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ABSTRACT

Progress in integrating microwave circuits depends largely on the development
of computationally effective and accurate numerical methods. These methods allow a
miniaturization of microwave components and their utilization at higher frequency.

In this thesis, the application of the mode matching method is described as well as
their modification to different kinds of structure in rectangular and circular waveguides.
The task is to design and optimize filters, multiplexers and impedance matching net-
works. In its most general form, the mode matching method at wa,vcgui'de discontinuities
requires the matching of four field components. However, to improve cc;r\ﬁputat.ional ef-
ficiency, the effect of matching only two field components {versus four field components)
is investigated and successfully exploited for selected discontinuities.

To satisly space rcquircments; low loss, compact, and lightweight diplexer, triplexer
and quadriplexer structures in rectangular waveguide technology are designed and op-
timized. The analysis is made possible by decomposing the structure into simple dis-
continuity sections such as discontinuity in width, height or bi- and tri-furcations.

Three different types of discontinuities in coaxial waveguide are investigated: the
outer step, the inner step and the gap discontinuities. By cascading such discontinuities,
filters or matching networks can be obtained.

Finally, a new type of circular waveguide bandpass filter using printed metal inserts'

is developed and designed in Ka-band. A comparison between theoretical results and

measurements shows excellent agreement.
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Chapter 1

Introduction

Wireless communication is taking place at ever-increasing frequencies. T'he demand
for large bandwidth has led to commercial utilization of millimeter-wave frequencies up
to 60 GHz. The term millimeter wave generally refers to the frequency range where
the wavelength is less than a centimeter, starting at ~ 30 GJi z.

Beside the very large bandwidth that can be accommodated at millimeter-wave

frequencies, there are other advantages such as:

1. The smaller wavelength allows the reduction in component size, resulting in com-
pact systems with narrow beam-width antennas, which in turn provide greater

resolution and precision in target tracking and discrimination.
2. High immunity to jamming and interference.

3. Atmospheric attenuation which is relatively low in the transmission windows (35,

94, 140 and 220 G'If z) compared to 1R, and optical frequencies.

As the same time some of the advantages can also be viewed as disadvantages. For
example, the smaller component size requires greater precision in manafacturing which

makes millimeter-wave components more expensive. Smaller wavelengths introduce high



losses for long distance atmosplieric attenuation which can reach 0.06 dB/km at 10
Glz,0.15dB/km at 35 G/ z and 0.82 dB/km at 94 GH z ( sce [6]).

In microwave and millimeter wave communication systems, devices like filters or
multiplexers are important for channel selection and signal separation. In particular for
satellite systems, rigorous space requirements ( temperature, pressure, radiation, ...)
require very low loss, compact and lightweight components.

Besides planar transmission I.ines, waveguide components are still in use, in particular
for high power systems, and will still be in use for many years to come. In a waveguide,
the clectric and magnetic fields arc confined to the space within the guide. Thus, no
power is lost through radiation. Therefore, closed waveguides are frequently used as
transmission lines; in particular when specialized applications require a large range of
temperature stability, de-pressurized environment, high power and low losses. Under
these system requirements, it becomes crucial for the overall system performance to
design and build integrated waveguide components. These components not only utilize
the waveguide as a guiding and non-radiating transmission line, but also as a metallic
enclosure surrounding a planar junction or circuit that determines the performance of
the device. These planar structures may cej‘i'ain active components to form amplifiers
or mixers, or the structure may be entirely passive. In this case, cascading planar
junctions forms filters, matching networks, couplers, etc.

In the context of this thesis, only passive structures and of these only filters, diplex-
ers/multiptexers and matching networks are treated. The major part of the following
work is concentrated on numerical modelling of waveguide discontinuities to form these

filters and matching networks.



The typical layout for a multiplexer/de-multiplexer is shown in figure 1.0a. It
consists of a number of waveguide circulators followed by the channel filters in the
individual arms. The response of cach channel is simply the algebraic sum of the
1'efI9cL1011s from the preceding channels plus the loss due to the multiple circulator
passes [7]-[11}. Aunother technique consists of using T-junction manifolds instead of
circulators {12}-[14]. Since this arrangement is relatively bulky and does not allow a
compact design, the structure i1.1 figure 1.1.h is proposed in chapter 2 as an alternative
solution. This structure has been extended to & multiplexer configuration by increasing
the number of parallel channels,

In the diplexer structure (figure 1.1.b), when the number of channels inereases, the
height of the last steps of the taper can become quite large allowing the propagation
of a certain number of higher order modes (depending on the size). Furthermore, the
power division into the different channels is not perfectly equal and the optimization
of the multiplexer becomes very difficult since the waveguide channels are not isolated
from cach other.

A possible solution to this problem is shown in figure 1.1.c. It is an extension of Lthe
diplexer concept. Not only are the filters placed on top of each other hut also side by
side. Thus, a larger number of channels can be fed from one incoming waveguide by
opening the waveguide in both direction (z and y). In chapter 3, this solution is utilized
to design a quadriplexer.

After characterizing selected discontinuities in rectangular waveguides, this thesis
focusses on coaxial transmission lines and transitions in view of designing filters and

matching networks. Circular and, in particular, coaxial waveguides are pushed in fre-



a) Typical multiplexer/demultiplexer
D) ()
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Input \|/ \ﬁ - Outputd
Filterd

Filter] Filter? IMilters

Output! - Qutput2 Outputy

b) Proposed Diplexer
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Figure 1.1: Comparison between a) a typical multiplexer/de-multiplexer, b) the pro-
posed new structure and c¢) its extension to a quadriplexer.



quency to as high as 60 G'/{ = or even 100 G'I1 2. 'This leads to an extreme miniaturization
of connectors, filters, adaptors, detector, etc, Optimizing their performances at these
high frequencies requires sophisticated numerical techniques to take into account the
effect of higher order mode excitation and inter-action between closely spaced cascaded
discontinuities. In chapter 4, the analysis of selected coax transitions is presented as
well as a detailed convergence analysis. Finally, filters are designed from these cascaded
discontinuities and their pcrfort.tmnce analysis is given,

Only a few papers have dealt with devices in circular waveguides. In [51], eylindrical
mode converters are investigated and, in [53], mode filters. In addition, papers with a
more theoretical approach have been published ([54) and [55]). All of them focus on
axially symmetric discontinuities. They require expensive machining techniques and are
not very useful for mass fabrication. The filters to be introduced in this thesis (Fig, 5.1)
are based on the metal-insert filter idea in rectangular waveguides [22). The only dif-
ferences are that the rectangular waveguide is replaced by a circular guide and that the
ladder-shaped metal insert is approximated by a bow-tig shaped metal sheet instead
of a rectangular sheet (Fig. 5.2). As will be shown in Chapter 5, this approximation
does not introduce a noticeable error in the measured frequency response but allows a
,.‘;ﬁuch faster field theory design of the filter. With respect to fabrication, the structure
is simply assembled by embedding the ladder-shaped metal septum between ‘L!ng Lwo
halves of a circular split block housing (Fig. 5.1). Chapter 5 presents the analysis of

such a filter and the comparison between theoretical results and measurements,



1.1 Numerical methods - an overview

Progress in integrating microwave circuits depends largely on the development
of computationally effective and accurate design tools which are more and more depen-
dent on sophisticated numerical methods. The electromagnetic fields caleulated by any
numerical method are derived from Maxwell’s equations (2):

-

V.D =0 (1.1)
V.3 = 0 (1.2)
- be¥]
VxE = -7 (1.3)
= = b
Vxil = = (1.4)

in the absence of conduction current and free charges, where 2 is the magnetic induc-
tion and D the clectric induction. Solutions to Maxwell's equations can conveniently
be derived from a vector potential ¥ which must satisfy the Helmholtz equation (in

isotropic and homogencous media):
Vi 4+ 02 =0 (1.5)

where k% = k2c,. The relationship between the potential and the field is given by [20]:

E = grad div® + k?¥ (1.6)
I = jwesVx¥ (1.7)

Except for simple cases, a direct analytical solution of these equations is not possible.
Numerical techniques must be used instead.
Numerical methods can be categorized into methods which discretize the electro-

magnetic field and those that discretize the wave equation.
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For example, the Method of Line {(MOL) belongs to the second category. Effectively,
the MOL discretizes two of the three dimensions (in a Cartesian coordinate system) of
the wave equation and then an analytical solution is sought for the remaining dimension
[5].‘

The Finite Difference Method (FDM) belongs also to the second category since
the region of interest is divided into a regular rectangular mesh and the ¥V operator
is approximated at cach node.by evaluating the variation of the lunction with the
neighbouring nodes.

The Finite Element Method (FEM) is similar to the FDM and consequently is also
a spatial domain method. A different mesh, generally using triangles, is used, This
basic clement shape allows modelling of any transmission line contour. ‘I'he potential is
approxini;md by a polynomial within each triangle. The function is evaluated at cach
triangle vertex and compared to the neighbourhood triangle vertex values,

The Transmission Line Matrix (TLM) method is a time domain method. 1ere the
clectromagnetic field problem is converted to a three-dimensional equivalent network
problem based on Huygens's principle of wave propagation [d].

The Moments Method is a good example of the [irst category. Effectively, the
method transforms Maxwell’s equations into an integral form by using retarded potential
integrals, thus obtaining Green’s function. Expressing the vector and scalar potentials
as a sum of step functions {the basis functions) and using delta functions as testing
functions allows solution of the integral equation {3].

Other methods exist such as the Transverse Resonance Method (T'RM) (similar

to the Mode Matching Method introduced in the next section}, the Integral Equation



Method | Typical Application | Preprocessing | CPU time | Memory Storage
Frequency Domain
SDA | Quasi-Planar Guide Large Short Small
MMM Waveguide Moderate Moderate Moderate
TRM | Quasi-Planar Guide Moderate Moderate Moderate
Spatial Domain
MOIL | Quasi-Planar Guide Large Moderate Large
TLM No Limitation Small Long Large
FEM No Limitation Small Long Large
FDM No Limitation. Small Long Large
IEM Quasi-Planar Guide Moderate Moderate Moderate

Table 1.1: Comparison of different numerical methods

Method (1M} and its equivalent method in the frequency domain, the Spectral Domain

Approach (SDA).

Table 1.1 provides a general comparison of these methods. It is interesting to note

that methods requiring only a little preprocessing typically require a large amount of

memory and considerable CPU time.

A universal method does not exist. Ilowever, for each type of problem, the most ap-

propriate method may be found. Since all waveguides analyzed in this thesis have ecigen-

functions expressed in classical {standard) mathematical functions, and since this thesis

deals with structures involving only abrupt transitions, the Mode Matching Method

has been found to be the most appropriate method, with respect to memory usage and

CPU-time.



1.2 The Mode Matching Method

In the Mode Matching Method (MMM), the electromagnetic ficld is approsimated
by a sum of modal functions. The method was [irst introduced in 1967 by A, Wexler [9].
Later, the MMM was used by other authors for a large variety of diflerent problens,

In 1972, Wolfl, Kompa and Mehran applied the method to analyze some microstrip
discontinuities [24] by approximating the eigenfunctions using an equivalent waveguide
model, In 1979, Arndt and Paul developed a hybrid-mode based expansion for the S-
parameter analysis of shiclded wicrostrip discontinuitios [34]. The saine year, Mehran
presented a CAD software based on the MMM to design microstrip filters [25).

From 1982, Vahldicck and Bornemann adopted the method in the analysis of quasi-
planar filters {22], [28] and [30]. The method was extended 1o fin-line structure in 1981
by Vahidieck [27] and later by Omar and Schiunemann [23] and by Vahidieck and Hoefer
[26].

The MMM in conjunction with the Generalized Scattering Matrix Tecluique {GSMT'),
introduced by Mittra and Pace [32], allows cascading of discontinuities. ‘This Lechnique
is an extension of the conventional scattering matrix technique, In addition 1o keeping
track of the first mode of a signal flowing from a junction, it includes the effect of higher
order modes. This effect is very important in multi-imodal transission lines or when

discontinuities are closely spaced in terms of electric length.

1.2.1 Theoretical foundation of the MMM

To illustrate the principal steps of this method, the general discontinuity

problem shown in figure 1.2 is assumed. The waveguides are assumed to have perfectly
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conducting walls and they are filled with a lossless, isotropic and homogeneous medium.

The aim is to characterize the discontinuity in terms of S-parameters:

}}“) = 511/1“)-*'5123(2) (18)

A(2) = .5'214’1“)-{-.5'22”(2) . (1'9)

where A and B are the vectors containing the amplitudes, (A, and B,), of the difTer-
ent modes for the incoming and reflected waves in cach subsection (Fig. 1.2.c). This
relationship is derived from the definition of the vector potential and the matching of
the transverse electromagnetic field at = = 0 (Fig. 1.2.c) ¥ in subregion (1) and (2) is

composed of an infinite sum of orthogonal functions (¥,,):

¥, = f:(/t,, + B, (1.10)

n=1

"These functions (¥,,) must satisfy the Helmloltz equation (1.5) and the boundary con-
dition in each subregion. For computer calculations, the infinite sum in (1.10) is ap-
proximated by truncating the series at N. Then, for the transverse (with respect to the

z-direction) electric fields the continuity equation at z = 0 yields:

Ef = ET over 5
ET = 0 over Sy

Since the electrical ficld is directly derived from the f)BiClltial, these equations become:

N M
3o (AP + BMY el = 3 (4D + BR) o) (1.11)

n=1 . m=l

where (e,,) is a set of functions directly related, in each guide, to (¥,), equations (1.6)
and (1.7). (1.11) represents an equation system with 2(N + ) unknowns. It can be

solved by taking advantage of the orthogonality property of the base which is:

(1).(1) _ ) Constant if n=m
/s; e en w(s)dS = { 0 if ngm
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Figure 1.2: Example of an arbitrary shaped discontinuity

Multiplying (1.11) by c§2) and by integrating over Sy + 52, the equation becomes:

N
2 2
AP 5 = 3 (a0 1) |

n=1} s

el )csvz)w(.s)tls (1.12)
1

w being the weight function which depends on the coordinate system. Equation (1.12)
now represents a set of M equations. However, to find the relationships (1.8) and (1.9)
an additional equation is necessary which must be linearly independent from equation

(1.12). This equation is provided by the magnetic field continuity equation:
0 =il over 8 (1.13)

Again applying the orthogonal property, equation {1.13) yields:

Af
AN - g =3 (A - ) L e () ds (1.14)
5

m=1

Equation (1.14) represents a sccond set of N cquations which is independent from
|

equation (1.12). Both equations can be rewritten in matrix notation:

A 4 B® = L1, (AW 4 B)) (1.15)
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AN = B = LB, (AW - B@) (1.16)

In this set of equations, A and 2 are vectors representing the fundamental mode as well
as higher order modes. Their interactions are represented by LI and LE. Rearrang-
ing '(1.15).2111(1 (1.16) results in the scattering equations (1.8) and (1.9) for the single
discontinuity. Details ol this procedure are given in Appendix A.

In principle, the procedure as outlined above will repeat itsell for different disconti-
nuities and with different details of the boundary conditions,

The MMM represents a good Lra@c—oﬁ' between CPU-time requirements and memory
space (see Table 1.1). In {)il-l‘LiCllliLl‘“LWllCll only two field components are necessary to
satisfy the matching conditions, the MMM is significantly faster and more accurate
than other techniques that could be applied to the same problem. Therefore one focus

of this thesis is to investigate the effect of matching only two field components, versus

matching four field components.



Chapter 2

Parallel-connected diplexer

This chapter describes the analysis and design of an intcgfatcd millimeter-wave
diplexer. The diplexer can be considered as a variation of the duplexer, I'he duplexer
is a device that allows for example, a single antenna Lo serve both the transmitter and
the recciver at the same frequeucy (i.e. [15], [16], [17]).

A typical problem in diplexer design is the separation of two dilferent but close
frequencies (i.e. separation of up and down links' [1]).

A new idea for a very compact design is proposed here ( Fig. 2.1). It consists of
two parallel-conneeted E-plane metal insert filters fed by an E-plane bifurcation which
in turn is connected to a standard waveguide by a tapered section, which opens up
the height of the feeding waveguide to mateh the bifurcation height. Becanse of ils
simplicity, this structure can be casily extended to triplexers or multiplexers.

The diplexer is composed of three Lypes of discontinuities (Fig. 2.2): the E-planc
step, the E-plane bifurcation and the H-plane bifurcation. The latter one, which is the

basic element of the filter section, has been extensively analyzed (22], [26).

Yfor example, 5.93-6.42 GIf 2 and 3.705-4.195 G H z for, respectively, the up link and down link signal,
aboard the INTELSAT satellite
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Figure 2.1: Mechanical composition of the diplexer.

The E-plane step and the E-plane bifurcation have been analyzed only recently by
Dittlofl et al. ([18] and [19]). Their analysis was based on a full-wave approach, using
the linear superposition of two vector potentials (T'E and TAf). This approach leads to
six field components from which four of them (transverse to the propagation direction)
need to be included in the continuity condition.

llowever, if a T'Lyp incident mode is assumed, the transverse field is formed by
only three field components, because there is no £, component at any points in the
discontinuity.

In general, the use of only one vector potential leads to five field components. If
two of them are pointing in the propagation direction (which is the case when the field
is calculated from the W vector potential), the remaining three are transverse compo-
nents from which only two are required for the matching condition at the discontinuity.

This allows a simple and fast procedure without any loss of accuracy. Results will be
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compared with [18].
Both Ltypes of discontinuities are based on the same procedure, therefore, this chapter
presents details of the E-planc step analysis only, from which the principal steps for the

E-plane bifurcation analysis are deducted.

2.1 Vector potential

The discontinuity under investigation is shown in Fig. 2.3. If a 7'Eq incident
wave is assumed, there is no 7 component excited at any point of the discontinuity.
I'he z-component of the vector potential g (known as the Fitzgerald vector) is then
sufficient to describe the fields at this discontinuity. Therefore, for a TE* wave ? the’

field is calculated from [20]:

E = —jw;toéx@‘g‘) (2.1)
A= 9x9xi® (2.2)

The vector potential must satisfy the Helmholtz equation and the boundary condi-

tions. Then, in terms of normal modes :
‘p:(rhv)).ly" = m.nsin(k;,;mﬂ:)COS(ky“y) (A,u‘"c"jlam,n: - B,u'"e].ﬁm.n:) (2.3)

with kg, = mr/a and ky, = nr/b. The propagation constant is evaluated from:

mw nr
-2u.n = A'(2)51' = k.?:,.. = kﬁ.. = ktzler - (T)2 - (T)z
with the properties:
/Ssin(kxm:z:)sin(krl,n:)d:r = Db p (2.4)
-/Scos(kymy)cos(ky,,y)dy = Dybuap (2.5)

*1ioted sometimes in the literature : LSM wave ( Longitudinal Section Magnetic )
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where S is the waveguide cross-section, D, and D, are constants depending on the

waveguide dimensions, and 8, ,, denotes the Kroneker symbol.

Thus, by inserting equation 2.3 in (2.1) and (2.2), the six field components of the

TEZ . mode can be expressed as (m = 1 ~— oo,n = () —— oo):

Ly
E,
E,
H,
u,

H.

0
=g Ty B n STk, ) c0s(ky, y) (.fl,,,,,, emdbmas B,,,,,lt:m"'-": )
JwpoTy msinl by, x)(—=ky,, ysin(ky, y) (A,,.,,lc'-"ﬁ"‘-": - B,,,',,cjﬂ'"-":)

(2.6)
(kZe, — kim YT m msin(ley,, x)cos(ky,y) (fl,,h"(:_j‘a""": - lJ,,,.,,(:j’j"'-'”)
=T nlizy, by, cos(by,, x)sin(ky, ) (/l,,,.,,c'jﬁ'“-"‘ - B,,ll,,‘cjﬂ'“-"’)

_ij‘ukx,,,,Bm‘nCOS(k,,mn:)(:os(ky“y) (Am'"c"jﬂm.nl + l]m'" cjﬁm.u:)

Tnn denotes the normalization factor of the amplitude coclficients, which is V1.

Ty is calculated from:

which yields

P =/f(l§x ).d§ = 1.0W (2.7)
S
T 2 (25)

\/wI‘Uﬁm.u (ﬁm.u + (leﬂ,)’l) b
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2.2 Matching condition

2.2.1 Matching the electric field

The electromagnetic field has been expressed as an infinite sum of modal vectors.
Applying the continuity conditions at the junction (= = 0) (sce Fig. 2.3):

o E,(,l) Y € [cy,dy] Yz €[0,0]

0 otherwise,

nn

and using the property of mode orthogonality, results in the following coupling equation:

L7555 oot a0 sind e eas( 25 )
0

m=ln=¢

R 1.71' ‘77
(A + BE,) sin2)cos( Z-y)dzdy =

1 & & - . ,mnw nw
//c ZZ"“’IIOIT(J?; r(v!.)n‘s\“l((_tz)cos(T(y—Cy))

¥ m=1ln=o

17 k
(AL, - (1) sin(%m)cos(%y)dwy (2.9)

On the LHS of the equation, both integrals lead to Dz and Dy (defined in 2.4 and 2.5).
On the RHS, only the x-integral leads to a constant. llence, 2.9 yields:

m2)aB 27 .2 2 a

Ti 5500 (A + 83 = T (e Bl (A0 + B)) (2.10)

n=o
with
dy nw kw
Jim = / cos(—(y — cy))cos(—‘y)dy
¢y b B
Isolating the amplitude coeflicient in equation (2.10) leads to:

oo ‘(1) ﬁ(

(2) (2) .ﬂ Pin (1) (1)
A‘ + B Z B T(-z) 3(2) ] .1! (A'i n + Bl 1l) (2‘]‘1)
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Figure 2.3: Side view of an E-plane step discontinuity,
Or in matrix form:
AP 4 5@ = L (A0 4 pO) (2.12)

i,k and 7, n denote the different modes in each subregions (Af-f,! and BEI'") withn = ) - @

in guide (1) and 1152,3 and Bfi.’ with £ =0 — oo in guide (2)). For computer sitmulation,

the vector expansion is limited to & in guide (1) and to K in gnide (2).

2.2.2 Matching the magnetic field

Matching only the E-field is not sufficient to characterize the discontinuity. A
second equation is needed which is independent from (2.12). This equation is provided

by the M -field (Vz € [0,¢]) :

@ = g ¥ € [cyad,)
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Following the same procedure as for the 1.'7,,-ﬁuld leads to:

tn (2) (2)
b k(?) 5_‘) - (%)2 T(I) JVI, (At.n Bl n) (2-13)

A9 - 1)

n=e

AN - = Lp(a® - p®) (2.14)

It can been shown that LE = LIf*,

Using.thc M vector potential, oneﬂprob!mn remains : there are three continuity
conditions (Ey, H, and [f,) and only t\\lao unknown vector quantities: B and A2
(the outgoing wave coefficients). The independence of the three continuity conditions

(£y, Iy and ) can be verified by writing the third one:
m® = nf" yeleyd,] Vzel0,a

Applying the previously described proccdurc, this equation leads to:

A~ gl = Z - '(';') s (A8 - B (2.15)

n=o

Therefore, equations (2.13) and (2.15) are lincarly independent if and only if eV = £,
If a TEY, mode excitation is assumed, the matrices LE and LI are the coupling
matrices connecting the 7EY, modes in guide (1) to the TEf,, modes the guide (2).

Rearranging equations (2.14) and (2.12) leads to the S-matrix of the E-plane step dis-

B Sy Siz Al

Details of this procedure are given in appendix A.

continuity.

2.2.3 E-plane bifurcation

The procedure to obtain the S-matrix of an E-plane bifurcation is very similar to

that of an E-plane step. Therefore, this section will present only the important steps.
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The starling point is again the potential vector deseribed in section 2.1 from which
the E- and H-field can be expressed as in equation (2.6). T'hen the continuity condition

is applied at the discontinuity plane (sce Fig. 2.1):

EISI) = E}:?) y€[0,e)] Vael[0a
E,(,J) y € [dy,ey] Vee[0,u]
= othorwise,

This continuity condition can he rewritten as:

— AR

Al @

dy
@ - Cu!
o) : AW
; <~ B ©
P @ -
%
%=0
Figure 2.4: Side view of an E-plane bilurcation.
BN = B 4 g (2.17)

with E,(,z) and E,Sa) zero outside guide (2) and (3), respectively. Following the sine
procedure defined in section 2.2.1 (e.g. multiplying both sides of 2.17 with cigenfunctions

of section (1) and integrating over the cross-section) leads to:

AW ¢ B = L) (A“) + BW)) + L3 (A(-") + n‘-’”) (2.18)
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A second and third equation can be found by applying the #z-field matching condition:

I[,(,” = 11,(,2) y €[0,¢,] Vae[0,q]
u y € [dy,e,) Yz €[0,4q]
which yields:
AR _p) o pp@ (A“)-E“)) (2.19)
AR = BB = pp@) (4 - ) (2.20)

Rearranging all three equations leads to the three-port scatlering matrix of the E-plane

discontinuity:

B s“ 512 313 A(XJ
/1(2) = 521 322 523 B(z) (2.21)
11(3) 531 332 533 B(S)

2.3 Convergence analysis

The convergence behavior depends on the ratio ¢/p of the number of modes taken
into account in each guide. The best convergence behavior is obtained when this ratio is
equal to the ratio of the waveguide lheights. This is shown in Figure 2.5 and tlhe results
confirtn those from [36]. Since the step ratio is 2:1, the optimum behavior is obtained
for ¢ = 2p. Although the choice of ¢/p can be different, other ratios will lead to slower
convergence.

A similar couvergence analysis can be performed with the height as a parameter in
Ka-band (Fig. 2.6) and in W-band (Fig. 2.7) or with the frequency (Fig. 2.8). These
curves, computed with Lll‘of:samc number of modes in both guides, show the convergence
speed decreases with t.hé'lsizc of the step and with {requency. Figure 2.9 presents the

convergence analysis for a power divider (the dimension are given in Table 2.1).
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Figure 2.5: Convergence analysis of an E-plane step discontinuity and its equivalem.
capacitance.

The convergence speed can be improved by taking advantage of the structural sym-
metry of the step, which means considering only even modes with respect to the y-
directions.

Only the first 6 or 8 modes are necessary, which is small in comparison with the
calculations done for the same kind of structure by Dittlofl [19]. The method in [19]
uses two potential vectors, ‘Ir‘(;") and lI!(:“), and reaches convergence only with a large

number, about fifteen, of TE and T'A modes.

:’considcrin% odd modes with respect to the x-direction is nol uecessary, becanse the S-matrix links

TE! ’,2 to TE®

e
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2.4 Power divider

In the following, step discontinuities are cascaded 1o taper the feeding wavegnide
into the E-plane bifurcation. Figure 2.10 shows an X-band narrow band power divider
(design and measurement by [18]). The comparison between measured and computed
results is excellent.

Figure 2.11 shows the frequency response of a tapered W-band power divider. ‘I'he
frequency range over which the return loss is greater than 30 df3%, is 20 G/ 2.

Figures 2.12 and 2.13 show an example for a 3-Channel power divider (4.77 d1))
over a 10 GHz bandwidth. It can he observed that the power distribution into the

three channels is not equal. The coefficient S3; (transmission to the middle channel) is

‘the insertion loss is less than 3.016 dB (theoretical value: $.0103 df3} aver the same bandwidth
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Figure 2.9: Convergence analysis for a W-band power divider {at 90 GHz), fed by a
S-step taper transition (data in Table 2.1)

slightly diflerent from the coelficients o1 and S4; (transmission to the upper and lower
channel} which is due to the different power distribution in y-direction in the last step
of the taper. The power distribution reaches a peak in the middle, right in front of

channal 2.

2.5 Diplexer-Triplexer

2.5.1 Diplexer

The power divider structure can be combined with filters. Using E-plane metal
insert [ilters leads to a very compact and casy to fabricate diplexer or triplexer device.
Both filters can be photolithographically ctched from a single metallic sheet and then
embedded into the split block housing as shown in Figure 2.14.

The scattering matrix of the filters contains only T E7 5 modes. However, the power



+! ‘ ' i

. This method —
Mensured by [L8] +
Computed by (18] --- -

S [aB)
.5'[ 1

10 - -
. Sy =|S;;1 . , )

‘. '. : 1
10 Il 12 14 14 19

Frequency [Gllz]

Figure 2.10: Frequency response of an optimized tapered X-band power divider,

S [dB]
20 - -
10 + i
891 = 841 < 3016
| { L
80 85 90 95 100

Frequency [Cillz]

Figure 2.11: Frequency response of an optimized tapered W-band power divider.



40

30

Sy [dD)

2

10

28

" Channel 1 N

Channel 2
L}

T T " Channel 3 i

Il ] 1 |

78 80 82 84
Frequency [GHz)

Figure 2.12: Return loss versus frequency for an optimized W-band 3-channel power

divider.

S [dn)

1.9

T T T T T
Sa = S,
\-\___—-_#_—__—__——
_,—r—r_r___Channel 1
R __Channel 2 i
Channel 3
{ 1 ! ! !
76 78 80 82 84

Frequency [Giz]

Figure 2.13: Insertion loss versus frequency of the different channels of an optimized
W-Band 3-channel power divider.



20

Ladder-shaped
E-planc filters

" Tapered
transition

Figure 2.14: Perspective view of the diplexer arrangement with ladder-shapaed moetal
insert E-plane filters.

divider S-matrix connects T'E¥, modes with i constant, [If di and dy, the respective

“i,n
length in front of each channel (see Table 2.1}, are “long enough®, the T'Kf, modes
with ¢ > 1 and n > 0 vanish rapidly and their effects on the filters become almast non-
existent. Therefore, to interconnect the tapered bifurcation with the filters, only the
part of the S-matrices that contains T Efy modes is consi<lered. That requires calculation
of the S-matrix of the tapered bifurcation with dilferent 7°E7y excitation several thnes
and to store only the T'Efy-to-7'£7, elements.

The first example is a Ka-band diplexer designed at 28.2 GH z and 32,7 G/ 2 (see
Fig. 2.15). The sccond example is a W-band diplexer designed at 93.5 Gz and 96.0
GHz (see Fig. 2.16). The corresponding data is given in Tables 2.1 and 2.2. [n the
W-band example, a theoretical return loss better than 20 3 (S5 < 0.05 d3) has been

achieved in both channels. Such good performance could not be obtained with the Ka-
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band diplexer because both channels are closer to the cut-off frequency®. This means
the dispersion effect is more pronounced and, therefore, the taper is not as good over

the wide frequency range it was designed for.

2.5.2 Double band-pass filter

Combining the ouiput of the diplexer by the same power combiner as the
one at the input leads to a double bandpass filter, which can be useful for different
applications. One application may be for high power signals where the power is too
high for a single filter to handle. In this case, the power is split into two channels with
both filters working at the same center lrequency. Another application may be to design
an extreme broadband filter where the passband of one [ilter starts at the end of the
other passhand.

A double band-pass filter has been designed with a 2.0 GI z guard band and more
than 25.0 dB rejection between both passbands. The theoretical insertion loss is less

than 0.5 dB3 in both passbands (Fig. 2.17).

2.5.3 Triplexer

Expanding the bifurcation to a trifurcation leads to a triplexer for which the
performance is given in Figure 2.18. A good optimized triplexer was diflicult to obtain.
One reason is that the power distribution into the different channels is not perfectly
cqual. Another reason has to do with the propagation of the first higher order mode
in the last section of the taper. Thus, part of the energy of the fundamental mode is
transferred into this second mode and it is difficult to control it. Tll(:ﬁilﬂ@nsion of this

last section is 2.54 mm x 4.01 mm. Calculating the first three propagation constants

>WR-28 waveguide: 21.081 G/l



60 T T
‘521
40 |- -
S[dlﬂ
R
20 e ih:hl -
Rt KA
f "“”,ﬂ~
T [
1. /N 1 t 1

26 27 28 29 30 31 32 33 34 35
Frequency [Gll7]

Figure 2.15: Frequency response of the optimized Ka-band diplexer.

80 T

G0

S [dB]) 40

20

| 1 1 3 |

92 93 94 95 96 97 98
Frequency [Gl1z]

Figure 2.16: Frequency response of the optimized W-band diplexer.

d



32

50
40
S [dB] 30

20

92 93 94 95 96 97 98
Frequency [Gllz)

Figure 2.17: Frequency response of an optimized double-band filter.

at 90 G/ z gives the following values:

TEo : fB=1424.14m™!
TE, : f=1180.29m™!

TE, : B=-j65340m™!

Therefore, in the last section of the tapered feeder, the TE¢; mode can propagate once
excited.,

In case of a parallel-conunected multiplexer with a number of output channels larger
than three, both problems (power distribution and propagation of higher order modes)

are detrimental to good device performance.
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Two Channels Three Channels

Power Divider Diplexer Power Div. | Triplexer

X-Band | W-Band { Ka-Band | W-Band | W-Band W-Band
a 19.05 2.54 7.112 2.540 2.54 2.54
L 6.75 1.080 8.95 1.95 1.55 2.60
Ly 6.25 1,125 8.25 1.62 2.19 2.60
Ly | 3.78 1.055 8.55 0.19 1.99 0.36
Ly 6.74 1.077 8.45 1.46 1.77 2.10
Ls 6.80 1.563 8.30 0.60 2.30 0.17
iy | 9.525 1.27 3.556 1.270 1.270 1.270
iy 9.74 1.316 3.684 1.309 1.772 1.279
Hy | 10.55 1.489 4.169 1.489 2.340 1.388
Hs | 13.12 1.847 5.216 1.847 2.938 2.436
s | 15.12 2.347 6.632 2.347 3.482 3.152
g | 19.07 2.64 7.612 2.640 4.010 4.010
d, 6.05 1.65 1.90
iy 5.95 1.74 1.35
dy 1.52

Table 2.1: Mechanical dimensions of the X
Ka-band and W-band filters (all dimensions in millimeters).

34

-Band power divider, W-Band power divider,
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Ka-band W-band
Filter #1 | Filter #2 | Filter #£1 | Filter 42 | Filter #3

a [mm] 7.112 7.112 2.54 2.54 2.51
b [mm) 3.556 3.556 1.27 1.27 1.27
To [GH7) 28.35 32.50 03.77 05.97 94,67
N 3 4 4 4 4

S1 & Sy [mm] 0.525 0.647 0.591 0.586 0.5806
52 & Sy [mm] 2.539 3.446 1.829 1.829 1.829
S3 [mm) 4.056 1.980 1.980 1.080
I, & Ly [mm] 6.311 1372 | 1.555 1471 1.520
I, & Ly-1 [mm]| 6.397 4400 | 1557 1473 1.522

Table 2.2: Mechanical dimensions of the Ka- and W-baud metal insert filters,

3b



Chapter 3

Double-step discontinuities

This chapter focuses on the analysis and design of a parallel-connected four-
channel multiplexer. In the context of this chapter, some other structures (like iris
filters or waveguide transformer) will be analyzed as well and compared with measured
results available in the literature in order to verify the accuracy of the approach taken.

T'he disadvantage of the diplexer/multiplexer described in the previous chapter is the
height of the last steps of the taper if the number of channels exceeds three. To reduce
the size of the transition waveguide, the channels are parallel connected in two directions
instead of one (Fig. 3.1). T'his is possible by utilizing a grid divider fed by a double step
tapered transition to gradually match the transition plane between the feeding channel
(@ x &) and the grid divider (Na x Mb). Two new types of discontinuities are introduced
in this chapter: the double-step discontinuity and the grid divider (Fig. 3.1). Since both
discontinuities require an equivalent analysis, the emphasis on the following procedure
is on the double-step discontinuity.

Three different approaches to analyze the discontinuity numerically are investigated.
The first approach assumes five field components derived from ™. The second ap-

proach considers the general case of six field components derived from a superposition
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Figure 3.1: Mechanical composition ol the quadriplexer.

Fh o . m . o e .
of \IJL ) and w&" vector potentials. The third approach uses a variation of the first one

by using 17 and/or II, field components to be matched al the discontinuity.

3.1 TFE* approach

In the case of the discontinuity described in figure 3.2, it is first assumed thal the
E component is still zero at any point of the discontinuity. ‘T'herefore, 1-13;(,,"1, already
defined in the previous chapter, is again suflicient to describe the electromagnetic field.

The E, continuity condition at z = 0 {(Fig. 3.2) yiclds:

EP = g % € [erdy] ¥E [ey,dy]

= 0 otherwise,

Multiplying both sides of the equation by tlie normal functions of region 2, integrat-
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Figure 3.2: Detail of the double step discontinuity.

ing within the boundaries and finally using the property of mode orthogonality, the

continuity equation becomes:

1( )+ }(2) — i i : '(’3‘ ’g’}')“ ( 1(1] + B(l) )1 JJ'“ 13 1)
= 2 AB T(z) ﬂf? m,n myn ) fam \/1 T 60‘.,,_\/1 T 50,3
/1(2)+ B(z) = LH (/l(l) + B(l)) (3.2)
where [, and J;, are the coupling integrals defined by:
s mr . i
fim = / sin(—(2 = ¢)) sin{~—2z)dz (3.3)
Cr a A
d .
Jin = / ycos(ﬂ(y— cy))cos(ﬂy)dy (3.4)
cy b B

where a X b and A x B are the cross-scction dimensions of the smaller and bigger
waveguide, respectively.
A sccond equation is necessary to solve the problem mathematically and to ensure

the ficld continuity for all fields. This equation is obtained by using the X -continuity



B
condition at the discontinuity (Iig. 3.2):
u® = g\ ¥ € [eg,d] y € ey, dy) (3.9)

The same procedure applied to the E-field leads to the lollowing equations:

4 I\-Q..( 2) (mrr) 1(7) J ‘
A(_l) B(l) (1124 m, nl ".J A(',) }( 2) b
W mz“l HZD wb kges_') (:'r)'l ]‘(l) i \/l + b() n \/' + da; J ( " w ")( ,)

which can be written in matrix notation as:
A = LR (Al?l - i) (3.7)

Furthermore, LE* = LI since:

4 Kgef — a4 )
TR EE S R P N )

If a T ET 3 mode excitation is assumed, the matrix LF and LI are the coupling matrices
connecting the TE7; modes in guide (1) to the T/, | modes in guide (2). Since two
indices for each mode in matrix notation are nat appropriate, new indices by and Ly
are defined and their sequences are based on the respective values of the propagation
constant. Then the matrices LE and LI are connecting the 7'y, modes-io the TEY,
modes.

Rearranging equations 3.2 and 3.7 yields the S-matrix of the discontinuity. Details
of this procedure are given in Appendix A.

Instead of JI., also If, could he used for the second continuity equation (see fig-

ure 3.2):

B = g T € [exydy) v € ey, dy) (3.8)



This cquation leads Lo

A(-l-) }(1) Z Z mﬂ)2 ,1‘1(;11):11 J"'j ( 1(2) B(Z) ) (3‘9)
i el n=o ab (”")2 '1'(1) md \/1 + o0 \/1 T 60'.)' m,n mn

which is linearly independent of equations 3.1 and 3.6. It is obvious that the system
of equations (3.2, 3.7 and 3.9) has only two unknowns (namely B and A®)), This
overdetermiaated system is due to the fact that the hypothesis is not correct: the
component %, is not zero. However, it has been shown in [28] that, i resonant effects
do not oceur within the disconlinuity plane, the first higher mode containing an £,
component is strongly evanescent and its influence on the ficld matching is small or
negligible. Therefore, it appears to be sufficient to analyze both types of discontinuities
with a five-component field and by neglecting the //,-matching equation.

To evaluate the error made by this approximation, a comparison of this method with

a full wave analysis is presented in the next section.

3.2 Full wave analysis

The full wave approach is based on the superposition of two potential vectors g

and ¥ describing six field components according to:

E = —jupgV x ¥ 4 ¥ x ¥V x ¥l (3.10)
I = VxVx 34wV x G (3.11)

Both potential vectors individually must satisly the Helmlioltz equation and the
boundary conditions. The potential vectors are defined as an infinite sum of normal

modes:

o o
gx,)n . = Z ZF,(,:"L :L‘ Y (lm'"c'me.n: + Bm,uejﬁm'"z) (3.12)

m=] n=0



(o I
303 B, y) (Cpge it = 1, yeifras) (3.13)
p=Uy=1
where
l'r(’:lzl(q y) = f,rr(nhzlsul(lum ;) cos( ey, 4) (3.14)
i ayy) = T8 cos(kyp,e)sin(hy, i) (3.15)

with kg, = irfa and ky,, = jr /b, "The propagation constant is evaluated as:

2 2. 2 24—l ih’z jn' 4
Big = kesr =l = by, = I"tr-l'_(';) -5

Lhe expression for the lields derived from v has been given already in equations
2.6. The ficlds derived from the electric vector potential Wi are given as follows

(p=0—o00,5=1—o0):

EF = (I*-12 )']'(c) cos( bz, ) sin(ky, y) (Cp.,’c“mr'.v: + /)p.’l(,Jffu.F)

Pl
El) = 1l by sin(y,x) cos( ;,,q_/)( e 4D, (Jf’tw)
El) = J'}Eﬁ,k,,,ﬁ,,,,sm (ks :)am(LJqJ)( p,’p_-’ﬂl‘-'l" D, ,.Jﬂ,.,p)
(3.16)
me = o

Jll(f) = w._'l’,,‘,,)ﬂp,q cos(k,,,,u:)sin(ky,,y) (C,,‘,,c'j'“"-"' D, r-’”’"")

e = —-jw..I‘MkJ,, cos(ky,T) cos(ky,y )(C,,,,C‘Jﬂ;..,- + D, ,Jﬂ,..l)

T( ) denotes the normalization factor of the amplitude coefficients which is calealated

from equation 2.7:

7le) — 2

. (3.17)
P fese g (s — (2)7) ab




42
3.2.1 Matching equation

The clectromagnetic field is given as an infinite sum of modal vectors. Applying

the continuity conditions at the junction (z = 0) (sce Fig. 3.2):

IE-}?) E«fvl) z € [cxydz] Y E [eyady)
0 otherwise,

and using the property of mode orthogonality twice:

B (&, x ¥, 1‘“‘2’)15 = / BV (7, % Vo D)5 (3.18)
Az

Az

/ B (& % Vo FPyds

/ EW.(8. % ¥y FD s (3.19)

leads to two dilferent coupling equations for the E-field. The sccond equation (3.19)

which can be rewritien as
A B O [(e2) dx rdy g ie2)
EENE g =/ f BN gg 2
fufofay‘s s (3.20)
yields the coupling equation between T'M* modes.
¢® 4 D = Li® (¢t 4 pth)) (3.21)
where L1I1®) is expressed as:

(1)2 /b)z (cl) 4 I
L !(;) £ (am Lak} i . 22
;oq; B E 4 (jm/B) TP AB T+ bop /1 g,Ume (3.22)

Equation 3.18 is more complex because it includes the coupling between the different

T E* modes but also the coupling between TE* and TA{* modes. Rewriting (3.18) as:

/A /B E(c?)w - E(Cz)ap_(ml UHBF{ 2 ds =
o Jo o0y L dz

dsy  pdy aF(lt'Z) aF(hZ) aF(h )
E(cl)__ _ plen ™ Y .‘,(M)—-—— 3.2
L ( R R T P R B Fa (3.23)
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and using again the orthogonality between modes, leaves on the LHS of (3.23) a diagonal
matrix containing the amplitude coeflicients and on the RIS, two coupling matrices
LEHM and LHP, LI was already defined in the T'E¥ approach because it represents
the coupling between 7'E* modes. L) corresponds to the coupling between ' E* and

T M= modes at the discontinuity. Therefore, equation 3.23 can be written as:
AP 4 5@ = W (AN 4 g0 gL (e 4 pit) (5.21)

where the (4, 7)** clement of £112) lhas the following forn:

© < (1) 2 milel gizd
Ll 1(2) = Z i 'm} + (“b' :Stv) 1113 fip Sia
=0 q=1 (2) 4 ()2 T“'z)w/loa‘”}ﬂ( YT+ by /T4 8 j
Tyg.cr;” 4EF "L' fip din
T,-(_gfz) w;toleﬂ,!'? V1 top /14 b0,

(3.23)

With (3.21) and (3.24), a set of two equations has been obtained. By matching the
H-field, a sccond set of equations is obtained involving three coupling matrices 1),

LE® and LE® which are the transposed of LI, L12) and L™,

AW _ py - LE“)(A(?)-B“)) (3.26)
c_ pt) = LE‘?)(A“*—13(2))4-/,13(3) (C(")—I)"‘)) (3.27)

Equations (3.21), (3.24), (3.26) and (3.27) lead to the following matrix equation (where

0 denotes the null matrix and U the unit matrix) :

U 0o LEM o0 )

0 U LER) LR pln
LY @ U 0 A2 =

0 L 0 - v C(2)

Ky
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U 0 LEM 0 A
0 U LE® LE® cm
LM L@ _y 0 ) (3.28)
O  LH® 0 -y D2
Ka

‘T'he scattering matrix of the step discontinuity is then given by:

[ S Sz \ _ a1 g
5= ( Sa1 Saz ) =Ky (3:29)

3.2.2 Comparison of both approaches

In many applications, using a five-component field and neglecting the /f,-matching
comlitio'u does not lead to wrong results. In other cases, this approximation is not valid
and the discrepancy with the full wave approach hecomes significant,

To illustrate this situation, the following cases are considered. The first case is a
Ku-to-X-band transformer. The linear double taper is approximated by 24 steps of
equal length. Both approaches lead to identical results {Fig. 3.3) and a comparison
with measurements [33] shows excellent agreement. llowever, the T E®-approach hes a
computational advantage because it requires only 30 percent of the CPU time needed
for the full wave approach,

The sccond case to be analyzed is a Ku-band waveguide iris filler where the irises act
as coupling clements between cavities. The transmission behavior is shown in figure 3.4.
Both approaches investigated yield identical results. In the same graph, a convergence
analysis of the filter is presented. It shows that a minimum of 40 TE* modes are
necessary to reach a satisfactory convergence.

In the case where the iris filter utilizes thc’rcsonauce of the iris itself rather than the

resonant effect due to the waveguide section between iriscs, some important discrepan-



49

0.6

04

Y

X-band .

Ru-lland

10

12

14 16 18
Frequency [GH)

Figure 3.3: Magnitude of the reflection coeflicient of a linear Ku-to-N-band trausforner
(approximated by 24 steps), +++ measured [33].
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Figure 3.4: Insertion loss of a three-resonator iris-coupled Ku-band waveguide filter,
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+++ measured {29].
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cies may occur, in particular at frequency close to the iris resonance. For example, the
iris shown in figure 3.6, has a cutofl frequency at 37.5 G/l z. Exactly at this frequency,
the 7'I2% approach reveals some instabilities due to the lack of the #, field matching.
'l‘he_ peak at 42.2 G/l = corresponds-to the zero of the LE-denominator (equation 3.6)

N J() . . .
hecause the factor '1,-(‘)-) which is proportional to:

1
A+ (6
tJ
hecomes infinite at this frequency for £ = 2. That explains the large discrepancies with
the full-wave analysis for [requencies within the band [37.5 GH =z, 42.2 GHz). This
discrepancy vanishes when the frequency gets further away from this band. Figure 3.6
is a different view of the performance of the same iris but as a function of the frequency.
Again, the figure shows an important discrepancy around the cutoff frequency (37.5

G I z) and, wrong resulls are obtained by using only a T'ET approach.

3.3 Alternative approach

An interesting solution was proposed in (28}, In this approach, the method
based on five fiekl components alternates between the He- and H-ficld matching at
the discontinuity. The S-matrix is obtained from two coupling matrices LH and LE.
LIl is derived from the £ -matching equation and its expression can be found using
equation 3.1. The H,- and fI,-matching conditions, equations (3.5) and (3.8), lead to
two different coupling matrices LE, and LE;,. A new matrix LE is formed by copying

clements from ecither LE; or LE, into LE where:

(Lls‘)k,k“ = (I‘El')k,k” if mode k; or mode &y is a TEZ, type 3.30)
(I'E)k,k,, = (LEy)k,k,, il neither mode ky nor mode &z are a TEZ, type( )
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Therefore, LE contains data which is derived {romn the matching conditions of either
1, or i, Using the procedure in Appendix A leads to the S-matrix of the discontinuity.
This method requires the same CPU time as the 7°'E* approach and, according to

[28], leads Lo very satisfactory results in particular in the case of a resonant iris.

3.4 Application to power divider and quadriplexer

The design of an G-d B3 power divider can he done by cascading step discontinuities
and a 2x2 grid-divider. The overall five-port scattering matrix is calculated by using
the generalized scattering matrix techniques [31]. Fig. 3.7 shows the frequency response
over 10 Gl z bandwidth of an optimized W-band G-dB power divider. The data for
the power divider is given in Table 3.1. It should be noticed that the lengths of each
transformer section are close to A,/4 (at 90 G/J/z) and decrease from 2.58mm in the
first section to 1.92 mm in the last section of the taper. However, the 4% length does
not, approximate A,/4 because it is located just between the two biggest steps of the
taper, 3.84 — 5.18 mum in x-direction and 1.81 — 2,31 mm in y-direction. Therefore,
higher order modes are more excited between both steps and the length Ly must be
longer to reduce their parasitic effect.

The insertion loss remains virtually constant at 6.023 dB*. Furthermore, different
Sn-responses according to the number of modes are displayed in the same figure as
well. They indicate that, for example, 30 modes are “almost” sufficient to obtain good
behavior of the return loss coefficient.

The quadriplexer (figure 3.1) is a 6-dB I;O\ver divider parallel connected to four E-

plane metal insert filters. To match the ficld at the power divider output and the filter

YThe return loss is greater than 30 dB over the same range



Table 3.1: Mechanical dimensions of the W-band «-way power divider and quadriplexer.

S [dB]

Figure 3.7: Frequency response of an optimized 4-chiannel power divider.

Power divider (all dimeusions in millimeters)

a; b; Li | Ag/4 at 90 Glly
Input waveguide | 2.54 | 1.27 2.2(%)
1% section 2.67 | 1.33 | 2.58 2,133
2"¢ section 274 | 148 | 2.52 2,100
3¢ section 3.50 | 1.81 | 2.32 1.895
4 section 3.84 1 231 | 3.10 1.850
5t section 5.18 | 2.64 | 1.92 1.760

Quadriplexer (all d

jmensions it n

iillimeters)

«; b; L; d;
[nput waveguide | 2.540 | 1.270 iy 1.8Y
1%t section 4,921 | 1.408 1 1.35 | s 2.07
2" gection 5.283 [ 1.601 | 0.80 | oy 1.5
37 section 3.0001 | 0.828 [ 1.00 | d, 1.83
4*" section 4.435 | 2.5890 [ 2.10
5 section 5.180 | 2.610 | 1.10

50

410 +
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e — — — — 2 Modes ~J
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inputs, the technique used in section 2.6.1 which consists of sorting the TE7 ,, modes
in order to keep only those which match the filler TE7, modes, is applied,

Fig. 3.8 iliustrates an optimized quadriplexer in the W-band. Nole that the third
step in the taper is negative creating an inductive effect. This means also that the taper

is not an approximation of a siooth tapered transition.

80

]

S[dB) 40

20

92 93 94 95 96
Frequency [Gliz)

Figure 3.8: Frequency response of an optimized quadriplexer.



Chapter 4

Coaxial circular waveguide

Although attenuation of coaxial line:;; increases significantly with frequency [35] and
can reach 2 d3 per foot at 60 G'H =, coaxial systes are now used up to this frequency
and are planned to go as high as 100 &1/ z. For this purpose, lmm connectors are being
developed. Accurate design of miniaturized coax components is not possible anymore
by considering only the TEM maode, in particudar in view ol the fact that for fabrication
purpaoses, some sections of the coaxial device may have large dimensions in which T°F,
or even other higher modes can propagate. In this chapter, the MMM is applied to
analyze discontinuities such as the coaxial inner or outer step (including a change in

supporting diclectric) and abruptly ended rods (see Figure 4.1).

— I

—_—
PR |
-
a) Inner step b) Outer step ¢} Abrupt-ended-rod
discantinuity discontinuity discontinuity

Figure 4.1: Types of coaxial discontinuities.



4.1 Vector potential

The general analysis of coaxial circular waveguide includes T£, T'M and TEM

modes. It starts from the following equations (equivalent to equations 3.10 and 3.11):

. - - l = =~ =
E = -Vx¥lhl o —9xvxyle (4.1)
Jwe .
- - - I = - -
i = Vx¥6) 4§ —VxVx ¥ (4.2)
jwit

where ¥(%) is the T'E vector potential and W% is the 7'M vector potential. The TEM
mode is only a special case of the T°A/ mode. These equations lead to an expression for
the six field components, with £. = 0 for the 7'/ mode, /. = 0 for the TM mode and
both being zero for the T EAM mode. Sce Appendix C for a complete description of the
ficld components.

The following analysis is based on two assumptions: First, none of the structures
analyzed in this chipter contains a discontinuity in #-direction and sccondly the incident
wave is T'E M. Therefore, as shown in Figure 4.2, three field components { £,, g and
2. ) are sufficient to describe the field at any points of the discontinuities and, thereby,
only TEAM and TAf modes are excited at the discontinuity.

For the T'M maode, in a cylindrical coordinate system, the Ilelmholtz equation can

be written as:

il - .2 {h) —
pap P ap +p'2 a6? + e + T 0 (4.3)

18 ( 0\1;(!*)) 1 2wt pryln)
where k? = k2e..
Using the method of separation of variables, eg. writing ¥ as ¢(h)(p, 8, z) =

R(p).®(8).Z(=}, yields three equations:
d?Z(z)

z?

+)k§Z(:) = 0 (4.4)
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Figure 4.2: E-field decomposition ol an inner step discontinuity.

d20(0)
d0?

((l,,/))l -1 ) {p)

+utd0) = 0 (4.5)

K d? R p) dR {(r
dp? dp

0 (4.6)
with k2 + k2 = k2. Assuming wave propagation in z-direclion, cquation 4.4 yiclds:
Zz) = ikt (4.7)

where k- (or f) is the propagation constaut.
Equation (4.6) is a Bessel dilferential equation of order n. £ is delermined by

considering the boundary conditions. For a coaxial line, these conditions are (Fig. 4.3):

E.=0 at p=a and p=1i (4.8)

Since the £, component is proportional to ¥, the potentiat vector satisfies also those

conditions and, therefore, the function R. Both conditions can not be satisfied with a
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Figure 4.3: Side view of a coax cable.

single function like in an empty circular waveguide where J,, (Bessel function of the first
kind) is suflicient. A general form consisting of a sum of independent solutions (J, and

N,., Bessel functions of the first and second kind, respectively) is necessary.

Rip) = Bulkpp) = ANL(kpp) + CJu(kyp) (4.9)

The boundary conditions are transformed into:
Np(kyb) g (kpa) = Ny(kpa)d {kyb) =0 (4.10)

The propagation constant of the T M, ,,, mode is caleulated from the mt" root of the
n'® boundary equation. As an example, Figure -1 displays the function Bo(kpq . p) for

different values of me. All these different funetions have a zero at p = ¢ =4 mm and at

p=0b=14 mm,
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b= 14.0 mm
0.2
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Figure 4.4: Bessel function By(k,, ,.0)-

Finally, since ¢(8) is 2x-periodical, the following relation must hold:
(0} = b8 + 27) (4.11)

In other words, ¢ has ta be periodic in # which requires that # be an integer. T'hen
&(8) = sin(nf) or cos(nf). However, the complete absence of Fy and I, implies that »
must be zero. Therefore, ouly T'EA and TM,, modes will be present at the disconti-

nuily. Hence, the potential can be rewritten as:
ql(")(/), 8,2)= I')‘g(k,,n'mp).(:j&‘:
with two possible and equivalent p-functions:

Bo(kpy up) = Nolkpa)du{lkpp) = Jol{kpa) Nyl p) - (4.12)
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or
”“U‘ﬂu.m n= NU(’*'pb)JUU"p/’) = Jo(kpb)No(k,p) (4.13)

T'he choice of By will depend on the type of discontinnity under analysis.
The TEM mode expression is oblained by setting £, = 0 (e.g. m = 0) in equa-
tion 4.6. A solution to this equation satisfying the boundary condition exists only if

1 = (. 'T'herefore:

R(p)= Aln(p) (4.14)

The electric fietd can be written as the sum of modes:

l j L4 Al R - . .
i, = __““fufo (Age'-’ﬁ"' 4+ l}ucm"')
w‘.‘
1 & ; ;
B E 24 amﬂanlB{)(kmp) (}1'1‘(_.—,1[3-;:: + Bmcna’":) (415)
© m=

where B3 is the derivative of 3y defined in equations 4.12 and 4.13. It can been shown,
using integral properties of Bessel functions [37], that all modes are orthogonal. The
normalization has been obtained by multiplying cach mode by a. a is computed by

solving the following integral:

]
/ et (muw(p)dp=Ct  ¥Ym (4.16)

[H

where w(p) is the weighting function (w(p) = p in cylindrical coordinates system), the

ew are the ecigenfunctions. The arbitrary canstant C1 is set to 1. This yields:

o = ﬁf‘::.[b'*'!)';'(kpo_mb)—a""!}f(k,,u'mu)]'m Vm > 1 (4.17)

— 1
Qo= Vin(o/a) (4.18)



4.2 Inner step

For the theoretical analysis, an outer step is exactly equivalent to that of an
inner step, therefore this section deals only with the fast one. In the following, a 7' A
excitation is assumed generating only 7'M modes, as it was shown in section 4.1, The

continuity conditions at the junction (at = = 0) (Fig. 1.2) yiclds for the E-field :
B = P pe b
=0 p€la,d

and for the H-lield
l!gl) = Il(sz) p€ b

Separating the T'EM and 7'M modes by using the property of mode orthogonalily
defined in the preceding section (inclnding the multiplication by the weighting functions)
and integrating within the appropriate houndaries, leads to the following equations:

1) for the TA mode (e.g. > 0):

(M, ) et CHAPRACE S, e
PIDEYY; Qe (21 By(tf )3(”1(”(1 + 1) (4.19)

+

l) (2)r(2) A{2) (1)
z By g b,(?),(l)z (2), NG By (Fey ") Bu( ke °0) (A“) + U(-,-))
2 ﬁm T 02 _ g a2 1 4

2) for the TEM mode:

(1 (D)p(2) (2)
AW 4 M = & %0 T L

er %o Jo Po (4(2) (2) .
el? (2)7»(1)[3(1) (‘ + Iy ) {4.20)

Equations (4.19) and (4.20) can be rewritten in matrix form:

AN 4 g = L1 (AR 4 gt (4.21)
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For the g matehing condition, the final equation can be deduced by simply trans-
posing the matrix LI (LE = L"), Then using the same procedure defined in Appendix

A yields the scattering matrix of the discontinuity.

4.3 Results

4.3.1 Convergence analysis

T'he first investigation concerns the convergence rate with the radius as paramct‘er
which is shown in Figure 4.5. When the largest outer diaeter increases, the number of
maodes needed to obtain good convergence behavior increases. Figure 4.6 illustrates the
return loss as a function of the number of modes with the frequency as parameter. The
starting point for all curves is the same because the 7'M mode alone is independent of
the frequency. A large number of modes (for example 15 modes at 50 G/ =) is necessary
at high frequencies to obtain good convergence behavior. This effect is expected be-
cause the higher the frequency, the more modes can propagate or approach their cutoff

frequency.
4.3.2 Step discontinuities
Oune of the first papers dealing with step discontinuities was published by

Somlo [45] in 1967 based on research carried out in 19:44 ([‘Il]:,:"['12]). He found that the

equivalent capacitance of a step discontinuity can be expressed as:

i g fa%?+1, at da 15, —
C-.[—m(—-;—lllg:~211l a-at + L1107« )(T— 1) (‘1.22)

for the inner step discontinuity and as

< +

- a? + 1 Q dor ]
o= — = 21n - 112 10-15(0 8 — _
Cy 00" ( p In — 21n — |t 1.12107°°(0.8 — a)(r - 1.4)  (4.23)
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for the onter step discontinuity with o = (c=b)f{c—«),at =1+ a,0” =1 —a aud
r = c¢fa. Somlo presented also a graph for a frequency corrc;:lion factor. Figure 4.7
compares results computed from equation (4.23) with those baséd on the MMM. The
figure includes the correction factor which has been found to be equal to 1.02aL 10 G I 2,
1.56 at 30 G z and impossible to determine at 50 GIf z. As Figure 4.7 demonstrates,

for frequencies higher than 30 G 11z, Somle’s approach does not provide accurate results.

. T I T T
200 ' a=4.0 mm
_— T T
c i I ¢ =12.0 mm
I —
200 | —_— a = &=t
~ c=u
N 150 n
¢

0.1 0.2 0.3 0.5 0.8 1

Figure 4.7: Coaxial line step capacitance (in f#/cm), for a step in the inner conductor.
Dotted line from [45) (including the corrective factor).

More recently, other papers have dealt with coaxial discontinuities (Gwarek [43] and
[44]). Gwarek presents the analysis of axially symmetric coaxial discontinuities using
the Finite Difference Time Domain (FDTD) method. A comparison was made only for

the 7 mm, 50 Q, diclectric supported APC7-N adapter. Figure 4.8 shows the return
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toss of such adapter computed with the MMM and the FDTD. The agreement is better
at low frequencies which could be an indication that the mesh size in the FDTD is too

coarse al high frequencies.

0.04 ] 1 |

Sl 0.02

7,

{ 1
0

10 15 20
Frequency [(llz)

(4]

Figure 4.8: Absolule value of the rellection coellicient versus [requency for a line with
a dielectrically supporied (polysteren) center conductor. Dotted line lrom [43)

4.3.3 Very low-return-loss adapter

The design and optimization of a very low return loss taper from V- 1o K-
cable using the MMM will be shown next. Using an optimization routine’, the step
discontinuities have been alternated in order to maintain the impedance as close as
possible to the input impedance (50 9).;'1‘110 optimized adapter is shown in Figure 4.9,

For comparison, an optimized adapter without alternating steps is presented as well.

'A multi dimensional scarch method or univariate search method [61]



G2

seetion 1 2 3 4 5
Length [inm)] 0.2325 | 0.8350 | 0.4825 | 0.6725 | 0.2575
Outer radius [mm] | 0.88G5 | 0.88G5 | 1.03G1 | 1.0361 [ 1.1996
Paner radius fmm] | 0.2540 | 0.3113 | 0.3113 ] 0.3657 | 0.3657
Impedance [§) 57.7 48.3 55.5 48.1 54.9

Table 4.1: Data for an optimized low-return-loss adapter.

—
— Alternated steps /

-+« + Non-alternated steps __
\

S.W.RL LD

| e} ] —p i ! 1

1] 10 20 J0 40 50 60
Frequency {Gllz]

Figure 4.9: SWR of an optimized V- to K-cable taper, Dimensions in Table 4.1, Maxi-
mum SWR: 1.0058 at 15.5 G'If = (dotted line: optimized non-alternated taper)
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4.3.4 Coaxial filters

Coaxial filters are important components in coaxial systems, A low-pass [ilter
is computed, cascading several discontinuities of high and low impedanee sections (1082
and 1508) with a dielectrie ring to support the structure mechanically. The filter was
originally designed on the basis of equivalent network theory [38]. A cotmparison hetween
the measured filter response and the simulation with the MMM, nsing 10 modes, shows
pérfcct agreement (see Fignres 4.10 aud L.11).

A 700 M I z low-pass [ilter and a3 G 2 23-section low-pass filter have heea analyzed
as well. The simulited V.S.W.R response of the fivst lilter has been compared with [48] ’
and the sccond one with [47]. fn both cases, the pood agreement is illustrated in Figures
4.12 and 4.13.

Finally, the last filter to be analyzed is a three-cavity bandpass filter operating
in Ka-band at 37-38 GIfz (sce Table 4.2 for dimensions). The stracture is initially
designed from an equivalent circuit prototype based on a Tschebyschell analysis and
then optimized taking the eflect of higher order modes into acconnt (Fig. -L.14), The
filter shows the following properties: insertion loss in the passhand is less than 0.4
dB, the lower stopband is more than 20 G z and an upper gaard band more than 30
G z (Fig. 4.15). However, a low lrequency passhand (0-10G 1 2) can not be suppressed
for this kind of filter structure since it is a perfect D.C. transmission line. Since this
may cause problems in certain applications, the next section presents a bandpass [ilter

structure which eliminates this lower passhand.
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Figure 4.11: Expanded view of the 2 G z low-pass coaxial filter.
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Figure 4.13: Comparison of a 3 G/ = low-pass coaxial filter, ++4 measured by [47].



S [dB]

S [dB)

Figure 4.15:

30
20
10

0

20

1 1 T ¥ T ! ¢ T
! | i 1 {
42 33 34 35 36 37 38 39 40 41
Frequency [Gllz)
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Broad band view of the Ka-band bandpass coax filter.
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section 15|28 3
Resonator Length [mm] | 4.30 | 224 | 4.0
Iris T&6|285]3&4
Iris thickness [mm] 0.760 | 0.520 | 0.352
Iris radius [imm] 1.337 | 1.3GS | 1.375
Outer radius [mm)] L6

Rod radius {mm] 0.625

Ring permittivity 2.5410

Table 4.2: Data of the Ka-band bandpass coax filter (all dimensions in willimeters).

4.4 TFilters with gap

Since the coaxial waveguide has an inner conductor, the D.C. current and very low
frequency signals cannot be [iltered out by using step discontinuities which only alter
the inner and outer diameter. In order to get a true passhand filter with no such lowpass

property, the implementation of a series of gaps in the center conductor is necessary.

4.4.1 Analysis of the coaxial gap discontinuity

As for the inner (or outer) coaxial step discontinuity, the I'o]]owin‘g assumptions are
made: First, the structure is #-symmetrical and, secoudly, the incident wiave is T'EM.
Therefore, three field compouents { £,, Hg and I7; ) are sullicient to describe the field
at any points of the discontinnity (Fig. 4.16) and, thereby, only T'Af modes are excited
in the empty waveguide.

In the case of an emply circular waveguide of radius b, the boundary conditions are
reduced to £, = 0 at p = b. The Bessel funs civi of first kind, Jy,, satisfies the Helmholtz

equation {4.6) and the boundary condition. Thus, f2 can be rewritten as:

R(p) = Jullpp) - {4.24)
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Figure 4.16: E-Field decomposition at a coaxial gap discontinuity.

with the boundary condition: J,,(&,0) = 0. The periodicity of ¢(8) indicates that n
must be an integer. Furthermore, the complete absence of £ and {7, allows a choice of
n =0 (only 7'My, modes).

The electric and magnetic fields tangen.al to the discontinuity plane are obtained

as:

= - P
-':p = it Z ﬂ'mﬂmeJ(’)(km/’) (/lme-"ﬁm' + Bchﬁm.) (‘125)
Y ome=1
wm | |
Iy = - Z (hnﬁmeJl‘;(kmﬂ) (-"lmc’_"ﬁ"': - BmC"ﬁm:) (4.26)
m=1

where a,, is the ortho-normalized {actor:

V2
kPD.m le ( ‘I"ﬂu,m b)

Oy =

(4.27)

After the field expressions are known, it is now possible to apply the mode matching
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procedure at the gap discontinuity (at = = 0) (g, 4.16) ¢
l‘.'},"" = I'“) p € b
=0 pé€l0,d]

and
=l pefa,n),

Using again the property of mode orthogouality, e, cach continuity equation mul
tiplied by the weighted orthonormal Minctions and integrated within the appropriste

boundaries, leads to the following equation (including the 7L M mode) for the K,-field:
RN NIRRT

A0 cig (A + i) +
Z ﬁll)'l-(i),{.

Al_l
Li (.4“’ + n“’) (4.20)

AP 4+

B (:)Cl‘(ff) (‘l'(ll) + ”'(Jl)) (4.28)

A®) 4 p@)

]

where C‘I,-(f’) are the coupling integrals:

C[l‘f]) = (rmn( )/ /)l)‘u([“)/))l(,("~, pdp

(l)“(2)/(:)lu)ul. ”l(’~“)fl).lu(l.‘f.21“)
’;(2) 2 k‘(l”cz

b .
¢ty = of? / S 0)dp = =l ay(12a)

For the 1 matching condition, the linal equation is obtained by simply transposing the

matrix LH (LE = L) yielding:
AN = B0 = g (At~ ) (4.30)

Finally, using the procedure defined in Appendix A yields the scattering matrix of the

discontinuity.
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4.4.2 Results
e Convergence analysis

The first investigation concerns the convergence rate for the calculation of the equiv-
alent capacitance of a coaxial guide terminated by a circular waveguide (frequency as
parameters). The coax cable is 3/4 inch in radius (Fig. 4.17). A comparison {dotted
line) is given with results from {52] where the Rayleigh-Ritz variational technique is uti-
lized Lo obtain the equivalent capacitance from the coupling matrices. In Figure 4.17,
the upper dotted line (at 220.18 fF) has been caleulated at 1 G z and the lower one
(al 21949 fF) at 1 kil z. Therefore, at low requencies (1 = and 1 Gl z), 20 modes
are sufficient to caleulate the capacitance, whereas 30 modes are necessary at higher
frequencies.

Table 4.3 compares results from different methods nsed to analyze this type of dis-
continuity. Results from the MMM have been obtained using 24 modes which are

suflicient to achieve a 0.1% accuracy.

Result Result Result | Result This
Radius | Freq | from [52] | from {45] | from [46] { from [49] | Method
Tmm | 1 kHz 80.G6 79.70 79.7 79.88 79.63
1 Gliz $0.70 9.7 79.917 79.67
14 mum | | kHz 164.56 159.40 159.41 159.76 159.27
1 GHz 16:1.85 160.039 159.53
3/4in. | 1 kllz 219.49 216.89 217.0 217.40 216,50
1 Gliz 220.18 217.7 218.07 217.17

Table 4.3: Values (fF) for the discontinuity capacitance of a 50 Q-coaxial guide termi-
nated in a circular waveguide. [52]: Rayleigh-Ritz variational technique, [45]): Approxi-
mation of the cigenfunctions using Ilahn series, [16]: Interpolation of Somlo s data, [49):
Least-square boundary residual method.
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o Short-ended coaxial cable

A short-ended coaxial cable is also analyzed and compared with results from {33,
pp. 178-179]. At low frequencies, a perfect match between both methods is observed
{Fig 4.18). Nowever, since the formula used in [35] is independent of the frequencies,

the diserepancy increases wilh frequency.

I I I
—~ Lengtli~
4k ngth
3+
G (pF]
2 -
l -
. ) I 1 1
0.1 0.2 0.3 0.4

Length [mm]
Figure 4.18: Equivalent capacitance of a short-ended coaxial guide.+++ computed by
[35)
o Gapped coaxial filters

On the basis of the previous analysis a gapped coaxial filter has been analyzed.
The structure uses half wavelength resonator sections separated by quarter wavelength

coupling section ([38], pp. 477-481). Each coupling section works as K-inverter?. A 21

2\Which is an impedance transformer, from Za at onc end lo %y = !\’71'2., at the other end.
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G I 2 bandpass filter in a (K18 Wiltron) semi-rigil coaxial cable has been designed and

optimized {seec Table 4.1 for the dimensions). A qualitative corrected electrical length

Outer Radius [mm]

1.205

Inner Radius [mm)]

0.0:11

Af28ect. 1 & 7T

i

4.252 (6.016)

AfdSect. 2& 6

i

1.400 (3.164)

AJ2Sect. 3&5

mm)

4.296 (6.060)

A/4 Sect. 4 [mm

1510 (3.274)

Gap 1 & 8§ [mm 0.020
Gap2 & 7 [mm 0.072
Gap 3 & 6 [mm 0.031
Gapd & 5 [mm 0.110

Table 4.4: Data for the
lengths in parentheses.

optimized gapped 3-seetion coaxial lilter, corrected electrieal

(defined in [38], pp. 479) has been added in the Table 4.4 in order ta obtain a better

simulation of the K-inverter circuit, T'hie corrective value has been estimated to 1,764

mm (al 20 Gilz). Figures 4.19 and 4.20 shows the response of the optimized Bler.

The next passband is at 39 G# z which allows a stopband of 18 Gliz between the Lwo

passhands (Fig. 4.20). This stophand may be improved by cascading a 30 G 1 2 lowpass

filter (structure defined in section 4.3.4).
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Figure 4.19: S-parameters of a gapped coaxial filter.
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Figure 4.20: Broad band view of the gapped coaxial bandpass filter insertion loss.
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Chapter 5

Metal-insert circular waveguide
filter

The circular wavegnide is an important transmission medium lor antenna feading
systems due to its direct compatibility with the fields in horn antennas and because two
orthogonal polarized waves can propagate simultancously inside the guide. Morcover,
the circular guide has the advantages over the rectangular waveguide of greater power-
handling capacity and lower attenuation for a given cutoll wavelength.

In analogy with the mnctal-insert filter in rectangular waveguide [22], in this chapter,
a metal septum loaded circular waveguide bandpass filter is presented and analyzed
(Fig. 5.1).

The quasi-rectangular discontinuity of the metal insert is approximated by a bow-tie
shaped discontinvity (Fig. 5.2) to avoid dealing with #-dependent boundary conditions.
This is computationally more efficient since the resulting cigenlunctions are mathemati-
cally casier to handle. This kind of discontinuity has not been treated in the literature!
before and provides the basis for the field-theory designs of metal insert l?lltuz's in cirenlar

waveguides.

'the electromagnetic ficld in the sector wavegnide has been ouly sketched in [56)



Figure 5.1: Structure of the metal insert loaded circular waveguide filter.
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Figure 5.2: Bow-tie shaped discontinuity

5.1 Potential equations

Let ¥ be the vector potential appropriate 1o deseribe the stracture under

investigation. Assuming wave propagation in the z-direction:

&}(c.h) . lll("-h) =z

With a T2,y mode incident, all ficld components are present at the discontinuity and Lhe

analysis must include T/ and 7'M modes. Starting from the general field expression:

1 g2wled )

e - .

b = S Tpos ~ o0 (5.1)
2 yle) g (h)

E, = I &Y + o (5.2)

Jwep 00z ap

2
}":TE (;;-)-; + l.-") e (5.3)

bey
"
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1 9ylel 1 Jyth)

", = P +J'w/t 9p0z (5.4)
qpte) IRV .

o = - ap +jw;zp 900z (5.5)
1 02 2 h P

”:: = 3_:;; (? + L‘ ) \I'( ) (»J-G)

TE or T'M modes can be obtained by letting ¥4 = 0 for 7'M mode fields and §{2) = 0
for T'E mode fields. The electromagnetic field in each subregion of the filter is a lincar

superposition of both TFE and TA fields. ‘The Helmholtz equation:

; (e.h) pyleh)  gryled)
X (}aw ) 1 9% Pl e 2 g (5.7)

- | - + —
pap / ap pt o o T
(with &% = k3c.) is solved by using the method of separation of variables, e.g. one can

write the potential $eh) g4
Vet (p,0,2) = R(p).9(6).%(z) (5.8)

This yields three independent equations?:

5.1.1 0-equation

The first refers to the #-equation and can be written as follows:

dtehl(g)

— + kf()c.h)?q,(c.h](o) =0

A solution for &(h) is:
$lehN ) = Asin(ki™M8) + B cos(ki o)

where the constants A and B are determined by applying the boundary conditions:

20uly two equations will be discussed since the s-equation has the obvious solution Z(z) = e=#%*
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at 0=y
at O =x—x

} Fo=t.=0 and Hy=0

Although the boundary condition are anly slightly different Tor 7'M and 78 modes,
they lead in fact to two very diflerent solutions.

1) For the T'M modes, according to equation 5.3, K. = %ﬁ‘h(”' and W is pro-

portional to @M. Therefore the #-houndary condition in the upper gnide (section

(2), Fig. 5.2) can be rewritten as:

A s'm(/.'f,")',') + I t't*-“i(’-'((p")‘;‘) =0

Asin(k§H (7 = 1))+ Beos(ky (7 = 7))

—_—

for which the solution is:
by = sin (;;“”(0 - -,))
with .’:,(,c) = nuwf (7 = 27). For the lower guide (seetion (3), Fig. 5.2), the solution is:
W) = sin (k0 ~ 5~ 7))

2) In the case of T'F modes, £, = —‘—”'7"—:-:;—’ and W o« dM@G), The bhoundary

condilion becomes:

k,(,")/l cos(!cf,h)‘)') - I:,(,"IU siu(k,(,l"'/) =0 ) Aa=1 t:m(ké")y)
K A cos(KS m = 1)) = 5 Bsin(k{r — 7)) = 0 1)) = e
yielding
d(g) = cos (kéh)(() - 7)) in the upper guide

M) = cos (I:gh)(ﬁ - - 7r)) in the lower gnide

In the following, v = kff'h).
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5.1.2 p-equation

The second equation is the p-equation:

l‘lf(c "X p dRled)(,
i {(n) +p (p)
dp dp

+ [ = g2yt = v ] RN (p) = 0 (5.9)

rhi)2 . : . . .
where k51?2 = plehiz _ glehi2 1y yhe upper or lower waveguide, by imposing the
boundary conditions, the solution is a sum of Bessel functions of both the first and
second kinds. llowever, Bessel Tunctions of the second kind have an infinite value at

p = 0 which is physically impossible for this structure (Fig. 5.2. Therefore:

. TM Mode J,(E5) 0y =0
R(c.h) =J, k(c,h) 1) with vl pn g
(P) = Julkip) v TE Mode JL(EE) b) = 0

The potential function in the upper guide (an equivalent expression is obtained in the

lower guide) is expressed as:

VENp,0,2) = L (Dp).sin(w(l - 7)).e =P
¥ (p,0,2) = Ju(KMp). coslv(8 — 7)).c73
with
[3’(:;‘;’1:]2 - k}(}c.h)‘z — ,»'{2]5':- _ L.})c.h)'.’

5.2 Field expressions

The tangential electric field can be written as follows:

- 1 o ™
By = _; Z Z :(:it)nT:(x,m (“lwu + Bn.m }?,‘ m (5.10)

¥ n=sm=1

N o 5
- Z Z TIE ::) vt Ppa) § Cv '1

p=0g=1
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The superseript (¢) indicates 7’ modes and the superseript (h) T8 modes. ‘1he
parameter s is equal (0 0 in the case of a circutar emply waveguide and 1 in the case
of a half circular waveguide, to take into account the fact that the 7'My, mode does
not exist in the latter one. Furthermore, the eigenfunctions & satisfy the orthogonality

property, i.c.:

- (e - - - ’I . *
/s":'s."vzl 'cvff.)nl",ls = /q (:,f":')l .t?,f,.’",d.") = Syt (H.11)

- ~{c o { . . .

The definition of the vectors c,f,‘,). and (,',,(,.;) are given in appendix 1 as well as the
; Lation faetor 7L plh) e« . ;

1 W -normalization lactor Ty and T4 for each subrogion of the filter.

In the empty cireular wavegnide, any wave can be decomposed into two orthogonal
waves, One tvpe of made is marked with the superseript “s™ and denoles the mode with
the E-field perpendicnlar to the septum. The second one is marked with the superseript
“c” and denotes the modes with the E-field parallel to Lhe septum. However, the 7" My,

modes exist only as “c”-modes and the T'£y, only as “s”-modes.

The tangential magnetic field is written as:

II". = Z f ‘y(['.:y)“ (“lll.ln - I}‘ll,rn) hsﬁ?"
rn=sm=|
R~ = 4 ! T
+J Z E ﬂ’("';l)'l'ls|:) (clpl'f - 1)"-1) hi’:’f)
p=0n=1

The definition of Izs,'f?u and hf,",‘f,) are given as well in Appendix 1.



5.3 Matching equations

In order to obtain the S-Matrix of the 3-port discontinuity, the tangential clectric

ficld is matched at the discontinuity, e.g. = 0 (Mig. 5.2}
B = B velnro]

13&‘3) ger+v,2r—19] Vpe 0] (5.12)
0 fef0v][r=7y,m+7] and [27 —4,27]

where the different fields £y are defined in equation 5.10. Since the tangential clectric

field in the empty circular waveguide is expressed as the sum of four independent and

..(ch) ~{ele) —(hls) ~{h
Gs B i and €

: le .
orthogonal sets of cigenfunctions, & ", respectively, the mode
matching procedure is made possible by successively multiplying equation {(5.12) by each -

eigenfunction and then integrating over the circular wavegnide cross-section.

5.3.1 First coupling equation

The first coupling equation, e.g. equation (5.12) multiplied by E;E}:"” and integrated

over 51 leads to:

B(I) _‘x(;ls)w(/’ 0)dS = / ]‘(?) il p, 0)dS - / 11“) d(r]’)"’(/’,”)‘zs
Si "

By introducing the expressions for the different £y, Lhis equalion can be rewritlen as:

l e
[, |25 3 3 mwoag - Aetzger
1

n=1 m=1 we n=0m=1

4 ¢ {hlc (el
- Z z fl(,,;“)cp(,:‘“) - Z Z E ;{llc)rm te) "":‘E’ " ey

p=04=} p=U4=1
o 0o T (el
= / [_-- > Z BBt SN ptagia) g hapdn (5.13)
n=1 m=} p=lg=1

1 o0 (o ]
/ [ e 2 ESDERY - ZZ gl p(;uﬂ Z pdpdt
Sa

% n=1m=1 p=0q=1




wliere
gl = pletirie (Al + Bi)
B = plelriete (a9 + plia))
st = gl (i) 4 D)
e = i (¢ + pi)

and

nm

B = pledrled (A2 + 52)

(2 e (h2 (2 2
1’7("; : 1 IE'; ) (CJ("I) +D I("I))

§3

(5.19)

Similar relations are oltained for the lower guide (superscript (3) instead of (2)). The

LIS of equation (5.13) is simplified by using the orthogonality property of the cigen-

functions, i.c. equation (5.11):
L etheplel) { 4(18) | pl1s)
— i (Al + B =

wE)
l S (02)11\(c2} 1(2) j}('}) it b -0(52) -(cls] d 10
Z Z ﬂn.m man \ “nm + n,m y 0 Cuon Ci ;AP

w“
2 y=1m=1

o = (42} { (2 @\ [ 1 o) sleta)
+ z Z 11’»:; (C'I(’v'l) + Dl’v'l)[y _/; el’("; ’e;lj p(lp(lﬂ

p=0q=1

1 & {r3)epr{c3) { 4(3) 3 = b-(ea) = (els)
+— Z E : n.m'ln.m (“ln.m + Bu.m) -/+‘T 3/.0 Cun € ;5 ﬂdp([g
T

wes n=1m=1

= p(h3) { 4(3) @y [ b..(ha) ~(el3)
+221 Pilt (CM +Dm) _/:r o /0 Cpg € pdpdl

p=0q=1

(5.20)

Finally, the coeflicients AE.‘J-’) and B,(‘[J-’) have been isolated on the LHS of (5.20) and

are a function of all eigenmodes in the upper or lower half guide. The next step is the

calculation of the coupling integrals:
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1%t Coupling integral

The first coupling integral corresponds to Lhe coupling between the 7'M modes in the
upper half guide and the TA* modes in the cirenlar waveguide, Wil #: 1 -= 00 and

1:1 - o0

=y
i = [ / el &5 ppdd
¥ V]

This coupling integral is zero il n — 7 is odd. For n = even:

cs ((c'z) (cl,)ZSIll(lT)/ dlu(’»,m mﬂ)([l( l'!.} /) l'
1

nan & 8 — 2 (lP (,/) + = }r'(l',m m/') /i “‘,u J /’)"ﬂ

omd Coupling integral

This coupling integral corresponds Lo the coupling between the T'E modes in the upper
half guide and the T'AM* modes in the circular waveguide, With p 0 - o0 and

i:1— oot

T
clL; =/ / V(’,‘z) e J ") el et
o 0

This coupling integral is zero il p — 7 is odd. For p— i even:

_ n2 (L],)QSIII(I')’)
crz = gﬂz)au 7

I(I(r“jp)rlp

g

FTAGE) he
/b V2J (L,(Ir).) )d']‘(l"m'.js /J) + ‘-2 ’Llu("-"(:p,q)f’J
0 v e dp dp

The third and fourth coupling integrals are computed from the coupling integrals
CI$ and CJ3. The p-coupling integrals do not change, contrary to the #-integrals which
i 3 p-coupling integ B y “
are modified when n — i is even and n * 7 odd. In this case, the sign of the integral is

inverted.



Equation 5.20 can now be rewritten in terms of matrices:

AU O =) (q 4 ) g gl (@ 4 pR) 4 (5.21)

LI (AG) 4 ) 4 119 (¢G4 pR))

In the case of v = 0 (infinitely thin septum), the matrix equations can be simplified
since the respective coupling integrals are equal to zero (L1129 = 0 and LI (¢4) = (),
Furthermore, the remaining matrices are diagonal and their (lc,k)”l clement cen be

evaluated as:

j(C2) ,1|(c2) f
{eld)ry, 1. ;l_[ ye (c3s) =ity ‘v
LII (’v‘,») = £2 —_ﬂ(c}) _II\(CI) ) (lll(l L]I (’ ll-)

where the & corresponds to the order of the propagation constants of the T'M; ; or T I ;
modes arranged in decreasing order, respectively. Both clements equal +/2/2 in the case
€1 = &y and g = ¢3. The infinitely thin septum looks like a perfect power divider for

this kind of mode. Therefore Lthe output power on cach channel is exactly 1/2.

5.3.2 Remaining coupling equations

The solutions for the second, third and fourth coupling equations are given in detail in
Appendix D. Only the principal results are given here.

The three remaining coupling equations are:

/ B p,0)d5 = / B804 ol p, 0)dS + / EP.&5w(p, 6)dS
/ 1‘“) "("' )n(p,f))dS

/ I‘“) ',(j‘l”’w(p,(?)d.S'

]

/ B2 210, 005 + f E® .l w(p, 0)dS

/ F”) -.(hlc) w(p,0) dS+/ E(a) "(’*“)w(p,())ds
$2

i

Using the same procedure as in the previous section leads to three matrix equation
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(from Eqns. D.1, D.4 and D.5):

L)

E: All9 g pla —  pyptes) (N’) + Bt )) e L) (€ 1)('))4 (5.22)
(,\“’ + n“l)

iy 1, 1 (et (C.'(“) + ,)(:;))
H: ¢y pus — gl ((( D D) 4 it (B g ) (5.23)
H: cUdygpls = 1,11("'“)( cl2) 4 pt ') + £, 4 () (c“) 4 D) (5.24)

The matrices LB L3 "L ipthe) qnd 41103 qpe gero (see Appendix D).
5.4 Scattering Matrix of the discontinuity

Four matrix equations have been obtained 5.21, 5.22, 5.23 and 5.24, one for each
type of polarization: 7'E%, T'E<, T'M* and T'M*, respoectively. A similar derivation can
be made for the H-fiekd. It can be shown that the 1l-field coupling matrices are the
transposed of the equivalent B-field coupling matrices, e, LEGY = LM for any

superscript X.

A{?) _ B(?) = 1,1(rl1) A(ls] ”[lq) + LE {elc) (A(lcl _ ”(ht))

cn(2) _ D(Z) = I]-(rls) A(ls] U(H) + LI (h2x) C'(l.v) _ D(h)) +

AB) — pB)

( )
( ) (
1, o) (Cc(lc) plie) ) + 1, Bl (/l(lc) }(u))
1, j2(e33) (,l(n) ;u«)) 4o f, o) (A“' — ptie) )

B _ pB) = pales) (,1(1-1) ;(l")) 4 [, faban) (c(l~) )(I')) +

[, i) (C(Ia) - D(lc)) + 1, ftete) (/l““’ _ U(lc])

This set of equations is reduced in order to simplily the analysis and the progriam
complexity. This reduction is achieved by summarizing all waves propagating in the

same direction in one vector (Fig. 5.3):



87

— 2)
B : - )
s :
Nl
——— .
; —_— (3
jald

< )

%=0

Figure 5.3: Structure of the discontinuity.

1. In the empty cireular waveguide

AU pUis)
o | AN g e o | B
,4[ ) — C'(l") (Lnd 1 A D(l'g)

cf1e) pliel

If cach vector is of size (N x 1), then £ and F(1) ill be a (4N x 1) vector.
2. In the half circular waveguide (J=2 or J=3)
g (AN g o [ B
V] = C(‘]’ an = D(J)
If each vector is a (N x 1) veetor, then EM) and FUY will be a (2N x 1) vector.

For a rectangnlar waveguide discontinuity® it has been shown in [31] that certain ratios
of the different modes Nj have to be satisfied to obtain fast convergence. For the

bifurcated circular waveguide it is assumed that these ratios can be expressed as:

No = Ny

*u particular the bifurcated wavegnide
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2N P = Ny

These ratios give square matrices and the coupling equations can be rewritten as:

[ LIS g e .
, . Liptele) g gplede) ;
EM 4 p) = oL (!‘.(’3 + I-*-l) + (5.25)
\ 0 Lyt )
/ L {r3%) Li (o)
Ll {ede) L {ele) () £
T e | (EO )
\ 0 Luwe )

L (B 4 FEY e L (B 4 ) (5.27)

(5.26)

~

The LLHYY matrices are of size (4N x 2N).

{8} {ele)
p(f_l) - '1('1) - II 14 ll}l (] 0 ’.,(” _ "“) g
k I - ( L 1;;(«:’.'.1} I, E(c-'.'c) J, pthis) o osthie) (1‘ I ) (H.28)

= ;,1.1';('-’)(1::“)-1"'“0 (5.20)
ESY @ = L p®) (1;“1 - 1) (5.30)

The procednre to obtain LLE®) is equivalent to that of LLERL The LLE matrices
arc of size (2N, x 4N ). Irom equations (5.27), (5.30) and (5,30}, the scaltering matrix
of the discontinuity can be derived:

S Sz Sy

S = So1 S S
Susr Sap Say

(E+ D) ME=T)y A6+ 1) LLIHD €4 1)y LLHE

= LLEO(I -8 1-LLE®S, ~LLIAS
LLEBNI -8y  —LLEBIY, |~ LLE®S

with € = LLHOLLE®D 4 LL 1S LLEB and T the identity matrix.
To illustrate the method, the field distribution has been computed from the scat-

tering matrix assuming a T2y mode incident wave parallel to the septum. Figures 5.4
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and 5.5 show the results with an septun angle of 4.0 and 19.0 deg. respectively. The
number of modes is 36 in hoth cases (e, 18 TE®, IS TES I8 TMS and 1S TMS in

the cirenlar wavegiide and 36 TF and 36 T'A in both part of bifurcated waveguide).

5.5 Convergence analysis

A convergence analysis of a Inon long septum shows that a minimum of 40
T8 and T'M modes are necessary for :xccc;_glublc convergence beliavior (Fig. 5.6G). lor
a longer septum, the convergence is reached with fewer modes since the interaction of
modes in the bifurcated waveguide is less significant because they are more attenuated,

As stated in seetion 2,3, the convergence behavior depends on the ratio of the nummiber
of mades taken into account in cach guide, A convergence analysis of a single bow-tie
shaped discontinuity is shown in Figure 5.7. Relatively fast convergence is obtained
with the ratio 2N = Na. A certain instability can be noticed when the ratio is too low
(e.g. a small number of modes in each sub-guide).

For simall angles (less than 10 degrees), the coupling between TF and T'M modes is
negligible (Fig. 5.8 and 5.9). Therefore, if an incident TF mode is assumed, the analysis
can be carried out with only TE modes. This assumption is not valid for angles greater
than . which increases with the frequeney. For frequencies above the T'AMy; mode
cut-ofl frequency, the omission of the TA/ modes in the analysis leads to wrong results

(Fig. 5.9).

5.6 Bandpass filters

The filter structure is composed of a series of resonant cavities separated by

coupling septa, The initial filter was synthesized with lumped clement theory [57).
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Figure 5.4: Electric field distribution with a 7'/ incident wave parallel to the septumn,
1 = 41 degrees.
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Figure 5.5: Electric field distribution with a 7£y; incident wave parallel to the septum,
7 = 19 degrees.
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Figure 5.7: Convergence analysis for a metal septum loaded circular waveguide with
different mode ratio as parameter. ;
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Figure 5.8: “Sine” polarized wave insertion loss versus the angle of a septum loaded
circular waveguide (*Sine” polarized wava defined in section 5.2).
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Gllz curve corresponds to the upper limit of the 7' Eay mode propagation in the furcated
waveguide, - -
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These lumped elements utilize K-inverters which consist of a T-network and two
transmission lines with electrical length ¢/2 couneceted on both sides of the ‘P-network.
A single T-network corresponds to a single metal insert and the values of the inductances

may be obtained by using charts such as the one given in Figure 5.10. From these element

10 T 1 1
/ Ly —
36 Gllz 4
314 GHz

32 Gllz

pH]  s5F 30 Gl 36 Gllz -
34 GHz
\ 28 Ciilz 32 iz
\ 30 Gl
‘,t\,‘.‘;‘:‘:'-""’.‘

““\\\ S
0 : :
0 1

L [inm)

Figure 5.10: Equivalent inductances of a shiuple metal insert,

values, s-parameters are calculated from which the corresponding insert dimensions can

be derived. However, since the higher order mode interaction between subsequent metal

¥
s

septa is not inciuded in the lumped element synthesis, the initial filter response is off



by 1 G Il 2. Nevertheless, these insert dimensions are used as starting values for the full
wave analysis, and the generalized s-matrix of the entire filter is optimized using the
optimization procedure in [22].

Figure 5.11 shows the theoretical and measured performance of a three-resonator
Ka-band filter in a 4 mm radius circular waveguide. The measured insertion loss is less
than 1.0 d3 in the passhand (.08 dB computed) while the respective return loss is
greater than 12 dB (18 dB3 col;lputed). The reflection coeflicient for the polarization
perpendicular to the septum is greater than 30 d 2 (35 d 2 computed) over the operating
range (28 to 38 G z).

A 31-32 Gl z live-section bandpass filter in a 4 mm radius circular waveguide has
been designed using the same procedure. The theoretical and measured performance is
shown in Figure 5.12. The measured insertion loss is less than 1.2 dB3 in the passhand
(0.05 d3 computed) while the respective return loss is greater than 20 dB (14 dB
computed).

For both filters, the comparison between theoritical analysis and measurement shows
an excellent agreement. llowever, the small discrepancy between both curves is due
to the approximation of the rectangular septum by a bow-tie shaped discontinuity, the

losses which are not taken into account in the analysis and the inaccuracy of fabrication.

5.7 Coaxial how-tie shaped discontinuity

M
The”same [ilter realization applied in the last chapter, can be used for coaxial

filters.

The quasi-rectangular insert is also here approximated by a bow-tie shaped discon-
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Radius |  fu Septum length [mm)] Resonator length [mm)
nl [mm] | [GHz) | T\ =Thqa | To =Ty | Th=Tucr | Ly = Ln | Iy = Ly Ly
3| 4.000 | 29.22 0.844 2.985 5.683 5.768
5| 4.000 | 31.08 1.079 3.9944 1612 1.687 4.702 4.70 I__

Table 5.1: Mechanical dimensions of the Ka-band three- and five-resonator circular
waveguide filter.

tinuity (figure 5.13). The expression for the clectromagnetic field in terms of normal
modes and the analysis of the discontinuity follows the sime steps as in Lhe cirenlar
waveguide. Starting with the general field definition, equation (5.1)...(5.6), the F- and
H-fields are expressed as functions of the potential W whicl must satisfy the Helmhollz
cquation (5.7). Counsidering that the 8-boundary condition in the coax and in a cireulir

waveguide are identical, the solutions of the O-differential equation are:

sin(nd)

cas(nll) nmkeger

In the coaxial waveguide — @leh)(g) = {
In the upper half waveguide SN = sin(p(0 - 7))
GU0) = cos(v(l - 7))

In the lower half waveguide — $)(8) = sin(i(l = v — 7))

d’(‘hl(()) = (;05(!/(0 -7~ ﬂ))

witii v=an/(r—2v).
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Figure 5.13: Metal insert discontinuity in a coax waveguide and its approximation by a
bow-tie shaped discontinuity
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The solution of the p-differential equation (5.9) is a sum ol two Bessel functions,

This is the only possibility to satisfy the boundary condition (.1.8):

R(kp) = NJ{ROYL(kp) = J(RO)N(Kp)  'T'M Modes

R(kp) = NL(kb)(kp) = JL N Ep)  TE Modes

with v = ar/ (7 — 29) in the upper or lower hall wavegnide and # = 7 in the coaxial
wavegnide.

In comparison to the emply circular waveguide, the coaxial waveguide supports a
TEM mode as well. The expression for the TR Al wave is f-independent and its £-
function has already been described in c(|l|:1.1.i0||- (.04,

The expression for the tangential E-ficld is the lollowing:

- | & &
[‘J-I' —1 -‘uTE Z Z /jlll' m'['(l',)" (A Hmt + I)ll m) n m

=3 M=y

- z Z 7;%1] (Cpuy + Py, ) R "

p=0q4=}

——
o
-—

~—

where €(¢") denotes the orthogonal cigenfunctions. ‘I'héir expression can be found in
Appeadix E. The parameter s is equal to 0 in the case of a coax waveguide and 1 in the
case of a half coaxial waveguide to take in account the fact that the 7'My, mode does
not exist in the latter one and to include the TEM mode (corresponding to the 7'My
mede).

Again the superscripts “s” and “c¢” in the coaxial wavegnide describe the polarization
of the E-fiald.

The tangential magnetic field is written as:

>~ “
II'I‘ = Z z 7')(:1)" (j" oy - ]}lllnl) h'glti?n

n=sm=|
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1 N h}epr( 1 h
_/Zz ,‘,,}I,S,‘,’(C,,,,, D;HI)"H

The delinition ol'h,,. n and h,, ¢ are given in Appendix 12
In order to obtain the S-Matrix ol the 3-port discontinuity, the tangential electric

field is matched at the discontinuity, e.g. z = 0 (Fig. 5.13):

B = B bely,m-1)
- 1-( N ge [7 + 7,27 — 7] Vp €la,b]  (5.32)

(l 0€[0,9])[7=7,7+7) and [27 - 7, 27]
where the different £y fields are defined in eqquation (5.31).
Following the same procedure defined in section 5.3 leads to the LE and LI matrices
from which the three-port scattcriné matrix ol the discontinuity can be derived.
The presence ol the TEM mode makes a slight difference in the procedure which is
presented here:

The first coupling equation is obtained by multiplying equation 5.32 by the TEAM

orthogonal function c"ut‘f,” and by integrating over Sy:

/ B0 2w, 038 = / B w(p, 0)dS + / B 280 w(p, 6)dS
Using the orthogonal property of the cigenfunctions yields:
/3(")']‘("') ( l(l) + 13(1))
F=
i) (4 5) [ [ a6l dpas
n=1 m-.l

+ZZY("2) C,(,2,1)+D§,3,3 _/ / "("2) "(“)pdpdﬂ (5.33)

l"‘o =1

b

‘

" e ”_’Y
Sl (A, + 8, f . / &5 &0 pdpdd
¥

n=1 m=l1

+ S (e o) [ [ a0 el s

p=04qy=1
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. . 1 1 - .
The cocflicients AE,.(), and HL(,_& have been expressed as a Tunction of the sum ol all
cigentodes in the upper or lower hall guides. The next step is to caleulate the coupling
integrals:

1*! Coupling integral

The first coupling integral corresponds to the coupling between the 1T'A modes in the

upper hall guide and the TEM modes in the coaxial waveguide. With n: 1 — oo
=7 rb
— ~(c2) ={cl)
Cly = f / C:E.tm)"'u.u pdpdt
Y Q
This coupling integral is zero i n is even. For n odd:
]

Cly = —cr(“'z)(-(“)Egl(lc‘.')(k(cz) )

n,am lU,U v pnm

2™ Coupling integral

This coupling integral corresponds Lo the coupling between the 7' modes in the upper
half guide and the TEM modes in the coaxial waveguide. With p: 0 — no:
= rb
' -} ~ (el
Clyy = L f ep(ll,:”.co(:j L ndpdd 0
n

this coupling integral is zero if p is even. For p odd:
by .
Clys = —'2(.1},“_‘,?’0},?&’ / ;I,?f,"‘“(l-:f,’,‘,f,)p)dp
)

The third and fourth coupling integrals are computed from the integrals Clyy wnd Cly,.
The p-coupling integrals do not change, contrary to the #-integrals which are modified

when n — 7 is even and n* i odd. In this case, the sign of the integral is inverted.

5.8 Bandpass filter

The filter structure is composed of a series of resonant cavities separated by

coupling septa. Tollowing the same procedure presented for the circular waveguide



103

filter allows one to design a bandpass filter in a coaxial waveguide.

Figure 5.14 and 5.15 show the theoretical _performa:xce of a very narrow band five-
resonator filter in X-band using a 4 mm radius coaxial waveguide. The corresponding
data is given in Table 5.2. The computed insertion loss for the 7 £ A mode is less than
0.1 -d!) in the passband (9.35-9.36 G I z) while the respective return loss is greater than
25 d B. The stopband rejection is more then 100 df3. The next passhand is at 18.8 GH =

which allows a stop band of 9.5 G I = helween the two passhands (Fig, 5.14).

Jo [Gllz] 9.39

Outer radius [mm] 4.000

Inner radius [mm] 1.270

Septum v=Ls| La=1Ly La
length [mm] 15.870 | 15.920 | 15.99
Resonator =T | To=Ts | Ta=T4
length [mm} | 0.110 0.210 | 0.285

Table 5.2: Mechanical dimensions of the [ive-resonator coaxial waveguide filter,




B

250
200
Sau (g, L

100

0 1 [| | ! 1 { 1 1 |

0 2 1q G 8 1) 12 14 16 I8
Frequency [(12]

Figure 5.14: Performance ve: s frequency of a H-resonator coaxial metal-insert, waveg-
uide filter. a

140 -
120
100

spn) 80F
60

10
20

0 1 1 1 | | | 1 1 1

9 9.1 9.2 93 94 95 06 0T 98 029 -
Fregnencey [Cill2]
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Chapter 6

Conclusion

The major objective of this thesis has been to develop an accurate numerical
method Lo analyze and design Glters and multiplexers for millimeter waves, in particular
in a cirenlar wavegnide, This chapter completes this work by giving a conclusion and
recommendation based on the experiences gained during t;his thesis. As well, suggestions

are made regarding Mirther work in this area of research.
6.1 Results

The major objective of this thesis has been to develop an efficient method for the
analysis and design of waveguide filters and :m:]tiplexers;at millimeter waves frequen-
cies. The MMM applied to different kinds of discontinuities has shown its capability to
analyze these different devices accurately without the aid of supercomputers, Further-
more, the analysis of most ol the structures has been made by matching only two field
components instead of four,

For example, in the parallel-connected diplexer configuration introduced in Chapter

{, the ¥, vector potential was sufficient to describe the electromagnetic field in the

vicinity of an E-planc discontinuity, and only the matcehing of two field components (£,
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and H ;) is required. Therefore the nutnerical procedure resulting from this analysis is
CPU time efficient and accurate.

The quadriplexer, introduced in Chapter 3, is an extension of the diplexer con-
cept. Discontinuities involved in this quadriplexer reguire four field components to be
matched. Chapter 3 has shown that, when there is no resonance at the discontinuity,
the matching of twao field components is sufficient to desceribe the discontinnity.

After characterizing selcctm‘l discontinuities in rectangular waveguides, this thesis
has focussed on coaxial transmission lines and transitions. The MMM has been applied
to different kind of discontinuities, and results liave been compared with the litera-
ture. Different bandpass filters have been designed, one using only steps in the inner
conductor, the other one using gaps in the center conductars,

Chapter 5 introduced a circular wavegnide metal-insert [filter hased on the metil-
insert filter idea in rectangular waveguide, The wetal insert has been approximated by
a bow-tie shaped metal sheet instead of a rectangular sheet. Chapter 5 has shown that
this approximation does not introduce a noticeable errar in the measured (requency
response. It was shown that as long as the operating frequency remains below the
cut-off frequency of the T'Mgy mode, a T'E mode approach is sulficient 1o analyze :.Iu;

discontinuity.

6.2 Further work

Most of the dual or multiple modes filters use a couple of resonant cavities separated
by one or several irises. These irises provide the coupling between modes and atlow the

design of compact filters with very high Q-factor. The values of these coupling factors
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are obtained by approxitmation, and therefore tuning screws are necessary Lo compensate
for the lack of design accuracy [58]. ‘I'he rectangular irises used for the coupling in [59]
and {60] {dotted lines in Fig. G.1) could be replaced by semi-circular irises (solid lines
in Fig. G.1). In this case, the field analysis used in Chapter 5 can be applied and very
acenrate coupling factors can be caleulated. With respect to [abrication, this semi-
cirenlar shape of the irises should not introduce any problems if etching techniques are
used, However, in terms of :wm.trnt,c design (dual mode filters are very sensitive to the

position and exact shape of the iris) the advantage is obvious.

Figure G6.1: Circular waveguide iris used in multi-mode cavity filter.

The rectangular coaxial filter shown in Pigure 6.2 could be an extension of the work
presented in Chapter2. T'hie analysis of such a filter should include both TE and TM

modes and the TEM mode as well.

The grid-divider discontinuity presented briefly in Chapter 2 could be another possi-
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Figure 6.2: Metal-insert coaxial rectangular waveguide filter.

ble direction for further work by cascading it several times in order Lo oblain a squared
waveguide filter for both polarization: an equivalence to the metal-insert filter but in
two directions (Fig. 6.3.a). Following the same idea, but using a circular waveguide, a.

dual-polarization circular waveguide filter could be analyzed and designed {Fig, 6.3.15).
g A L
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a)

Figure 6.3: Dual-polarization metal-insert filter a) in rectangular waveguide b) in cir-
cular waveguide.
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Appendix A

From the coupling matrices to
the scattering matrix

This appendix describes how to obtain the S-matrices {ram the coupling equations

which are:
A@ 4 ) = g (AU 4 g0)
and
AN = B0 = g (AR - )
The aim is to obtain the following two-port S-imatrix :
pYN 8, S AN
/1(2) - -5'23 S22 /3(21
The first step is to isolate B{1):

BN = AN Lp A® 4 g p)

AN LB (I,II.A“) + LI - /1“)) + LE.D
Then

(Ip+ LELINBY = (I~ LELINY AN 20, 1.5
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where 1y represents the identity matrix. Therelore, the expression of Sy; and Syg are:

Suo= (L4 LELIY (Iy = LELIT) (A1)
Sta = 20lg+ LELIYLE (A2)

From the second coupling equation :

A2 LAY+ L pth < @)

1l

LAY £ L1, (.5'.,..4“1 + .5'12.13‘91) - B2

Lt (g + 810y AN+ (L1.8)y = 1) B

Therefore, Sy and Sy are expressed in terms of LI, Sy and 590

LI (g + 50) (A3

S

S = LIS -14 (A.4)



Appendix B

Field components in coaxial

waveguides

e TM ficld

19wl
H,= ~ 59
gy
g = ~—5>=
H.= 0
e T'E field
199
Es p 0
aq,(k)
Bo= =
E.= 0

A A
T Gwe Dpdz
I A
= Jwep Dz

,;:__L(L’i -

Jwe \ 422

I g2t

*= SJon Opiz
R A

fo= S0 909

] i
=0 (7—

4 1;‘-‘) g le)

2
+ k'z) ph)
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Appendix C

Field expressions in circular
waveguides

C.1 Empty circular waveguide

The eigenfunctions related to the E-field in the empty circular waveguide are:

TM mode (at 2=0) :

PO sin{nfly | dJ,(k ,,,,,mp)_. n cos(nf) ~
n " (\n i {{ COS(N()) d{) f + [) —Sil)(n()) rl{{ pn.mp)g (C.l)

TE mode (al z=0) :

. : (h)
~hy _ oy |_p ) sin(pf) ) oy cos(pd) | ddp{kppap) 7 .
‘ra’ = Opa [ l’{ - cos(pf) Iy (A”” W) sin{pf) dp d (C2)

In this waveguide, any modes can be decomposed into two orthagonal modes. The first

type of mode is assigned the superscript “s™ and denotes the mode with the E-field

1%

perpendicunlar to the septum. The second one is marked with the superscript “c” and

denates the modes with the E-field parallel to the septum. However, the TMy,, mode

“ o

exists only in -maode. On the other hand, the T £y, mode exists on]y in “s”-mode.



1

C.2 Upper half circular waveguide

The cigenfunctions related to the E-field in the upper half civeular wavegnide are

TM mode (at z=0) :

o) = o) [sin(.,(o_y))%:;"“".@— ,—mstuw—7))/,,(/,...,,./»)0“] ()

TE mode (at z=0) :

ZiM = oh) dd by )
) =l = 51"(;/(0 23) I"“’ﬂl’ W)= cos(v(l — ) LA {C.)
dp

The lower guide field expressions are obtained by replacing all the angular variables by

vl -y —m). )
C.3 Ortho-normalization coefficients

The ortho-normalization cocllicient « is computed by using the following integral over

the appropriate waveguide cross-section S:

=05
et = | [ [ aleizt pdpus] (C.5)

This leads Tor the empty circular waveguide (with an integration performed over [0, 27)

for 8 and [0, 0] for p) to:

ST P Mode TE Mode
n#0 | VIRJLUKDIVZ | VEEE = utdu( K1)/ VE
n=0 ﬁ!‘.ch(]\..cb) \/7_1.1\.’!'}()( !\"lb)

~ where K, = I:E,’,“),,,lb and K, = kﬁ,fl)'mb (valid also for the next table). For the upper
half circular waveguide, the integral is computed over [y,7 — 7] (instead of [0,27]).

Therefore, the « cocfficients are slightly dilferent.



i)™ T'M Mode TE Mode
n#0 | 1= 29K JLK)[2 ] Va = 2‘,'\/1\';‘f - 1120 ()2
n=10 Does not exist, VT = 29Ky Jo{ Kp) V2

These results do not change when considering the upper half guide or the lower half

guide.
C.4 Magnetic field

The cigenfunctions related 1o the magnetic field in the empty circular waveguide are:

TM mode (a1 z=0) :

. {e)
Hey _ gy (1] cos(nf) _ | sin(nf) | dSulkpnpnp) 2
hu m = Qpo [/’ { - s'xn(n(i; "(l"pll,m/))p COS(HU) (lf) 4

TE mode (at z=0) :

. {2}
Py o w [§osin@) | ddplkppap) o p | cos(pl) k)
i X [{ cos(pf) dp Pt p ‘m(p{)) Jolhy "1))0
and in the upper half guide:

TM mode {at 2=0) :

d'}u(k;:l).m/)) é‘]

hsxczu = “Ex‘ zn [% COS(”(() - ‘)'))'lv(l‘é)‘r:l).rnp)ll;'" Si“("( - 7)) d/)

TE mode (at 2=0) :
/ . (1/ I» NN '} _ -
1&},',3 = —nf,"q) [%m(u(() - ‘y))—-——(—é-;)-”—"-) p cos(u(() 7))1,,(1.%‘,),1/))9]

C.5 Normalization coefficient

This cocllicient is obtained by computing the following integral:

l -
P=cR {/(1, x i1 )dS} = —Rc {/ Eyllg — Eall,:)s"-ds'}
2 S
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For any type of guide, c.g. cmpty, upper half or lower half wavegnide, solving this

integral leads to:
‘ ‘(C’) __2""'( y I° Ve
Ty = o for the "T'A modes (C.6)

nan

[2 _
T,(,f‘,?l = _(‘*"TI)': for the TF modes (C.7)
' ﬂ"."l

and



Appendix D

Coupling integrals

D.1 Second coupling equation

={elc)

The second coupling equation is the matching equation (5.12) multiplied by € ; and

integrated over the empty guide section:

1'“) "(rlc)w(/) )dS = / Em."(““)w(p 8)dS +/ 1“(8}."(0”)10(/),0)(1.5'

LY LY)

N N \ \(l 3 2) ?:(3)_
Expressing the tangential ficlds £ ) l( and fop

/l [—E Z z Lw(i'nll’)cls:i! N - — Z Z Pr‘x?allq ng:itld

n=1 =1 u—Om 1
_Zzl-um) {hls)  _ o plhlc)z(heyp olelel a0
“pq Cpy ZZ pr o Cpy €i; pape
p=0g=1 p=0qg=1

& & » .
f, [-r > Z BEEd - 505 gy 259 pdpug
? 1=t m=l p=04g=1

[ Z Z PvltLu:) JI(:II" - z Z ]1,(;{;” p(f:”) -5,-&6]':)/)(1/1([6
p=04q4=1

where B2, BENY B and £S89 have been defined in section 5.3.1 as well as ES2),

13,(,5,'2) EES and L’,(,f,"” However, by using Lthe orthonormal property on the LHS of the
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equation, it is possible to write:

——ﬂ ) (409 4 p09) =

w1
-4 b
o Z S AT (A2, + B2)) L [ e o
2 p=lm= l v
} ' } - (k) =(nle
+ Z Z 1,£ ,‘12) C}, '1} + 1)}, .} / / ,,(q (i('j )[)(I[)d()
p—Oq— @
3 S ) (a8, 4 880) [ [ et als o
3 u=1 m=1 + v
+ 30510 () 4+ p) / N /’ FAn ko) o gy
p=0g=1

The equation can be rewritten in term of malrices:

AU 4 O = L pteta) (@) 4 ) g g (O g i) 4

Litese) (A(“) + B 4 L () i) (.1)

1%t Coupling integral

The first coupling integral is, for n: 1 — oo and i : 0 — o0

m—y
/ / cu("';ﬁ) c; (cl °) ppdl
oy

an?,Za(:]c) 5111{1/(0 7)) cos( it d()/
¥

Cre

d.J Lpn mﬂ) . ( “pt } 1’)
dp dp

pdp —

agl‘iﬁa(?c) (.08(1/(9 7)) sin(ifh)d0 / /,,(L},'“zmp)l (/I" ; p)p(lp

i
The 8-coupling integrals are expressed in Appendix . The coupling integral CI{ is 0/l

n—1is even. For n—1t odd:

CI¢ = ol (clc)Zt/LOS(l'Y) b, (kbE py dIi /‘,,,}ﬂ)

{02} )
nmi T f dp dp

F.I"(lyhn mp)l “pi }[))[)([/)

274 Coupling integral

This coupling integral corresponds to the coupling between the 7' £ modes in the upper
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hall guide and the TA modes in the cireular waveguide. With p 1 0 — oo and

10 — oo

cls / j ",,”,;2' (‘(;lc)prlprlt’)

7= b d ik )
h (el ) r VY el h2 Wrpig P
guf)uuf ] sin{u(l - ,))ws(t())d()/ J,,(If,,‘, q) __{1’_/).2._,[/, +
n},",f)nf;"“) ms v(l —7) )sm(:())tl!)/ ﬂ—g:—;’“’—p) Ji (L,(,flf)p)dp
¥

As shown previously, the #-integrals are equal to zero if p — 7 even. In the p =1 odd

case, the integral hecomes:

' _ h2 (IC)Z(‘O"(”))
C'[‘E - ";Jrl) ICJ v

b o ALy e :
/u l/z.lu(kf,l;,f,,] ) (;pJ i dj: ,/J) l.-(l:ff,-fjc)p)(lp

The third and Tourth coupling integrals are computéd.f:‘om the coupling integrals
CI{ and C 15, The p-coupling integrals do not change, contrary to the 8-ones which are
computed over {7 + 4, 2% - y]. Their values are simply mulitiplied by =1 if i = n is odd
with u even {e.g. i odd).

D.2 Third coupling equation

After multiplying with the 7' orthogonal lunction of the 7'/ mode, the E-field match-

ing equation becomes:

1'“).",(;"')m(p,())rlS "/ 1'( ) "EJ” )m(p 0)dS +/ F‘a)."‘(‘?l’)w(p,())ds

A [—%

S

) , | &>
z L‘r(:;:l:‘) 11(1:113) - w'_H Z z ]1:(::1‘-) ,E,c"lc)

m= =0m=1

o0 oo '
ZL;(::;“}CJ;(J'H) - ZZE’(:;ICJ p(‘:ll..)] ‘gclc)pdpdo

O g= nop=0g=1

[VJZ

n

"
-
—-

uMZ

~

P



1 «Q o 2 \
o 2 2 BEl

=L[

AR

1(r t) (cd)
“nm nm

where EE) plele)  plhis)

)
S5 pgmgye

p=g=1

L L ['(h 3) = (3)
P" ’H’

p=ly=1l

:
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..(l)

&y pdpdt)

-(hl')

& pdpdt

e
by and L,,., ) have been defined in equations {5 14-5.19) as well

E,(,';;i) and £UP)

- e2 h2
as Er(nn)y D;(:q ) Spy

" equation can be written as:

'1"-('?13) (C-(I-.,) + 1)(.]:1)) -

e Z S AT (Al + 82),)

2 n=1m=1

rpr{h2 2 2)
3 2T (C8 + )

p=Ug=1

+— S5 A (o

3 n=1 m=1

A3 i8] o)
#5555 (o + 03

p=0q=1

In terms of matrices:

v

18 4 pt i)

n,m

T
I
)L
K

n,ne

u(,
L '('f,j

Applying the orthogonality property ol modes, this

ik l"‘/nlpd()

&th?) "(h“)/ulpd()

l' 1 hi

..(, ) _.(hlq)

£rp pdpdd

—(h3) ..(hl-u)

Nz pdpdt)

p [ IJ

CUN 4 DU = L (Al g ) g O (O g p) (D2)
L1y 139) (,-1“” + 1;("') LD (C("" + /)“") (D.3)
1%t Coupling integral
The first coupling integral is{n:1 — oo and i:0 — oo):
i Cij = / "7 j A E.(;‘l’)[)rlprl(}
= (cz)af’;h) : " sin(w(0 - f))‘.lll(l(})llo/ MI(I:}:'}']/)M/}
—ale2l ot 7 cos(u(0 — 7)) cos{i0)dl / T )M dp



12}
The g-integrals are again equal Lo zero if u -1 is odd. The # — i even case can be written
as

cir = —ale?), (;.1,)211/s111(:~)

man P f e - 2
{h1s)
([] (’npu m/’) (h1s) d"]f(k;‘ j f))
A AN LU Jole2) T ey 17
/(, R G s Tl

hisy 2t sin(i ki
= ool 2l L ¥ L (A};:Ezummf,,,"p)] dp

o2y (hisy 20 sin(iy) ¢ hils
(l( ) ( ! }—""“———"‘ [lu l,()uzzn/)) ( 5):,_11) )]

nan

we -

wlich means that C/ =0,V i, J, n and .

224 Coupling integral

The second coupling integral is (with p: 0 — og and i : 0 — co):

Ty
/ / ",,({;2) F,(jm]pdpd()

b s
,(,"q‘)cr("” A qin(u(()—7‘))5111('5{)){10/ LZ-J (k2 p )i f,’,‘;’)p)pdp +

cl;

i

]

: = iJ, ‘(Ih)l() LJ; (h‘!s)
”:(»hvz) i i cos(i(d - /))Los(z())(l()/ ‘ I'U” 10) ! (‘Z;’ p)p(lp

Three cases must be distinguished:

a) p—iodd:
Cij=0

bYp =i even and p° 4 i% £ Q:

. ne 21 sin{iy)
cl = ag";ll E;')’___ﬁ.

b , s &S, (Y2 5y dg (k052 )
/(;( Ju(k ‘()lpt:’} 11(),33)/’)'*' o\ Lopap) i 2 ﬂdﬂ

dp dp



cp=i=0

pdp

) 0y (A
s A82) (WMs), / dlu(kﬁu')” o "“J P)
C{.( a{)q (10} (” "7) A {l[) ([[’

Like CI3, the third coupling integral is zero. ‘T'he Tourth coupling integral can bo
cmﬁputed from the coupling integral C'1]. The p-coupling integrals do not change, like
the 8-integrals, because for i = n, the #/2 coellicient does not vary if computed over
[y, 7 =9l or [7 +7, 27 —v]. The matrix equation (FEqn. 12.3) can, therefore, be simplified

(LM = 0 and L17183) = ():
C[ls)+ D(ls) - Lu(k’)s) (C(zj + 1)['.!)) + IJHUM"’) (C;(li) 4 D(:S)) ([)])
D.3 Fourth coupling equation

The fourth coupling equation is the matehing equation (5.12) multiphed by EE%’I"] and

integrated over the empty guide section:

/ E(l).“,(;‘lc)w(p 0)dS —'/ 1"“) "U"]r)w(p s l-/ 55 ”.7(_"" w{p, 0)dS

By including the property of the orthonormal eigenlunctions in the LIS of the equation,

it is possible to write:

¢ —~{e -.(hl }
o 2 2 gt (a2 + ) [ [ el el o

n=1m=
" 0 ov {(klg)
eSS (et o) [ [ o el s
p=Cq=1 v
ey ={hic
Y ZEﬁ,‘::zzz,ﬁai’ (o ) [ [ et al s
n=1ms=

N R N T
p=0¢=1
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The equation can be written also in terms of matrices:

C_-(l::) + plie) - L”(MC! (A(.’) + ”(2)) + ll”(l&c] (C:('.‘) + D(?))

1,1 (hise) (A(:s) + 13(:3)) + LI {hidc) (C(:;) + D(s))

1% Coupling integral

Egon:l e—ooand i} — o0

F=ry
/ / (""t',ﬁ) (:"(;l“)pd/)(l()
oy 0

ale2) g (e f o sin{u(@ — +)) cos(i0) (I()/ Ml l(hlc)p)(fp
¥

Cl

Han iy (’) 7yl
- L1 (k)
f,‘;jnf};zc) / cos(v(l - ')))sm(:{))dt’)/ /,,(Lf,',f,}" f——‘-(-%;)”-—-@d
¥

The f-integrals are equal to zero il # - ¢ is even. In the # — i odd case, the integral

becomes:
94,0 A (e2) L(hlc)
e (e2), (Ala) 211 ddy{kpimp) {hlc) LJi{ pii )
C')'; = O w2 =2 (f/) 1 (;'pu P) + lv l{m mp) (lp

ey (h 20i h
o 5: n? EJlC)'_ / [Iv(i‘fﬁaz.?nﬁ)'li(l“/(n IJC)/})] (l/)

w2 =2

nyy 20 9 ;
aflaly) ——s [wJ”n/(A},’.‘,’m] =0

prLm

This means that the coupling integral CI5 =0, V i, j,n and m.

2% Coupling integral

Eg. (p:0—ocoandi: ! — o)

A=
/ / ",,U,; ,(;‘h pdpdt

nf,}‘q)nfgl“) A sm( (8 = 7)) cos( i) (l()/ —7,,(/.("2)/)).} (I.U‘I")p)p(lp

I

cr

PG pl,}

2 hlc
dJu(AS»qp ddi(k4 ) p) o

+aa M9 [T os((0 = 7)) sin(i6)do /
8] dp

'J
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It is evident that this integral is zero il {(p ~ §) is even. In the opposite case ((p — 1)

odd), the integral is written as:

e _ h2), (hiey 2
cry = “§Jq)‘ 1 B
b 11, (630 0y d iR )
[ (h2) (hl;) Gy mwl' ‘piJg
/0 [ ] (Aﬂp tlp)l ‘pig 1) 4 ({[) ([;') /"If'

From these results, the matrix coupling equation becomes:

cUe) 4 plieh = ) (¢ g 1Y g g0 (6 4 i) (12.5)
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Appendix E

Full wave expressions in coaxial
waveguides

E.1 Coaxial circular waveguide

The rigenfunctions related to the E-field in the coaxial waveguide are similar to
those of the empty circular waveguide, equations (C.1) and (C.2). The diflerence comes

from the p-function which are:

BN ) N (S 00T (8 p) = (8] L D) N (1) )

IR pr,m P,

Bk )

PP}

1\’;([;(’1) b)J,,(/c“l) Py - ./"‘([c(h) b)}\'],(/.:u') ?)

PP Pe PPy ey

The TEM cigenfunction can be written, at z=0, as:

Again, any modes can be decomposed into the sum of two orthogonal modes: the first
type (superseript 7s”) with the E-lield perpendicular to the septum and the second one

{superseript "e”) with the E-field parallel to the septum.
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E.2 Upper sectorial coaxial waveguide

The cigenfunctions related to the E-field in the upper semi-sector waveguide are similar
to those of the upper half circular waveguide, equations (C.3) and (C.4). The dillerence

comes {rom the p-function which are, in this case,:

1

BEESD p) = Nu(ED 0V ) = U N p)

Bu(h)(k(c) P}

e

0

1\"(L(") D py — JE AR By 0y

PPl Py q/' By PP, :[/)

The lower guide field expressions are obtained by replacing all the angular variables by

v(f—v-—m).
E.3 Normalization coefficients

The a ortho-normalization coeflicient is computed by using the integral defined in
equation {C.5) over the appropriate waveguide cross-section S, yielding similar expres-
sions as those to the circular waveguide. B ), I},(h)(/»,,,, af) B S ) and
Bu(h}(k(c)q/’) replacing In (L;;;n).m{)), 11» (1'~mn af ) /u )(L,,,,] mp) and -/u(h](ksl}:}.q/’}, re-
spectively in the expression of the ortha-normalization coellicients is the only diflerence

between the TE and T'M mades. For the TEM maode, equation (C.5) leads o

ole) = !
Gy RO
\//-,'»,,u ot/ (1'-,,0 o)

The expression for the 1 Watt-normalization coelficient does not chiange when con-
sidering a circular waveguide or a coaxial waveguide. Therefore, they can be found by

equations {C.6) and (C.7).



Appendix F

Mathematical formulae

F.1 Bessel’s equation

The Bessel functions are solutions of the Bessel diflerential equation:
2y oy + (2= vty =0
il B,(x) = AJ, () + BN, (=), with J,: Bessel function of the first kind, and N,: Bessel
function of the second kind, if n integer and » real, then [37):
By(z) = —Bi(2)
Bou(z) = (=1)"Bu(2)
vB,(2) = i) [Buer () + Bogr ()]

dB,(ax . .
d&: : = %(”v—l(ﬂ'w)—1},,+1(a':v))

d
;[—a;llu(cm:) = —alj(az)

. di3,(ax)
Y da

dB3, (o)

p—
dx

= axli,(az)— v, (az)
= vh,(av)-arD, (o)
i(--"l} . ) — ..U]} o
T E w(2)) = ¥ Buoi(x)

d. _, —
E(-" B(2)) = —27"l, (%)
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Integrals involving Bessel’s function:

/ Phy(a)de = 221 (x) + o Bo(e) - / Hol )it
/ Biz)de = —Hy(x)
/ eby(z)de = —aBo(e)+ / Bl )
/ 2 By_i(z)de = 2'B,(z)

/'1'13 (ax)Boifz)de = (u /f,,(/}.'a.')l},’,(n':r:)—/3/3,,((1;::)/){,(/&17))
al, v ro=

3%~ ot

- 4 (/3/)’,,((1:1:))],,_1(/3:1:) - n-lf,,_.l(n-:a:)/!,,(ﬁ;n))
* o - /j.’

- . (ﬁ Bu(we) By (Ba) = allyp (o) ,( [3.1:))
" 3% - al

./ng(aa:)(lm = ﬁ(l)'(cm:))"’ + '—z-(l - ”—-,)I)'"'(n:u)

20 2 a2t v
2

= _LQ— (Iif,((r;l:) - l],,_|(n.’u}U,,.,,Mﬂ:x))

Furthermore, the following relation exists:

(o Uf,?l (ﬂ':l.')l)‘,(,z)(ﬁ:f:) - [H},(,”(r.mr)H,(fJ, ()

/ 2B az) B (5z)dz =

a? — ¢
F.2 Sine integrals
They correspond to the coupling integrals in ¢:
1. n—1io0dd
w7y
/ Sin(u(0 — 7)) sin(i0)d0 = 0
'7,,_.,
/ cos(i(8 — ) cos(ithdd = 0
oy
=T o _ 2wceos(iv)
[y sin{v(f — 7)) cos(id)d0 = —T
= . _ 2i cos(ivy)
[’ cos(v(8 — ) sin(i)di = T



2. u -1 even

m—ry
sin{ (0 — ) sin(i0)d0
y

mey
/ cos(p(f — ) cos(if)dd
oy

f ! sin({0 — 4)) cos(if)dt
.

Xy
/ cos(m(f = v))sin(i)d0
A ,

129

2 sin(iy)
12— 42

2isin{iy)
v -t

0

)
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