waveguide. Hence a rigorous design of transformers 

from em pty  circular waveguide into a ridged circular waveguide is of great practical 

importance.

Based on the characteristic impedance evaluated in the previous chapter, a Cheby- 

shev transformer shown in Figure 4.5 is designed for a return loss specification. The 

ridge depths in various sections of the Chebychev transformer are  determined from 

the characteristic impedance of the respective section. The lengths of the sections 

initially assumed are quarter wavelength long at the chosen center frequency. In 

order to evaluate the  response of the transformer including th e  effect of the  higher
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Figure 4.5: .A Chebychev Transformer in double ridged circular waveguide

order modes, first the generalized scattering matrix of a discontinuity from an em pty 

circular waveguide to each ridged circular waveguide section is evaluated. Cascad­

ing the generalized scattering matrices of the individual sections (see .\ppendix  C) 

leads to the overall generalized S-matrix of the the transformer. While cascading 

S-matri.x of one section of the transformer to the subsequent section, the lengths of 

the interm ediate  sections of circular waveguide are allowed to approach zero.

The length of the ridged sections were altered using an optim ization routine to 

provide an improved performance of the transformer. The optim ization routine was 

based on modified Fletchers algorithm for minimization of an objective function as 

described in [64]. The objective function is the error function of the  desired response 

to the actual response of the transformer. The response during the  optimization is 

evaluated using about 20 T E  and T M  modes. . \ t  th e  end of the  optimization, the 

final response is evaluated using 40 T E  and T M  modes.

Using this procedure a double ridged (Figure 4.5) and quadruple ridged circular 

waveguide transformers have been designed and optimized. Their re tu rn  loss charac­

teristics are shown in Figures 4.6 and 4.7.

It should be noted tha t in these transformers, the limitation on the  bandwidth is 

due to the higher order modes. The capacitive action of the ridge not only lowers 

the cutoff frec[uency of the fundamental mode but also lowers th a t  of the first few 

higher order modes greatly. Since the cutoff frequency of T £ 3 , 1  m ode is also lowered
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Figure 4.6: Response of an optim um  3-section double ridged circular waveguide trans­
former. dimensions in cm. section 1: b=2 . a=1.7. 11 =  1.633. section 2: b=2 , a=1.13. 
12=1.351. section 3: b=2. a=0.7. 13=1.191. section 4: b=2 a=0.5

considerably, and this mode is the first higher order mode tha t gets excited at the 

discontinuities between each sections, the  return loss of the transformer goes down 

beyond the propagation of this mode.

The bandwidth of such a type of transformer can be improved to some extent by- 

reducing the outer circular diam eter of the ridged circular waveguide in the  subsequent 

sections of the transformer. The structure  of such a transformer is shown in Figure 

4.8. The return loss characteristics of such an optimized quadruple ridged circular 

waveguide transformer is shown in Figure 4.9.
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Figure 4.7: Response of an optimum 3-section quadruple ridged circular waveguide 
transformer, dimensions in cm. section 1: b= 2 . a= l.62 . 11 =  1.-519. section 2: b=2. 
a=1.09. 12=1.404. section 3: b=2. a=0.6S. 13=1.363. section 4: b = 2  a=0.-5

4.5 .2  B andpass F ilter

The significant lowering of the fundamental mode cutoff frequency in ridged wave­

guides can be used to fabricate filters in below cutoff sections of a waveguide. Such 

filters have many attractive features like wide stopband characteristic, small compo­

nent size and high skirt selectivity. Hence, they are well suited for applications in 

antenna feed system. Because of these features they are also preferred over metal 

insert filters and other conventional filters which are bigger in size and are heavier. 

These two features are important for satellite applications.

The resonators inside these filters were initially constructed using round posts in­

side a below cutoff waveguide [6-5]. Rigorous design of such evanescent mode bandpass
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Figure 4.8: quadruple ridged circular waveguide transformer w ith tapered ou ter
circular waveguide housing
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Figure 4.9: Response of an optimum 3-section quadruple ridged circular waveguide 
transformer, dimensions in cm. section I: b=2 . a=1 .7 . 11 =  1.162. section 2: b=1.95. 
a = l .4 5 .  12=1.474. section 3: b=1.9. a=1.25. 13=1.59. section 4: b = l .S 5  a=1.2
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Figure 4.10: Three section evanescent mode circular waveguide filter

filters using ridged rectangular waveguides were presented in [66.67]. The advantage 

of this type of filter over metal insert type filter was also shown in these references. 

In order to further improve upon the characteristics of evanescent mode filters, the  

ridges were replaced by T-septa in [68].

Although rectangular waveguides have been traditionally used to build evanes­

cent filters, the circular waveguide filters are also of practical importance. Moreover, 

the  circular waveguide has lower a ttenuation  for a given cutoff wavelength over a 

rectangular waveguide. Keeping this in mind, a metal insert circular waveguide was 

designed in [43]. analogous to the metal insert in rectangular waveguides. For the rig­

orous design, the metal insert was modeled as a bow-tie shaped discontinuity. Such 

an approximation did not however affect the performance of the filter. Following this 

approach, an evanescent mode circular waveguide filter shown in Figure 4.10 has been 

rigorously designed.

.A.n evanescent mode filter in circular waveguide involves rigorous characterization 

of a symmetrical discontinuity between two circular waveguides and also the discon­

tinuity  from an empty circular waveguide to ridged circular waveguide as shown in 

Figure 4.11. The mode matching technique is once again used to characterize a step 

discontinuity between two circular waveguides.
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Figure 4.11: Circular waveguide symmetric step discontinuity

If the T E i.i mode is the fundamental mode of excitation, then for this type  of 

discontinuity, the higher order modes tha t get excited are only T and T  

where m = n = 1. 2. • • •.

The potential functions in region I of this discontinuity can be written as follows:

Ar
p . O ) =  Y .  Pum J I (  P  ) C O S O

(4.27)

(4.28)
m = I

The potential functions in region I I  can be written in a similar form. T he  tan­

gential components of the electric field is matched at the discontinuity. This results 

in coupling matrices as explained in section 3.2. .\long with the transpose o f  the 

coupling matrices arising from the matching of the tangential magnetic fields, the 

generalized scattering m atrix  of a step discontinuity in circular waveguide is obtained. 

The S-parameters so obtained for an iris of finite thickness has been compared with 

available measurements in [69] and are tabulated in Table 4.1. The convergence of 

the S-parameters for the dimensions in the table occurs with 40 T E  and T M  modes 

in the input waveguide and 20 T E  and T M  modes in the iris.

In the evanescent mode filter where the subsequent discontinuities are evanescent 

sections of circular waveguide to double ridged circular waveguide, there can be higher
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Thickness Reflection Coefficient •:̂ 1I
(inch) Calculated Measured [69]

Magni­ Phase Magni­ Phase
tude (o) tude (o)

0.005 0.837 150.5 0.855 150.5
O.OOS 0.881 151.1 0.866 151.7
0.050 0.938 156.5 0.927 155.3
0.100 0.968 159.3 0.956 158.1
0.200 0.990 161.6 0.981 160.6
0.500 0.999 162.6 0.993 161.1
1.000 1.000 162.6 0.995 161.5

Transmission Coefficient Si2
0.005 0.488 60.5 0.465 56.8
0.008 0.474 61.1 0.451 59.3
0.050 0.345 66.4 0.330 62.6
0.100 0.250 69.3 0.240 65.1
0.200 0.138 71.6 0.134 67.1
0.500 0.025 72.6 0.026 69.0
1.000 0.002 72.6 0.002 70.1

Table 4.1: Calculated and measured S parameters (radius of in p u t/o u tp u t  sec-
tion=.A.=0.501T5 in. radius of the iris=B=0.25 in: f=9.0  GHz)

order modes other than TE\_m and TM\,m excited. These modes have a magnetic and 

electric wall along the lines of symmetry, as shown in Figure 4.1. Since the evanescent 

sections of waveguide in the  filter are close to both the  in p u t/o u tp u t  sections and the 

ridged resonator sections, these higher order modes can affect the response of the 

filter when the  S-matrices of all discontinuities are cascaded. Hence the  generalized 

scattering m atrix  of each step discontinuity between th e  input circular waveguide and 

the evanescent section is calculated including these higher order modes. The electric 

and m agnetic potential functions of region I  are now written as in equations (4.5) 

and (4.6). . \  similar set of potential functions can be w ritten  for region / /  . Matching 

of the field components and subsequent inversion leads to the generalized scattering
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matrix. However, the S-param eters of the  TE\,m modes do not get affected by these 

higher order modes when th e  discontinuity is evaluated individually. T he  coupling 

between the included modes and the TE\,m  and T.l/i  ̂ are all zero.

By cascading the generalized scattering matrix of the s tepped  circular waveguide 

discontinuity in the filter with the subsequent empty circular waveguide to  ridged 

circular waveguide discontinuities using th e  equations in .Appendix C. the  evanescent 

mode filters response is obtained.

.A single resonator evanescent mode filter is first analyzed using the  approach 

discussed above. Figure 4.12 shows the response of a single resonator filter.

30
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30.5 
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31.5 32.5
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Figure 4.12: Characteristic of a single resonator evanescent mode filter. Radius of 
input and output waveguide=4mm. radius of evanescent waveguide=2m m . depth 
of ridge=1.6mm. thickness of ridge 9 =  odeg. length of evanescent sections=2m m . 
(a):length of resonator=3m m  (b):length of resonator=2mm
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A three resonator evanescent mode filter was first designed. It was optimized 

using the  modified Fletcher algorithm as described in [64]. For this purpose, a suit­

able objective function was chosen in order to optimize the lengths of resonator and 

evanescent sections of the filter. It should be noted that the ridge penetration was 

kept constant in all the resonator sections and not used as a parameter for optimiza­

tion due to the following reason. If the ridge penetration was altered, the eigenvalues 

have to be evaluated for every iteration of the optimization. The eigenvalue analysis 

is however time consuming due to the search at fine steps of frequency points for the 

m inim um  of the smallest singular value. T he  number oi T E  and T M  modes used 

during the optimization were 30. In the final analysis of the filter 40 modes were 

included. The response of this filter is shown in Figure 4.13.

Based on the above design the filter was fabricated and measured. The .003 inch 

uniformly thick brass metal used in the practical realization was approximated as 

Q — Ideg. .\  first comparison between measured and calculated response showed a 

significant offset. However, after remeasuring the actual physical dimensions of the 

waveguide and the metal insert as well as adjusting the angular thickness of the ridges 

from 0 =  Ideg io 0 = 5.odeg. so that the tip of the conically shaped ridges show the 

same thickness as that of the rectangular ridges used in the physical realization of 

the  filter, a relatively good agreement between theory and practise was found. This 

is illustrated in Figure 4.14. It should be noted, however, that due to the different 

effective widths of the insert metallization, the ridge length as well as the distance 

between them is not optimized any longer. Therefore, the electrical performance of 

the filter has deteriorated considerably. The high insertion loss of 3dB in the passband 

of the filter is mainly due to the impedance mismatch at the input to the filter and 

some due to conduction loss in the material. The wideband response of the  filter is 

shown in Figure 4.15.

five resonator evanescent mode filter has been designed, optimized and fabri­

cated in aluminium circular waveguide. T he  .003 inch uniformly thick copper sheet
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Figure 4.13: Computed response of a 3-resonator evanescent mode circular waveguide 
filter, dimensions in mm. radius of input/output section=4. radius of evanescent sec- 
t io n = b = 2 . a=0.4. 6 = Ideg. Iel=le4=1.166. Irl=lr3=l.ô9-ô. Ie2=le3=4.396, lr2=l.TS

used in the practical realization was approximated as 0 =  5.odeg. The passband 

response of the calculated and realized filter is shown in Figure 4.16. Good agree­

ment with measurements was found. The high insertion loss of 2.5dB of the filter 

was still observed. .A similar effect was observed at much lower frequencies of 8.8 

GHz in [68] evanescent mode filter designed using T-septa as resonator sections. The 

wideband response of the  filter (Figure 4.17) behaves similar to an evanescent mode 

ridge waveguide filter in a  rectangular waveguide [67].
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Figure 4.14: Passband response of a 3-resonator evanescent mode circular wave­
guide filter, dimensions in mm. radius of in p u t/o u tp u t  section=4. radius of evanes­
cent s ec t io n = b =  I.9T. a=0.4. 0 =  5..5deg. Ie I= Ie4 = I.2 . lr l= lr3=1.5S . Ie2=le3=4.4. 
Ir2=I.7S. dashed [ines(‘- - ^-measured insertion loss, '-t-' measured return loss, solid 
lines-computed response
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Figure 4.15: W ideband response of the 3-resonator evanescent mode circular wave­
guide filter in Figure 4.14. dashed lines(’- -')-measured response, solid lines-computed 
response
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Figure 4.16: Passband response of an optimum 5-resonator evanescent mode circu­
lar waveguide filter, dimensions in mm. radius of inpu t/o u tp u t  section=4. radius of 
evanescent section=b=2. a=0.4. 9 = 5.odeg. lei =.36. lrl =  1.07. Ie2=3.09. lr2=l.T4.
Ie3=3.36. Ir3=1.74. solid lines-computed response, dashed lines ('- measured re­
sponse
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Figure 4.17: Wideband response of the 5-resonator evanescent mode circular wave­
guide filter, dimensions in mm. radius of input/ou tpu t section=4. radius of evanescent 
sec tion=b=2 . a=0.4. 9 =  ô.ôdeg. lel=.36. lrl =  1.07. Ie2=3.09. Ir2=1.74. Ie3=3.36, 
lr3=l.74 . solid lines-computed response, dashed lines('- - ')-measured response
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Chapter 5 

Analysis of Orthogonal Mode 
Coupling Elements

C ircular and square waveguides support degenerate fundamental m odes (and also 

higher order modes) with orthogonal polarizations. In an unpertu rbed  waveguide 

the two polarizations do not couple. However, in the presence of any  asymmetric 

discontinuity, coupling between the two orthogonally polarized modes take place. 

This coupling is essential in the functioning of components such as dua l mode filters 

and polarizers.

.A dual mode filter can offer elliptic filter characteristics. Elliptic filters have the  

advantage of itttproved stopband characteristics due to the presence of transmission 

zeros at finite frequencies in contrast to Chebychev or Butterworth response (trans­

mission zeros at infinity). Hence, the number of resonators required to obtain a 

specified stopband rejection is lower than  for Chebychev or B utterw orth  filters. .Also, 

elliptic filters have ecjuiripple passband characteristics. The transmission zeros at 

finite frequencies is introduced by coupling nonsuccessive resonant circuits. In m i­

crowave filters this coupling can be realized using a  m ultim ode cavity. multimode 

cavity provides dual, triple or higher mode degeneracies. Two resonant circuits in 

a single circular or square waveguide cavity are possible due to degenerate  orthog­

onal polarizations. Cross coupling between two adjacent dual m ode cavities (but
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nonsuccessive resonant circuits) produces one real or imaginary pair of poles of the 

characteristic function. This results in an elliptic-function type filter characteristic. 

Thus when the cavities in a dual mode filters are inline, the num ber of pole pairs is 

half the num ber of physical cavities present in the filter. In a canonical configuration 

of dual mode filters, cross coupling between the first and the last resonant circuits is 

possible [70]. For such a configuration the same physical dual m ode resonant cavity 

becomes the first and last resonator of the filter. Thus an elliptic function charac­

teristic of higher order compared to an inline configuration is realized. Elliptic filters 

of higher orders can also be realised using multiple mode degeneracies. In order to 

realize a dual mode mode filter a coupling between the two orthogonal polarization 

is necessary. In practise this is achieved with a screw placed at 4-5 degree inclination 

to the horizontal and vertical polarization inside a cavity. A configuration of the 

coupling screw in a dual mode filter has been shown in Figure 1.3 of Chapter I. By 

varying the depth  of penetration of the screw the degree of coupling can be altered. 

Horizontal and vertical tuning screws (see Figure 1.3) have been used to account for 

fabrication tolerances or inaccuracies of design. W hen a rigorous analysis and design 

procedure is used these tuning screws can be eliminated [4-5] as accurate  prediction of 

the performance is possible. This chapter deals with the  analysis of a discontinuity 

from an em pty  circular waveguide to a coupling screw using MMM. In order to avoid 

a mixed coordinate system the coupling screw has been modeled as ridges of uniform 

angular thickness in the numerical analysis. It is also possible to fabricate such ridges 

positioned at an arbitrary angle to the  excitation. This type of reshaping the screw 

to suit the numerical technique has been applied in the  literature as well. e.g.. the 

coupling screw has been replaced with a corner cut in a square waveguide cavity [71] 

in order to  compute the coupling rigorously using MMM.

Satellite links often use circularly polarized waves to provide link to mobile users. 

.A. circularly polarized wave is represented by the superposition of two orthogonal 

linearly polarized waves tha t  possess identical m agnitude  and a phase difference of ±
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90 degrees. Hence, frequency reuse is possible with right hand circularly polarized and 

left hand circularly polarized waves. To generate or discriminate a circularly polarized 

wave from a linearly polarized wave, polarizers are used. There are several ways to 

realize polarizers both in square and circular waveguides. One possible configuration 

is shown in Figure 1.4 of Chapter I. In this polarizer, a linearly polarized signal at 

th e  input is converted to semi signals of orthogonal polarization with a 90 degree 

differential phase shift between them at the ou tpu t,  .\nalysis of the basic coupling 

section of such a polarizer with double ridges of uniform thickness placed at 45 degree 

inclination to the horizontal and vertical polarization is also presented in this chapter. 

Since there are two ridges to perform the coupling, more coupling can be achieved 

in a  double ridged asymmetric discontinuity compared to a single ridged asymmetric 

discontinuity. This structure can also be used in dual mode filters to achieve the 

coupling between the two orthogonal polarizations.

There is yet another method for the generation and discrimination of circular 

polarization. This method is based on generating semi signals of linear orthogonal 

polarization at the first stage using a 3-dB power splitting transition [T‘2]. These semi 

signals are then fed to a differential phase shifter which produces the ±90 degree 

phase shift between the orthogonal polarization to generate circular polarization. 

T he  differential phase shifter can be designed from a ridged circular waveguide. .\ 

quadrup le  ridged waveguide has been used for this purpose in [73]. The penetration 

dep th  and thickness of the horizontal ridges are different from the vertical ridges 

so as to achieve differing propagation constants for the two modes of orthogonal 

polarizations. This results in a phase difference between the two polarizations tha t 

grows as the waves travel down the ridged waveguide structure. . \  transformer from 

an em pty  circular waveguide to such a quadruple ridged waveguide offering both a 

good ret urn loss and a differential phase shift of ±90  degree forms a polarizer unit. . \  

double ridged transformer can also be used in place of a quadruple ridged waveguide 

design because the propagation constants of horizontal and vertical polarizations are
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Figure 5.1: (.\)D iscontinuity regions I & II of the ridged circular waveguide section 
of finite length (B) Subregions I 2 of section II

different in this s truc tu re  as well. .\ differential phase shifter in a double ridged 

circular waveguide has been designed and optimized at the end of this chapter.

5.1 C ircu lar  to  s in g le  r id g ed  w a v eg u id e  d isc o n ti­
n u ity

The cross-section of a  discontinuity from an em pty circular waveguide to a single 

ridged circular waveguide with the ridge positioned at an a rb itra ry  angle q  is shown 

in Figure 5.1. .\t  such a discontinuity, which is asymmetric with respect to e ither the 

vertical or horizontal polarization, both polarizations of the fundamental and higher 

order TE^.m and TMn.m modes get excited. The electric and magnetic vector poten­

tials expressed as a sum of incident and reflected waves of unknown amplitudes for 

the two regions of discontinuity are written as in equations 4.1 and 4.2. The incident 

and reflected wave amplitudes at such a discontinuity for T E  modes of both the  po­

larizations are shown in Figure 5.2. It should be noted that th e  of equation 4.1
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Figure 5.2: Incident and  reflected wave amplitudes of a  orthogonal polarization cou­
pling network

for this discontinuity has two components namely and and similarly

has th e  components and Similarly and B^^ of equation 4.2 have two

components. The superscripts 'c' and 's' denote the  cosine and sine polarized electric 

field component Ep due to these potentials. This representation of the orthogonal po­

larization based on the  electric field component is shown in Figure 5.1. The potential 

functions in region /  including the two polarizations are expressed as follows:

M*'’ .V'

-F ^  ^  - A( /») cos n o  (5.1]
m = 1 a=0

( - " " t f  oi  =  Z  h  /> )cos„a+  f :  i :  (.5.2)
m =  l n=0 m =  l ri=l

The power normalization constants for a circular waveguide of radius b are given in 

equations (4.7) and (4.8) for the cosine and sine polarization.

For the single ridged circular waveguide region once again the potential functions 

include the modes for both polarizations. The eigenvalues of the orthogonal T E  and 

T \ [  modes of the single ridged waveguide are evaluated from electric and magnetic 

wall symmetries at o =  0 as described in Chapter 3. .As the ridge is positioned at an 

angle a .  the potential functions corresponding to  the orthogonal polarizations must



incorporate the  boundary condition due to this angular displacement. This implies 

tha t the potential functions are written using the electric and m agnetic wall symmetry 

lines at o =  Q.  However, the  eigenvalues evaluated with the ridge positioned at q  =  0  

can still be used in these equations because the eigenvalues do not change with the 

rotation of the ridge. The superscripts c" and 's' are again used in these potentials 

to denote the two orthogonal polarizations with magnetic wall (mw) and electric wall 

(ew) symmetries at o =  q. respectively. .Although this nomenclature is not meaningful 

in the single ridged waveguide, it allows easy identification of the  polarizations and 

has hence been used. The potential function of region / /  are w ritten  as follows:

r=l

-"“-•>(p. o)) (5.3)
r=l

where the functions on right hand side of the above equation are.

.vu-

Ms

n=0

m =  1.3

• COS l{o — 0 — a) I = for mw at o =  q  (5.6)

m=0

• cos l{o — 0 — Ci) I = for ew at o  =  Q (5.T)
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Rs

r=l

Rc
/7.0)) (5.8)

r=l

.VU
C’<‘">(/9.o) =  ^ g ; j , ( A \ f / " / , ) s i n n ( o - a )  (5.9)

a= I 

.Vic
L'C'"')/). O) =  ^  B;j./„(H/"->) COS n(o -  q ) (5.10)

n=0

\>c
- . " '" (A O )  =  Z

m = l.3

■s\nl(o — 9 — a)  / =  for mw at o =  Q (5.11 ]

m = I

•sin /(o  — (9 — q ) / =  : ^  for ew at o =  q (5.12)

T he  modal coefficients and the power normalization constants are once again 

evaluated for q =  0 using the same procedure described in Chapter 4. From these 

potential functions, the electric and magnetic fields are evaluated in region I  and 

region I I  and matched at the discontinuity.

Using the orthogonality property of modes, the matching condition is converted 

to  a set of linear equations relating the unknown amplitudes of the incident and
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reflected waves as given by equations (4.16) and (4.17). The matrices and

I'fh of equations (4.16) and (4.17) for this case of asym m etric  discontinuity relate the 

coupling between the orthogonal polarizations as well. Hence these m atrices can be 

expressed in terms of submatrices as shown below:

Vhh =  1

l e e  =  1
LZ

Veh =  1

(.5.1:3)

(.5.14)

(5.15)

The superscripts 'ss'. sc', cc'. cs' indicate the coupling from sine to sine, sine 

to cosine, cosine to cosine and cosine to sine polarizations of regions /  and I I .  re­

spectively. In other words the submatrices of the above ecpiations relate  the two 

components of the incident and reflected modes shown in Figure 5.2. T he  size of the 

coupling matrices depends on the num ber of modes of both the polarization included 

in the analysis. The number of the modes used in the  ridged and em p ty  circular 

waveguide for sine polarization are not the same as tha t  for the cosine polarization 

because only one of the polarizations includes the axisymmetric modes. This can be 

observed from the equations of the electric and magnetic potential functions.

The elements of \ \h. are evaluated from the following equations:

•Vic ,V2c

^  Ternie)
n=l m=1.3

(5.16)

where Terrrii and Term . 2  are given below. The x  corresponds to th e  mode that 

is excited in cross-section I while y  corresponds to th a t  excited in I I .  .Also. k. 

represent the  propagation constants of the  sine or cosine polarization oi T E  and T M
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modes in regions /  and I I  of the corresponding modes. In the following equations of 

coupling integrals and those given in .\ppendi.x F the modal am plitude coefficients 

of the potentia l functions in the subregion 2 have been absorbed into the power 

normalization coefficients of region I I .

T e r n , ,  =

I  COS qo COS n{o — a )do
iJ 0 P J ct

+ p)pdp J  s in ço s in  u(o  — Q )do j (5.17)

r2^+a

T e r n , ,  =

—Jî(kdj^^b).\i{kdj^-p)]pdp I  cos go sin /(o — a — 9)do
J Ct-̂ 0

+ p ; ,^ ' ’ p i ' ( A - i ) v ;  ( i - i 'H  )

—.I[(k[l^"h)S[{k[l^‘'p)\pdp f  s\n qocos l{o — Q — 0)do  (5.IS)
J a+9

" ’here / =

vu .Vii-

n=0 m=0

J . J
^ 7 7 7 7 ^ (Ô.19)
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rerm.3 =

f  n  nq
- ^ y  p)dp J  sin qo s'm n {o  — a)do

j  cos( /ocosn(o  -  Q)rfoj (3.20)

T e r m ,  =  P ‘'';PL 'i ' [  ^ . / , ( < ‘> ) [ J , ( * l ' ‘» . v ; ( t i ' ‘'6)

— J'i{k^.j^^b).\t{k‘.^^'’p ) ] p d p j  s i n  q o s ' l n  l (o  — a  — 9)do

+ p»‘'> P i" * - ' \ / ; i  )(j/( I A','(

r 2 . T + a —

—J'i(k^j^^h).\'i(L'‘J ^ '‘p)]pdp J  cos qo cos l{o  — Cl — 6)do (5.21)

where / =

\ l3 X23
^'hhi-^-y) = Term ^  +  Y1 Term^},

n=0 r n = 0
(5.22)

r2r+a

T erm , =

■ — J-,(k .̂l^‘-^p)Jn{k[.l^^p)dpJ — cos qo sin n (o  — a)do

+ '^q( '̂!:!^^pP)-^ni '̂c!^^P)P(ip J  Sin qO COS ll{0  ~  Q)do^  (5.23)



1 0 2

T e rm .  =  J '

—J'i(ki^^^b}.\i(k‘j'^'’p )] p d p j  cos </osin l(o  — a — 0)do

— .J'i(kll^^b)S'i(k‘JJ^^p)\pdp J  sin qo cos l(o  — a  — 0)do (5.24)

where / = ( r - r f l

■Ml" I
P u t ' - ! / l  =  ( E  P e rm :  +  ^  T e r m ,) .  (Ï-25)

Tennr = P ,''* * 'P ;'," " '

r  J .T + o

— sin qo cos n{o — a )do

J  COS qo S i n  n(o  -  a )d o ^  (5.26)

T e r m ,  =  P ‘!';PL';' J *

—J ’iikil''" h) .\ li p)\pdp j^ s in q o s in l{o  — a — 0)do

p)\pdp J  COS g o  COS / ( o  — Q  — 6)do  (5.27)
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where / =

T he  other coupling integrals of the siibniatrices of equation (5.14) and ( 5.15) are given 

in Appendix F. The continuity of the tangential components of the H-field results in 

the  transpose of the coupling matrices of equations (5.13). (5.14) and (5.15) to relate 

the  unknown field coefficients. By using all these coupling matrices as described in 

.Appendix B the  generalized S-matrix of the orthogonal polarizations at a discontinuity 

from an em pty circular waveguide to a single ridged circular waveguide is obtained. 

Cascading the generalized S-matrices (as given in .Appendix C) of the s tep from an 

em pty  circular waveguide to a single ridged waveguide and back, the overall S-matrix 

of a single ridged waveguide of finite length is obtained.

Since the analysis of such a discontinuity involves both the polarizations, the S- 

m atrix  of the fundamental orthogonal polarization extracted from the generalized 

scattering m atrix  is a 4 x 4 matrix. .\s mentioned earlier, the  sine polarization is the 

one with the field component varying sinusoidally with o  and the cosine polariza­

tion is orthogonal to this. In the following discussions and figures, the subscripts 'sc' 

and cs' of the S-parameters denote' the coupling from sine to cosine and cosine to 

sine polarizations, respectively. The subscripts s' and c denote the coupling from 

sine to sine and cosine to cosine polarizations, respectively. For a discontinuity with 

a finitely long single ridge, and are equal and so are the and  ^'nos. 

which is due to the symmetry property of the S-matrix.

The computed S-parameters for a single ridged circular waveguide of finite length 

is tested for convergence. It can be observed from Figure 5.3 tha t  convergence (S’uâ . 

is shown) occurs when 70 modes of both the polarizations of TEn.m  and TMn.m  modes 

are included. In this analysis the ridge is placed at q =  45 degree. Figures 5.4 and 

5.5 show the variation of the S-parameters of such a discontinuity with frequency. 

For Q =  45 degree the discontinuity looks alike for both sine and cosine polarization. 

Hence the S’nc and 5 n s  are equal and similarly 5i2c and S \ 2 s are also equal. The
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Figure .5.3: Convergence of the magnitude of at a discontinuity from a circular 
waveguide to a single ridged circular waveguide versus the  number of T E  and T M  
modes of both polarizations. b =  1.0cm. a=0.4cm. q =  45deg. 9 = odeg. 1 =  1.0mm. 
f=10GHz

theoretically computed values are very close to each other as shown in Figure 5.4. 

However, these S-parameters are not equal for the other values of a .

When the ridge is positioned such that o =  0. then the  orthogonal polarizations 

do not couple. This can also be concluded from equations (5.22) and (5.25). In this 

case, the submatrices and m  become identically zero. Placing

the ridge along o =  0 and o =  ~ /2  is identical, because at these ridge positions the  

orthogonal polarizations are decoupled. However, if in the algorithm q  is set to ~/2 ,  

m athem atica lly  some of the elements of submatrices L%. T“ . and
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Figure 5.4: .Magnitude of S-parameters of a discontinuity from circular waveguide 
to single ridged circular waveguide of finite length, b=  1.0cm, a=0.4cm, o =  45deg, 
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Figure 5.5: Magnitude of S-parameters of a discontinuity from circular waveguide 
to single ridged circular waveguide of finite length, b=  1,0cm, a=0.4cm, q  =  45deg, 
6 =  5deg, 1=1.0mm
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become zero which should not be the case. Incorrect solutions are thus obtained when 

using a  =  z j ' l  owing to the symmetric discontinuity being trea ted  m athem atically  as 

asymmetric. Hence this setting should be avoided in the algorithm.

The parameter .S'ujc lor various q is shown in Figure 5.6. It can be concluded 

that for Q =  45 degree, m aximum coupling between the orthogonal polarizations is 

obtained. This has been verified in Figure 5.6. .\lso. it can be observed th a t  because 

of rotational sym m etry of the discontinuity. at q =  30 degree is equal to that

at a  =  60 degree. Similarly at o =  15 degree is equal to that at q =  75 degree. 

Once again, due to rotational symmetry, for a  =  30 degree and o =  60 degree, the 

other S-parameters like and are interchanged with 5’n,_- and S’uc- respectively, 

as shown in Figures 5.7 and 5.S.

When the depth of penetration of the ridge increases, the param eter should 

increase because the coupling between the orthogonal polarizations is increased. This 

is shown in Figure 5.9.
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Figure 5.10: (A) Discontinuity regions I &: II of the double ridged circular waveguide 
section of finite length (B) Subregions 1 &: 2 of section II

5.2  A sy m m e tr ic  d o u b le  r id ged  w a v eg u id e  d isc o n ­
tin u ity

As mentioned earlier, a polarizer is a component that changes a linear polarization 

into a circular polarization. There are a number of design variants of a polarizer in 

square and circular waveguide technology [72]. The discontinuity discussed in this 

section can be used as a basic unit of a polarizer In fact the polarizer of Figure 1.4 

can also be modified to a tapered ridged waveguide similar to the design in a square 

waveguide as discussed in [74]. and the same basic unit discussed here can be used to 

design a polarizer by cascading the scattering matrices of individual discontinuities.

Figure Ô.1Ü(.A.) shows a double ridged waveguide placed asymmetric to the TE\_i 

excitation in a circular waveguide. For the region I. the potential functions are 

identical to those in equations (5.1) and (5.2). The eigenvalues of the double ridged 

waveguide as evaluated in Chapter -3 can be used to write the potential functions in
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the region I I  of the discontinuity. However, the potential functions are required to 

satisfy the boundary conditions due to the rotation of the ridge by q. The orthogonal 

polarizations of all the modes of region I I  are identified with superscripts c' and 's' 

and are expressed as a sum of the potential functions of the subregions I and 2 as in 

equation (Ô.3) and (ô.S).

The boundary conditions of subregion I of the double ridged waveguide is iden­

tical to that of a single ridged waveguide and hence for this subregion th e  potential 

functions are similar to that in a single ridged waveguide. But. unlike in the single 

ridged waveguide, in a double ridged waveguide there are four possible symmetries 

th a t  yield these orthogonal polarization (Figure -5.10(8)). These symmetries are dis­

cussed below with relevance to those in a single ridged waveguide. T he  potential 

function is given by equation (5.4) where n = 1.3 -- represent the sym m etry

mw at o =  a  and ew at o =  o -i- ~j'l. while n =  2. 4 ■ ■ • represent the sym m etry  

mw' at o =  o  and 'mw' at o  = a  4- - j ' l .  Similarly the potential function is

given by equation (5.5) where n =  1.3 - • • represent the sym m etry  ew' at o  =  a  and 

mw' at o =  Q -f t / 2 .  while n =  0.2 • - ■ represent the sym m etry ew' at o =  q  and 'ew' 

at 0  =  0 -1- -  j'l. .Also, the potential function is given by equation (5.10) where

n =  0. 2 - - represent the sym m etry 'mw' at o  =  o and ew' at o =  o  4- - j ' l .  while 

n =  1.3--- represent the sym m etry mw' at o  =  o and mw' at o =  o 4- - j ' l .  .And 

the potential function is given by equation (5.9) where n = 2. 4 ■ • • represent

the symmetry ew' at o =  o and ew' at o =  o 4- - j ' l .  while n =  1.3 •• • represent the 

symmetry 'ew' at o =  o and 'mw' at o =  o 4- t / 2 .

For the subregion 2 the potential functions are as follows:
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. \ 2 c

rn=0

■coàl{o — 0 — a) (Ô.2S)

where / =  • Also here even values of rii correspond to the modes with 'mw' at

o =  Q and ew at o =  o +  ~/'2 and odd values of m correspond to the modes with

'mw' at o  =  Q and 'mw' at o =  o 4- ~/'2

m=0

■cosHo — 0 — a) (Ô.29)

where / =  Even values ol m correspond to the modes with ew' at o =  q and

ew' at o =  a  4- ~ /2  and odd values of m correspond to the modes with ew' at o =  o 

and mw' at o =  o 4- ~/'2.

\2 c
.(Jec)

m = l

• sin 1 ( 0  — 0 — a) (0.30)

where / =  j • Even values of m correspond to the modes with mw' at o =  a  and

ew' at o =  o 4- ~ /2  and odd values of m for the modes with mw' at o =  q  and mw'

at o =  o 4- ~/2.

\2s 

m = I

■ s\n l(o — 0 — a) (5.31)
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Figure 5.11: Magnitude of of a discontinuity from circular waveguide to double 
ridged circular waveguide of finite length. b=Icrn . a=0.5crn. q =  45aeg. 0 =  20deg, 
1=1.0m m . f=10GHz

where / =  Even values of m correspond to modes with ew' at o  =  a  and ew'

at o  =  o +  t / 2 and odd values of m correspond to modes with ew' at o =  q and 

mw' at o =  a  +  ~/2.

From the matching condition of the tangential components of E and H helds at the 

discontinuity, the coupling matrices are obtained. The coupling matrices \ \ k. Ke and 

le/i a re  expressed in terms of submatrices as in equations (5.13). (5.14) and (5.15). 

The integrals of the coupling matrices closely resemble those of the single ridged case. 

Hence, the coupling integrals of the submatrices of \ \h  alone are given in detail in 

.-Vppendix G as an example. Similarly, the coupling matrices lie and IT/, are derived 

and the  discontinuity from a circular waveguide to a double ridged waveguide with 

the ridges positioned at any arbitrary angle can be computed.

T he  discontinuity from a circular waveguide to a finite length double ridged cir-
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cular waveguide with the ridge positioned at a  =  45 degree has been computed by 

cascading the generalized S-matrices as explained in .Appendix C. The convergence of 

the .S'uac versus the number of modes considering both the polarizations are incident 

is shown in Figure 5. LI. .About 60 modes are found sufficient for this analysis. Figure 

5.12 shows the variation of S-parameters with frecjuency for such a discontinuity. Sim­

ilar to the circular to single ridged waveguide discontinuity, with the ridge positioned 

at 45 degree to the vertical and horizontal polarizations, the S'ik- and are equal 

in this discontinuity as well. .Also. is equal to Sijs- ■'̂ 'i2 sc is equal to .Suca- and 

S’lici is equal to 5uav

The discontinuity from em pty circular waveguide to a double ridged waveguide of 

finite length with the ridge positioned at o =  0 has also been computed using the 

above algorithm. For q =  0. the submatrices L'^\. and become

identically zero, similar to the single ridged discontinuity. In other words there is
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Figure 5.13: Return Loss of orthogonal polarizations of the differential phase shifter 
unit of a polarizer Dimension in cm. section 1 and section 7: a=0.9 , b=1.0. 11 =  1.338. 
section 2 and section 6: a=0.7 b=1.0. 12=1.025. section 3 and section 5: a=0.56. 
b=l.Q. 13=1.118. section 4: a=0.5. b =  1.0. 14=3.680

no coupling between the orthogonal polarization as the discontinuity reduces to the 

sym m etric  discontinuity discussed in Chapter 4. For such a sym m etric  discontinuity. 

TEn.m and m modes with n even have not been included in the analysis. The

resulting S-parameters of the fundamental mode (cosine polarized) are the same as the 

theoretical values of Figure 4.4. The S-parameters of the fundam ental orthogonal (sine 

polarized) mode was verified to satisfy the unitary relationship. The analysis of this 

discontinuity including both the polarizations has been used to design a differential 

phase shifter utilized for a polarizer.

.A three section Chebychev transformer for the cosine polarized mode was first 

designed using the fundamental mode theory. The response of the  initial design was
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Figure 5.14: Phase clifFerence between the orthogonal polarizations of the  differential 
phase shifter unit of the above polarizer

optimized for a good return loss performance of both the polarizations and for a 90 

degree phase shift between them at m idband, by altering the length of each ridged 

section. The number of modes used in the optimization was 20 T E  and  T M  modes of 

each polarization. The final analysis was performed including 40 T E  and T .\I  modes 

of each polarization. The return loss and phase response of this type  of polarizer 

unit is shown in Figures 5.13 and 5.14 The bandwidth of such a polarizer is not as 

high as the corrugated waveguide polarizer that in square waveguide technology [75]. 

However, it should be noted that the  capacitive iris of [75] in square waveguides can 

be realized only as a corrugated or ridged structure in circular waveguides.
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Chapter 6 

Conclusions

6.1 C on clu sion s

The m ajor objective of this research has been to expand the mode matching m ethod  

as an accurate numerical design tool for the design of filters and matching networks 

in circular waveguide technology. Rigorous analysis and design of these components 

is essential for modern microwave and satellite communication systems. Selected 

components have been designed utilizing the .\IMM developed in this thesis.

C hapter 1 gives a survey on the available numerical methods and their advantages 

and disadvantages. From the methods available to rigorously solve electromagnetic 

field problems, the .\IMM has been found to be best suited for the design of waveguide 

components.

C hapter 2 has reviewed the .\I.\I.\I as applied to rectangular waveguides and  rect­

angular coaxial lines. .\ double step discontinuity in a rectangular waveguide was 

solved using the .\IM.\I. .\lso. the eigenvalues of ridged rectangular waveguide and 

rectangular coaxial line for various symmetries were determined using the .\I.\IM. For 

a rectangular coaxial line, the characteristic impedance was evaluated as well. From a 

knowledge of the propagation characteristics of fundamental and higher order modes, 

a step discontinuity in a rectangular coaxial line has been analyzed. .\  comparison 

with literature shows a very good agreement for the eigenvalues and S-parameters of
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discontinuities analyzed in this chapter. Essentially, this chapter has laid the foun­

dation for an understanding of the fundamentals of this numerical technique. The 

basic principles of the .\IMM has been applied to design components in cylindrical 

coordinate system in the following chapters

The first step in the design of components is a study of the propagation charac­

teristics. Ridged circular waveguides find an important role in the design of filters, 

polarizers, orthomode transducers etc. In Chapter 3. the eigenvalue analysis of var­

ious types of ridged circular waveguides has been discussed. .\ comparison of the 

eigenvalues with the literature for single, double and triple ridged waveguides showed 

very good agreement. The characteristic impedance of double and quadruple ridged 

circular waveguides was also evaluated in this chapter.

rigorous analysis of a discontinuity from an empty circular waveguide to a double 

ridged circular waveguide including the interaction of fundamental and higher order 

modes was performed in Chapter 4. .\ metal ridge of uniform angular thickness in 

the theoretical analysis was fabricated as a thin ridge of rectangular cross-section. 

The theoretical analysis was compared with measurements and it was found that this 

approximation did not introduce a large error. Having characterized discontinuities 

in ridged circular waveguides, the analysis was applied to the design of certain useful 

components. Based on the characteristic impedance evaluated in C hapter 3. double 

and quadruple ridged waveguide transformers have been designed. The initial design 

was analyzed including the interaction of fundamental and higher oder modes and 

optimized to achieve improved performance. Two types of quadruple ridged wave­

guide transformer have been designed and a good return loss performance was found.

fifth order evanescent mode filter was also built and measured. The insertion loss 

was mainly due to the mismatch at the input of the filter and some owing to the poor 

conductivity of the material.

.A. single or a double ridge placed at an arbitrary angle to the excitation in an em pty 

circular waveguide couples the orthogonal fundamental polarizations. .A rigorous
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analysis of such a discontinuity has been presented in C hapter 5. This analysis is 

very useful in the design of polarizers and dual mode filters. .A variety of calculations 

have been performed demonstrating the validity of the algorithms presented in this 

chapter. .\  double ridged transformer to realize a polarizer has also been presented in 

this chapter. .A 90 degree differential phase shift between the  orthogonally polarized 

inputs has been achieved by using a double ridged circular waveguide transformer 

where the ridges are positioned parallel to one excitation and perpendicular to the  

other.

T he  results presented in this thesis demonstrate a significant step forward in the 

rigorous design of components in circular waveguides using the MMM in conjunction 

with the generalized scattering matrix method.

6 .2  F u rth er  W ork

For the design of orthomode transducers in circular waveguides, it is necessary to 

characterize a coaxial feed to ridged circular waveguide. The analysis of a coaxial feed 

to a ridged circular waveguide along with the quadruple ridged transformers designed 

in C hap ter  -I forms a complete orthomode transducer. For such an analysis, the inner 

conductor of the coaxial line can once again be approxim ated as conically shaped.

In conjunction with the analysis of a discontinuity from rectangular waveguide 

to circular waveguide presented in [76.77] and the analysis of orthom ode coupling 

elements discussed in C hapter -5. a dual mode filter can be analyzed and designed 

rigorously.

A circular waveguide polarizer shown in Figure 1.4 can be designed by cascading 

several discontinuities of double ridged circular waveguides presented in Chapter 5.

The analysis of a discontinuity from empty circular waveguide to a single ridged 

circular waveguide can be used to design a septum polarizer in circular waveguides 

shown in Figure 6.1. .An approximation of the thin metal septum  as ridges of finite 

angular thickness is necessary for an analysis of this type of polarizer.
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Figure 6.1: .A septum polarizer

Irises of sectoral shape as shown in Figure 6.2(b.c) can be used to couple the or­

thogonal polarizations into circular waveguides in place of the offset rectangular iris 

(Figure 6.2(a)) presented in [45]. Such a shape (Figure 6 .2(b.c)) avoids the mixed 

coordinate system required to compute the structure of Figure 6.2(a) and. besides, 

it is possible to fabricate them  as easily. .\ wide range of similar waveguide compo­

nent designs related to filters, multiplexers, transformers polarizers and  orthomode 

transducers is possible as an extension to the approaches discussed in this work.
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Figure 6.2: Irises for dual mode filters (a) Rectangular iris (b) and (c) Sectoral irises
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Appendix A

Field Components in Rectangular 
Waveguides

• Field Components of Transverse Magnetic Modes

F . =  — ( AT)  
j u s t  o x a y  o i j

"> = - â 7

E: =     ( - ^  +  I H: =  0 (A.;î)
\ d = -

• Field Components of Transverse Electric Modes
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Appendix B 

Alternative Matrix Inversion

An alternative technique for evaluation of generalized scattering m atrix  in a two port 

network with the coupling suhmatrices is presented here. The m atrices V’/,/,. V̂ e and 

are the coupling matrices from which the generalized S-m atrix  is obtained.

. u = (  1 (B.i;

The submatrices of the generalized S-matrix are obtained as follow:

5.1 =  (B.2)

Si2 =  2H ’.\/ (B.3)

5.1 =  . \ /^ [ /  + B ' ( / - ( B . 4 )

522 =  (B.Ô)

where II =  ( /  -|-
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Appendix C

Generalized Scattering Matrix 
Technique

The generalized scattering matrix technique is used to combine the  interaction of fun­

dam ental and higher order modes at cascaded discontinuities. The following equations 

are used to cascade the generalized S-matrices of two discontinuities shown in Figure 

CM.

^ u i  ^ u :

s , ... s ,

^Rii ^Ri: 

^R:i ^Rz:

— -  .V
—  b‘

. b"  
. —  a“

i

Figure CM: Cascading two-port scattering matrices

( c . i :
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-^crj =  -Su ?! /  4- ^ R u ll  j

'̂C 21 =  S l 21

~?C22 =  ^R22 + ^R2l^^ ■'̂ 'l22̂  ̂ S r i2

(C.2)

(C.3)

(C.4)

where H =  [/ — 5'£.22?fiii]~’ and S’l and S r are generalized sca ttering  matrices as 

shown in Figure C .i.

For the discontinuity of finite length as shown in Figure C.2 the  generalised S 

m atrix  is obtained as

LI:l:i

LH

ĉn Ĉll

Figure C.2; Scattering matrix of a discontinuity of finite length

•SC22 

-Fci2 

■Sc 12

—  • S / . l l  +  S i i 2 D [ [  —  S i 2 2 D S L 2 2 D ]  S l 2 2 D S l 21

^L\2D[I — S 1 2 2 DSL 2 2 D] ^Sl21 

•'?C21

(C.Ô)

(C.6)

(C.7)

(C.8)

where D is the diagonal matrix containing the phase or attenuation {0) relations of 

the  propagating and evanescent modes between the discontinuity of finite length I.
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[C.9)

where, at any frequency / .  the propagation constants in the region of the finitely long 

guide is obtained from the cutoff frequency / .  of all the modes as;

j k .  =
when /  > / ,  

k\!^  -  ( f  ) ‘ when /  < / ,
(C.IO)

T he generalised S matrix of a two port junction followed by the region of electrical

length 0 as shown in Figure C.3 is obtained as

0 exp(-j 0) 

cxpK-j 0) 0

^Cll
a‘

Î
^CIl

—  B S

Figure C.3: Scattering matrix of a discontinuity followed by a guide of electrical 
length 0

•Sc11 = (C . l l )

■Scii =  S i n D (C.T2)

•Sc->i =  D S l2\ (C.13)

S e n = D S i n D (C.14)

where D is the  same as in equation (C.9).
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Appendix D

Field Components in Circular 
Waveguides

• Field Components of Transverse Magnetic Modes

1 d i ' f  1 d 'L -p do dpd:
d i '

E -  'dp juztp dod:
= 0

(a.-^

(D.I)

(D.2)

(D.3)

•  Field Components of Transverse Electric Modes

= (D.4)p GO ju.'p a pa:

= =  (D.Ô)
O p  J ^ ’ P P  o o a z

Fr =  0 H. = -— ( D. 6)
j ^ p  \ d : ^  /
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Appendix E

Useful Bessel Function Relations

Bessel equation:

The Bessel functions are solutions of the differential equation:

d -P  I d P  (  n ^ \  ^
H   h ( l  7 ) = 0  (E .I)

dp- p dp \  p

The solutions to the above differential equation are convergent power series. These

solutions are called the Bessel functions of the first kind ./„ and the Bessel functions

of the second kind .V,,. where n is the order. The value of n can be an integer, real or

a complex number. But. the value of n encountered in this work are either an integer

or a real number. Some of the useful differentials and  integrals of these functions for

real or integral n is listed below. The function Bnip)  =  AJn(p)  +  B.\'n(p). The B^ip)

could also be a sum of Hankel functions of the first and second kind which are written
as:

=  dn[Cip) + j \ n [ a p )  (E.2)

=  Jn[cip) -  jSr , (ap)  (E.3)

The negative and positive order of the Hankel functions are related by:

// iV (ap )  =  (E.4)
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HS^(ap)  = t  H [ - \a p )  (E.o)

The relation between the  negative and positive orders in the Bessel functions of 

the first and second kind can be derived from the equations (E.4) and ( E.-5). The 

differentials and integrals given below can be found in [7S.79.S0]

Differentials in Bessel functions:

B'oip) = - B l i p ) (E.6)

Bl-n)(P) = i - i y ^ B n i p ) (E.7)

n Bnip) =  ^  ( Bn-l ip )  + Bn + lip)) ( E.S)

dBniap)
dp

=  -  [ B „ _ i ( Q / 5 )  -(- ( E.9)

dBoiap)
dp

=  —a B i ia p ) (Eh 10)

dBniap)
^  dp

=  a p B n - i ia p )  — nBniap) ( E . l l )

dBn(ap)
^  dp

=  nBniop)  + apBn+iiap) (E.12)

= x" Bn- lip) (E.13)

~J~{P Bnip)) (E.14)

Integrals in Bessel functions:

J p ' B o { p ) d p  = p -B l ip )  + pBü(p) -  J  Bq{p )(Ip (E.15)

j  Bi(p)dp  =  - B l i p ]  (E.16)
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J  pB\{p)dp = - p B o ip )  +  J  B^i(p]dp (E.IT)

j  p’' Bn- i{p)dp = p’̂ Bnip) (E.18)

j  pBn(cip)B^{3p)dp  =  (ciBr,[dp)B'^[cip) -  3B^(ap)B'^(3p))  (E.19)

^ -  [dB„{ap]Bn- i(Jp)  -  aBn- i(c tp )Bn( .ip))  (E.20)
0 2 - j

P
J- - Q-

7 (dB,dap)B,,+i{dp)) -  aBn+i(ap)Bn{dp))  (E.21)

2 2 2 

j  pB^(ap)dp  = ^ { B ' ^ i a p ) ) - + ^ ( [  -  - ^ ) B ^ ( a p )  (E.22)

= ^  (^B~{ap) -r Bn-i(cip)B„+i{ctp)^ (E.23)

Recurrence Relation:

L sing this relation it is possible to obtain the values for Bessel functions of any

order when the values of the functions for any two orders, differing from the first by

integers are known.

'2ïi
—  BnP -  Bn + \[p) + Bn-\ (P)  ( E.24 )
P
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Appendix F

Coupling Integrals of Circular to 
Single Ridged Circular Waveguide 
Discontinuity

The coupling integrals of matrices of equation (5.14) and (5.15) are  given below:

.VK- V).-
=  ( ^ T t  rnhj 4- ^  Td r m  lo )

n=(J ru = l.3
(F . l )

i^Io -A ( p /) ) '  "p ) dp y  s in^osin  ;z(o — o )do

4- ^  COSÇ O C O Sn(o  — o )do j (F.2)

i l
P^'

— Ji(fc^j'^^b).\i{k^'^'-'p)]pdp J  smqocos  l{o — a  — 6)do
A '-Jr+ti —

a+e
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"+o —
— J[(k[^/''b)Si(k[l'‘'p ) \pdp j^  cos r /o s in /(o  — Q — 6>)(/o (F.3)

where I = 2{r-â)

• V i s  .V>5

m i - r - y )  = T e r m i i  +  ^  T e r /n u ) ,
n = I  m  =  l \]

(F.4)

r e r m , .  = '/.p a.r

— J.dk{';^p).Jn(k[‘''’ p)dpj^^ cos f/o cos ri(o — Q)rfo 

r .J'. (̂k['^̂ ^p).J[ {̂k'{l'‘̂  p)pdp j  s inf/O sin»(o  — aldo ' j  (F.Ô)

— J/{ A'/Ẑ '*6).V/(A*̂ / '̂’'/))]/7c//9 [  COS qocos l{o — a  — 0)f/o

+ C ' ' I  I w 'l  < f ' v  I - V / I

“ J  r  -+-0 —d

— .J[[k[l'‘'’b)\'i(k'j^^^^p)\pdpj ^\i \qO^\nl{o — a — 6)do  (F.6)

where / =
( - - « )

■VI5 .V j5

LVe(-r.y) =  Term  1 3  +  ^  Perni
n =  1 m  =  I

I4j (F.7)
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T e r m u  =

— sin qo  cos n(o  — a  )do

p)pdp j  COS ^osin  n (o  -  Q)</oj (F.S)

T e rm ,,  =

—.Ji[k[^/‘h)\i{k[l^'^p]\pdpj^ — s\n qo cos l{o — a  — 0)do

p)]p(lp j  COS </o s in /( o — a  — 0)do  (F.9)

where I =
( - - S )

Me Me
^ee(-^-y) =  ( H  H  Term te;

n = 0 rn =  1.3 T F i y )
(F.IO)

'  J r  + o

T-Erm,,, =  p ; '; "  P i'J’“

■ -J-J,,(k'/^^^p)J„{kl.l''^p)dpJ — cos qO sin n{o — a ) d o

P)P^h j  sin qocos n (o  -  a )do^  ( F . l l )
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T e r m , ,  = P '" P^!^‘

— Jl(k[^/"'b)Si(kil'‘' 'p ) \p d p j  cos qocos l{o — Q — 0)do

+ n ‘.'p" ' PL"r"' [  -T, I <■!" V I -V. I k i ! '‘b I

— sin q o s in /(o  — Q — ^)</o ( F. 112)

where / —

.VI5 Vis

^  T e r m  IT +  ^  T e r n / i a )  =  ( F . 1 3 )
n=0 rn=0

T e rm ,:  =

( y  P̂ ''^P j  — ■i\n qo sin n{o — a)do

+ qJ,j( ) J '  ( A'!/'"'/) )f/p ^  — cos qo cos n (o  — a jdo'j ( F . 14 )

— J'i(k:^.j^'^b).\i{k-{l^^p)]dpj sin <70sin /(o  — a  — 6)do

-J' i{k’‘̂ ‘^^b).\'i(k-'j^^p)]dp j  cos qo cos l(o — ct — 0)do (F.1Ô)
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where I = ^

.Vie V2e ^
^ r A ( - r . . v )  =  ( ^  T c r m i y  - r  V  Tt rni2u)  ~ - ' " =  (F.16)

n = l  m =  I.;l

Term es =

(y I l‘̂/3 J  COS qo COS n{o — a )do

4- qJ.,[k{"^"^p).J'jk[l^" p]dp sin qosin  ri(o — a jdo'j ( F .I7)

— J[[k'jj^^h]\i[k[l^' 'p)\dpj^ COS f/osin /(o  — o  —  0)do

P)V^P j  sin qo cos l(o — a  — 0)do (F.IS)

where / = 2 ( r - ( ? )

. V i e  .V ie

L l l i x . i j l  = i y ' T e r n i 2 i  + Y] Ttrm22) , ^ ' ’ ■■ (F .I9)
.= 1 rn=l.  ̂ ^ f k ^ ^ ü ï k î ^ )

Term  .i = pdf^c)
v.p n . r

( y  y  sin çosin n (o  — a)r/o

+ qJ,j{k^.'^"^p)J'jk^J^'p)dpJ cos qocos n(o -  ajdo 'j  (F.20)
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T e r m , ,  =

+ .J[(k{l^"h]Si(k[l^^ p)\dp J  sin qo i'ln l{o — Q — 0)do  

■■f'ii^i!^''^)-^'ii^'c!^''(^)h^pj cosqocos l(o — a — 0)do  (F.21)

where / =

=  ( 13 Ttrm,: i  4- ^  T  c r m .-i)—j=========  (F .22)
,1=0 ,n=o yj k[ '̂=(.r)k[‘^̂ (y)

T e r m ,3 =

( y  '‘''^î^^'--,pf^k-f,i(kl.l^'''p)dp sin qosin n{o — c\)do

+ qJ.,(k'.^'^p).J'jk-^J^''p)dp j  cos qo cos /;( o  — Q )do^ ( F.23)

J[(kll'^^b)Si(k[l^^ p)\dp f  cos qo sin l{o — a — 0)do
•/ a -r̂

- . / ; ( ({ ""6 ) .V , '(A ' ' ," "p | | , /p jf 'J "  s ! n , o c o s f ( o - a  - » M o  (F.24)

where / =  ,



145

Appendix G

Coupling Integrals of Circular to 
Double Ridged Circular 
Waveguide

The nomenclatures used in the tollowing equations have been discussed in C hapter 5 

already. T he  coupling integrals of the m atrix  elements of \ \h for a discontinuity from 

a circular to  a double ridged circular waveguide are as follows:

vn Vjj

I m=Ü
(G . l )

T t r m ,  =

■ p)Jn{ A'f/^"p)dp COS qocos n{o — Q)do

4- ./'( k{^^'^p)J'^\k[^J‘'- p)pdp J  sin qo  sin n(o — a )do^  (G.2)

T e r n , ,  =
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— .J[[k{l^''b].\i[k{l^''p)\p(lp ■ 2 I  cosf/osin l(o  — ci — 0)do

— J'i(k^^l^^'^b]X'i{k^.' '̂''p]]pdp • 2 f  bin </ocos/( o — a — 0)do{GM)
J  L > 4 -^

where I -

Vli S2s
Lkh' -̂ '̂-y) =  I ^  Ttrm-i+ Ttrm^]

R=U 'ri = 0

(G.4)

■ — J.,ik^Y^^p)J„{k’l ^ ^ p ) d p J  àin qo s in n {o  — a )d o

■T- J!j{k^.^''^p)J'jk^.^^'‘p)pdp J  cos qo cos n (o  — Q)do^ (G.Ô)

T e rm ,  =

— .Jl{kll^'‘b)Xi{k[l^^p)\pdp ■ 2 [  s in f /o s in /(o  — a — 6)do
Jo+O

+/’i"*’Pl"‘'' v;( )(.//( j-”‘v  I .v,'( )

— J'l(kl.l^'’b).\'i{k{l^'’p]]pdp-'2 f  cos qocos l{o — 0)do  (G.6)
J L>

''■here / =

. V i j  M s
(/) = Term-  ̂ + ^  Ttrm^),

r i = 0 m=0
(G .i
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Ttrm-,  =

k/p J  — cos qo  sin n{o — a  )do 

4- - '̂,î '!:!^^pP)Jnî 'c!^^ P̂ P(^P Sin qocos n (o  — a)do^  (G.8)

—■J[{k[l '̂‘h ) \ p ) \ p d p  ■ '2 f  cosqosin  l{o — a — 0)do
Ja+à

— •//( ) A /( p )]pdp ■ 2 f  sin qo  COS l(o — 0 )do ( G .9 )
J L> 4-(9

where / =

.VIJ ,VJc-

Term r +  ^  Ternis]
n= 1 r n = 0

(G.IO)

Ternir = P.J.t''"’P'.V'*'-'

■ -J -^^^ ’i^lp )-TAkil^'^p]dp — sin f/Ocos n( o  — Q )do

+ ■ ^ ' q ( H ' ^ , l p ) J ' , S k l l ^ ' ' p ) p d p  COS qo s i n  n (o  -  o ) d ( ^  (G. I I )



us

• T-f L* —(f

/tl+^
—. / / ( •  2 f  s i n q o s in H o  — a  — 0)do

Ja-^0

+ ( ‘i ‘>  ) W ( ) A7( *•'/*■-■<> t

— .J[{k{^^^'-'h).\l{k[’J '"p)\pdp-2 f  cos qo cos l{o — 0)do  (G.12)
Jùi+e

where I =




