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Symbol conventions

General symbols

L | operator

u | function

� | scalar parameter

A | matrix

a | vector of parameters

z | longitudinal direction

x; y | transverse directions
~A | vector function
~Ax | transverse x direction component of a vector function
~Ay | transverse y direction component of a vector function
~Az | longitudinal component of a vector function

j | imaginary unity
~ix | unit vector in transverse x direction
~iy | unit vector in transverse y direction
~iz | unit vector in longitudinal z direction

~n | unit vector normal to a surface

(:)� | complex conjugation

jj � jj2 | norm in a Hilbert space


 | region in a 2D space

Physical quantities
~E | electric intensity
~H | magnetic intensity

	e | electric Hertz potential

	h | magnetic Hertz potential
~J | current density

�0 | permittivity of the free space

�0 | permeability of the free space

�r | relative permittivity of the medium

�r | relative permeability of the medium

� | complex permittivity of the medium
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Symbol conventions 5

�
0

| real part of complex permittivity of the medium

�
00

| imaginary part of complex permittivity of the medium

c | speed of light in the free space

! | angular frequency

f | frequency

� | guide wavelength

� | phase constant

k | wavenumber

k0 | wave propagation constant; k0 = !
p
�0�0

V | voltage

I | current

P | power

Z | impedance

Rs | surface resistance

K | impedance inversion factor

Operators

rz � (:) | longitudinal rotation operator

rt � (:) | transverse rotation operator

rt(:) | transverse gradient operator

Filter parameters

LAr | ripple level in pass band in [dB] for Chebyshev characteristic type

LAe | attenuation level in [dB] for band edge frequency

w� | fractional bandwidth in waveguide domain

wf | fractional bandwidth in frequency domain

f0 | center frequency

f1; f2 | band edge frequencies

�f0 | relative center frequency error

�wf | relative fractional bandwidth error

Selected abbreviations

LSE | Longitudinal Section Electric

LSM | Longitudinal Section Magnetic

LPP | Low Pass Prototype

HWSIP | Half-Wave Step-Impedance Prototype

FDTD | Finite Di�erence Time Domain

TRM | Transverse Resonance Method

DUT | Device Under Test

V NA | Vector Network Analyzer

TRL | Thru-Reect-Line Method



Chapter 1

Introduction

1.1 Background and Motivation

An incredible growth of new telecommunication systems has been observed in the past

two decades. Novel services have been developed rapidly and located in the exploding

market and the number of possible applications of telecommunication systems has grown

up drastically. The conventional RF frequency band is now practically �lled up and no more

new systems can be located in this frequency region. Hence, the microwave and millimeter

wave bands are treated as the frequency region where new technologies are placed [1].

In the usual classi�cation scheme, the microwaves span from 300 MHz to about 30 GHz

while the millimeter waves cover the frequencies from 30 to 300 GHz. The technology of

microwave circuits and systems is well established by now and a lot of commercial and

military systems use microwave band. However, the millimeter waves are gaining particular

interest because of lack of free, suÆciently large, frequency windows in the microwave band,

required by novel broadband systems. In addition, millimeter waves have some speci�c,

very attractive features which distinguish them from the RF and microwave regions [2].

The most important are: possibility to re-use frequencies, high capacity, high resolution

and quasi optical propagation. The devices working in millimeter waves have smaller size

and lower weight than the microwave counterparts. The antennas achieve higher gain and

have modest sizes suitable for mobile systems. Therefore the newest communication systems

are located in the lower millimeter wave region spanning from 30 to 100 GHz. These systems

include personal communication networks and systems (PCN, PCS), high speed data links

for wireless LAN, car collision avoidance radar systems, intelligent motorways and various

radar systems [3], [4] [5]. For some systems the research and development phase is almost

�nished, the obtained results are very promising and these systems are prepared to be

commercially applied [6] [7].

Practical realization of the millimeter-wave systems requires the technology which en-

sures the possibility to build the elements and integrated circuits which are small in size,

compact and o�er low transmission losses. In addition, the incorporation of antennas into

integrated systems, which is usually problematic, should be possible. Besides the technical

features, the commercial factors play an important role in practical development of partic-
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Chapter 1 Introduction 7

ular technology [6]. The key commercial factors are low manufacturing costs and relatively

simple mass production. Several technologies are in use at present which ful�l more or less

the criteria mentioned above. In general, the technologies suitable for the microwaves and

millimeter waves can be classi�ed into two groups [8]:

� Planar technologies. The planar technologies can be divided into three groups: MIC

(Microwave Integrated Circuits), MMIC (Monolithic Microwave Integrated Circuits),

MHMIC (Miniaturized Hybrid Microwave Integrated Circuits) [9] [10]. They o�er the

possibility to build integrated circuits. Recently, multi-layer technologies have been

developing intensively [11]. The microstrip line, coplanar waveguide and slot line and

their derivatives are usually used for making passive components. Some examples of

commonly used guiding structures are presented in Fig. 1.1.

� Non-planar technologies. They can be divided into two categories [8]: metallic

waveguides (rectangular waveguide, �n line, coaxial line) and dielectric waveguides

(image line, NRD-guide and their derivatives). Examples of dielectric guides are shown

in Fig. 1.2 and Fig. 1.3.

ε0

εr

ε0

εr

ε0

εr

ε0

εr

(a) (b) (c) (d)

Figure 1.1: Examples of planar structures: (a) microstrip line, (b) slot line, (c) coplanar

waveguide, (d) coplanar strip line.

The classical planar technologies were originally developed for circuits working in mi-

crowaves. The microstrip line is the most widely used planar guiding structure (Fig. 1.1

(a)) [12]. It o�ers simple mounting of lumped elements in series con�guration. The back

metalization allows easy �xing on metallic housing and can be used as a natural way of

heat dissipation yielding high power handling capacity. On the other hand, the microstrip

line su�ers from high transmission loss, high dispersion and diÆculty in mounting lumped

elements in shunt con�guration. Due to drawbacks of microstrip line, alternative guiding

structures have been proposed. At present, the most popular ones are slot line (Fig. 1.1 (b))

[13] and coplanar structures (Fig. 1.1 (c) and (d)) [2]. Besides good electrical parameters

they also o�er easier mounting of lumped elements in shunt and series con�gurations. How-

ever, every planar guide has speci�c features which decide where it is applied. In general,

planar structures have a large number of advantages such as high degree of integration, ease

of mounting of active two- and three-port devices, small and compact circuit sizes and well

established technology. Nevertheless, the serious limitation of planar technologies occurs

at millimeter waves [8]. The loss factors of the guides become unacceptably high because
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conducting losses increase with square root of the frequency and achieve high values at fre-

quencies above 20 GHz. Moreover, if the circuits are not properly designed, the radiation

losses and leakage at discontinuities appear and the circuits parameters can be seriously

deteriorated. Another drawback is very high cost of the research and manufacturing. The

critical dimensions such as microstrip width or slot width in coplanar waveguide are of

order of �m at 20 GHz frequency. These dimensions become smaller if the frequency is

increased or the dielectric materials with higher relative permittivity �r are used. Moreover,

the integrated circuits are usually complicated, require combination of various advanced

technologies in production process and very often it is not possible to design them in a

single framework [9].

The non-planar technologies using metallic guides such as rectangular waveguide, groove

guide or coaxial line are well known but su�er from high conducting loss at the millimeter

waves and are bulky in building integrated circuits [8]. Therefore, they are limited only to

speci�c applications where low level of integration is required.

ε0 εr
εr1

εr2

ε0

εr1

εr2

ε

ε

0

0

ε

ε
0

0

(a) (b) (c) (d)

Figure 1.2: Examples of dielectric guides: (a) image line, (b) insulated image line, (c)

inverted strip guide, (d) rib image guide.

As an alternative, the non-planar technologies involving dielectric guides are gaining

growing attention. One of their main advantages over the planar structures is low level of

transmission losses. Various dielectric guides have been proposed and selected examples of

them are shown in Fig. 1.2. The image guide (Fig. 1.2 (a)) is one of the �rst proposed

semi-open dielectric structures [14]. It has a simple geometry, but the conducting losses

are on relatively high level due to the concentration of the �eld maximum near the the

metallic plate. Therefore further developments of the image guide have been focused on

diminishing the conducting losses by increasing the distance between the �eld maximum

and the conducting plate. As a result the structures such as an insulated image guide

(Fig. 1.2 (b)) [15], inverted strip image guide (Fig. 1.2 (c)) [16] and rib image guide (Fig. 1.2

(d)) [17] have been proposed. These guides have been used to design various components

and applied in several systems. Nevertheless, the fundamental drawback of the presented

dielectric guides is a very high level of radiation losses at discontinuities and bends. This

feature limits their application mainly to the research area.

The invention of an NRD-guide (Non-Radiative Dielectric guide), shown in Fig. 1.3 (b),

has changed this situation [19]. The structure is a modi�ed version of H-guide (Fig. 1.3

(a)) [20]. The H-guide and NRD-guide di�er in the plate separation. The distance is either

smaller (for the NRD-guide) or greater (for the H-guide) than a half free space wavelength.

Since its invention various modi�cations of a basic NRD-guide structure have been proposed



Chapter 1 Introduction 9

λ 0/2b > 

b
ε0 εr b

λ 0/2b < 

ε0 εr ε0 εr ε0 εr

(a) (b) (c) (d)

Figure 1.3: Examples of dielectric guides: (a) H-guide, (b) NRD-guide, (c) AGNRD-guide,

(d) hyper NRD-guide [6] or groove NRD-guide [18]

such as AGNRD-guide (Asymmetrically grooved NRD-guide) (Fig. 1.3 (c)) [21] or hyper

NRD-guide by Murata (Fig. 1.3 (d)) [6]. The latter structure is also called GNRD-guide

(Grooved NRD-guide) [18]. The GNRD-guide and hyper NRD-guide di�er in the depth of

a groove. Larger depth of the groove for the hyper NRD-guide than for the GNRD-guide

results in slight modi�cation of the spectrum of guided modes .

The NRD-guide has gained great attention because it possesses attractive features such

as

� Good technical parameters. Unlike other dielectric guides the NRD-guide has

no radiation at bends and discontinuities due to cut-o� property of a parallel plate

waveguide. Moreover, the transmission losses are kept at very low level. The NRD-

guide is less lossy than the corresponding insulated image guide.

� Low cost of manufacturing. The NRD-guide components are very simple (Fig.

1.3), the tolerance of elements dimensions is not critical. Relatively large dimensions,

compared to guide wavelength, allow easy manufacturing of a complete circuit in large

scale. Moreover, low cost dielectric materials can be used in production.

� Possibility to integration. The NRD-guide technology is suitable to build com-

pletely integrated circuits which can also easily incorporate NRD-guide antenna struc-

tures. Moreover, the integration with planar technologies such microstrip line or copla-

nar waveguide is possible. Such an approach allows one to combine the best features

o�ered by both technologies.

The results presented in the technical literature show that a wide range of high qual-

ity NRD-guide components characterized by good technical parameters can be built. In

consequence completely integrated circuits with good performance have been reported. At

present, the majority of work in the NRD-guide technology is in the research phase but

some prototype circuits have been prepared to work in commercially available systems. The

state of the art in the NRD-guide technology is described in the following section.

1.2 Current status of NRD-guide technology

The NRD-guide technology has been proposed quite recently [19] as an attractive alternative

for building millimeter wave circuits. Although several technologies have been exploited in
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this frequency range, the NRD-guide technology has characteristic features, detailed in

previous section, which make it competitive to the existing technologies. For the sake of

an example, the comparison between NRD-guide technology and the two commonly used

in millimeter wave frequencies technologies i.e. �n-line and MMIC technology is shown in

Table 1.1.

Feature
Technology

NRD-guide �n-line MMIC

Production cost Low Medium Very high

Production technology Easy Medium Very diÆcult

Integration with antenna circuits
Yes No Yes

within one technology

Loss in millimeter wave band Very low Low High

Radiation at discontinuities No No Yes

Table 1.1: Comparison between the NRD-guide technology and two technologies commonly

used in millimeter wave band: the �n-line and MMIC (after [22] and [2]).

The comparison shows that the NRD-guide technology has some advantages, such as low

loss level, possibility to integration with antenna circuits, and no radiation at discontinuities,

over the related technologies. In addition to good electric parameters it o�ers low cost of

manufacturing.

Since the invention of the NRD-guide technology a variety of passive components have

been designed. The selected examples of them are listed below.

(a) (b) (c)

Figure 1.4: Examples of NRD-guide passive components: (a) leaky NRD-guide-fed slot array

antenna for circular polarization together with directional coupler [23], (b) planar antenna

fed by broadside leaky NRD-guide [8], (c) rectangular resonator applied in the NRD-guide

oscillator [9].

� Directional couplers. Couplers with di�erent coupling coeÆcients [24], [25] and

quadrature couplers [26] have been proposed.

� Filters. Filters with bandpass and bandstop characteristics in various con�gurations

have been investigated. The �lters are described more precisely in chapter 4,
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� Circulators. The circulator with half-wavelength step transformer [27] have been

reported. Another structure which use a groove NRD-guide has been presented in

[28].

� Antennas. Planar [23] (Fig. 1.4 (a)) and dielectric rod [29], [30] antennas have been

constructed. Also leaky wave antennas have been investigated thoroughly [31], [32],

[21] [8] (Fig. 1.4 (b)).

� Resonators. Di�erent types of them have been inspected. Ring [33] [34], rectangular

[35] [9] (Fig. 1.4 (c)) and cylindrical [36] [37] resonators are the main examples.

� Power dividers and combiners. The T-junction has been designed [38]. Three

and �ve port devices have also been reported in [39].

� Transitions. Several transitions from an NRD-guide to other guides have been inves-

tigated. Among others there are the transition to microstrip line [40], [41], coplanar

waveguide [42], strip line [43] and rectangular waveguide [44].

A majority of the presented research work and prototype elements were designed to work

at millimeter wave bands where the atmospheric windows exist i.e. 35 GHz and 94 GHz. In

the systems where the frequency re-use is essential, the frequency around 60 GHz has been

selected where the maximum attenuation of the millimeter waves is observed. Some systems

designed in Japan are reported to work near 50 GHz. This frequency has been chosen as

a compromise between atmospheric and rain attenuation. Having in hand numerous ele-

ments, the integrated circuits have been build which include active elements. The oscillators

[45], [46], balanced mixers [47] and ampli�ers [48] are examples of them. The completely

integrated systems have also been reported. The integrated transmitter (Fig. 1.5 (a)) and

receiver (Fig. 1.5(b)) [49], [50] working in 35 GHz band achieved good technical parameters.

The realization of a 60 GHz high-speed transreceiver designed to work in wireless LAN is

shown in Fig. 1.6 [8]. Using the ASK modulation it assures the data transmission with the

bit rate beyond 400 Mb/s [51].

Despite many advantages, the NRD-guide technology has also limitations. Most of

active elements are connected with NRD-guide elements in a hybrid manner. Usually, active

elements are mounted on additional high permittivity dielectric sheet which is inserted into

the dielectric rod of an NRD-guide (Fig. 1.7 (a)). Serious mismatch between an NRD-guide

and active element circuit can occur when the circuit is not properly designed and the whole

circuit parameters are signi�cantly deteriorated. But the more fundamental limitation of

the technology is caused by the spacing between the metal plates. From the NRD-guide

operation principle it should be less than half of a free space wavelength. When the frequency

is increased the spacing is decreased, therefore for higher frequencies it is extremely diÆcult

to mount, into the circuit structure, two- or three-terminal active devices, such as diodes

and FET, HEMT or HBT transistors. The problem arises when the packaged devices have

to be used.
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(a) (b)

Figure 1.5: Integrated NRD-guide transmitter (a) and receiver (b) working at 35 GHz [49],

[50].

(a) (b)

Figure 1.6: Integrated transreceivers working at 60 GHz frequency: (a) version with separate

dielectric rod antennas [8], (b) version with shared horn antenna [51].

Very recently the hybrid technology combining the NRD-guide and planar structures has

been proposed [9] as a possible solution which obviate the NRD-guide technology limita-

tions. This solution allows one to exploit the best features of both technologies and almost

completely eliminates their disadvantages. In this technology the planar and NRD-guide

structures share the same ground plane. The planar circuits are mounted on the outer side

of the NRD-guide plates (Fig. 1.7 (b)). Several technologies such as coplanar waveguide,

microstrip or slot line can be used to made the planar structure. The connection between

the planar structures and NRD-guide components is made by aperture coupling. As an

example of the possible coupling structure, the transition between an microstrip line and

an NRD-guide can be presented [40].
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NRD-guide

planar circuit

NRD-guide

planar circuit

planar circuit

(a) (b)

Figure 1.7: Integration of active elements with NRD-guide technology: (a) additional dielec-

tric sheet with active elements inserted into the NRD-guide slab and (b) hybrid planar/NRD-

guide integration technology with unilateral or bilateral aperture microstrip line to NRD-

guide coupling [9].

The presented hybrid technology o�ers features which make it very attractive. The

integrated circuits can be as compact as possible because two sides of the NRD-guide can

be used (Fig. 1.7 (b)). The location of di�erent parts of the circuits on the opposite sides of

NRD-guide allows almost complete suppression of unwanted cross-talks and electromagnetic

couplings between these parts. For example when the transmitter and receiver circuits are

located at the opposite sides of NRD-guide structure, nearly perfect isolation between them

is obtained. In addition, they share the same NRD-guide passive elements such as �lters

or resonators. Easy mounting of active devices in planar parts of the circuits is another

advantage. Moreover, multilayered, compact and space-saving structures can be realized.

The results of recent works show that this technology can be one of the leading paths of the

NRD-guide research and developments.

1.3 Scope and goals of this work

The modern methods used to design circuits working in millimeter waves di�er signi�cantly

from the conventional methods applied for microwave circuits because several additional

factors should be taken into account [52]. Firstly, the parasitic coupling, which is caused

mainly by higher order modes, exists between circuit components. This coupling can sig-

ni�cantly change circuits parameters and can not be neglected in many cases. Secondly,

the guides used in millimeter waves have high dispersion while the conventional design for-

mulae have been derived for non-dispersive guides or guides with low dispersion. Finally,

the transmission losses and radiations on bends and discontinuities can not be neglected in

many situations and the possible inuence of this factor has to be inspected.

The methods of analysis and design of passive components are well established for con-
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ventional technologies such as microstrip, coplanar waveguide or MMIC being used in the

microwaves and millimeter waves. Moreover, many of these methods are implemented in

commercially available microwave CAD software, therefore the design process is quick and

signi�cantly simpli�ed. On the contrary, the method of analysis suitable for the NRD-guide

technology and design are still under development. The problem of the proper choice of

the method of design is still under research and various approaches have been investigated

and proposed. Simple application of the well established methods to the NRD-guide tech-

nology is ine�ective in many cases because these methods were originally developed for the

structures such as coaxial line, microstrip line and rectangular waveguide which support

TEM, quasi-TEM, or waveguide modes of TE or TM type, respectively. In contrast to

these guiding structures the NRD-guide supports another type of modes, the hybrid LSM

and LSE modes. Moreover, the classical method usually assumes that the device operates

with the �rst order mode. This is not true for the NRD-guide devices where the �rst higher

order mode, the LSM11 mode is usually employed. This feature is an additional diÆculty

in simple adaptation of the conventional methods and shows that the speci�c methods of

design of the NRD-guide components are required.

The analysis of the NRD-guide components, presented in the technical literature, com-

monly involves the electromagnetic simulation of the whole structure [53] [54] [55]. Usually,

to this end, grid based numerical methods in the time or frequency domain, such as FDTD,

FDFD, FEM, TLM, are used [56] [57] [58] [59]. In these methods the 3D volume is covered

with various types of grid and then the unknown �elds are searched at the grid points by

solving Maxwell's equations. Next, parameters such as scattering parameters or loss factors

are found [52]. This procedure leads to large problems which have to be solved [60] [61].

Consequently, the numerical cost is very high because the methods require huge amount

of computer memory and computing resources, especially when large or more complicated

3D problems are investigated [62] [63]. The second way of analysis is to employ advanced

analytical approach, with relatively low numerical costs. This is usually time consuming

in application and theoretically involved. In addition it is suitable only for structures with

uniform geometry and requires additional e�ort spent on developing unique software tools.

From the designer's point of view, the synthesis methods are even more essential than

the analysis ones. The synthesis is useful when one designs the device which has to meet

parameters required by a technical speci�cation. The synthesis is also applied when the

determination of the starting points, such as structure dimensions or material parameters,

are required for optimization procedures. The classical synthesis procedures were originally

developed for the TEM structures [64]. In the NRD-guide, the hybrid modes are propagated.

Therefore, the traditional TEM synthesis formulae can not directly be applied to design

NRD-guide components and they should be suitably modi�ed accordingly to yield proper

results.

There are very few publications concerning to application of simple, well established and

accurate methods suitable for analysis and synthesis of the NRD-guide components. None

of the commercially available microwave CAD tools has incorporated design procedures de-

voted to NRD-guide components and circuits. There are no specialized tools which simplify
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practical realization of selected NRD-guide components and integrated circuits. Such sit-

uation substantially limits the development and practical applications of the NRD-guide

technology.

Therefore simple, quick and accurate design procedures suitable for NRD-guide tech-

nology need to be developed. The main goal of this work is to show that the selected

NRD-guide elements can be designed accurately using simple and quick procedures. This

thesis is focused on the ways of analysis of NRD-guide and design methods of NRD-guide

impedance transformers, NRD-guide band pass �lters and NRD-guide couplers.

The original contribution of this work is not an originally proposed novel synthesis or

analysis method of NRD-guide components but rather

� The application of several well known methods allowing analysis of the NRD-guide

and synthesis of NRD-guide bandpass �lters, NRD-guide proximity couplers and tran-

sitions between an NRD-guide and a rectangular waveguide.

� The development of complete design procedures.

Compared to the conventional techniques mentioned in previous paragraphs the proposed

design procedures and synthesis methods have the following advantages

� Simple design formulae. Well known, simple and established method are applied

at every phase of the procedure.

� Low numerical cost. The methods can be implemented on an average PC hard-

ware and the computation time is almost negligible. Numerical methods are used to

characterize the most basic discontinuities.

� Good level of accuracy. Although the selected methods are approximate they

assure the results which ful�l the accuracy criteria required for practically realized

circuits.

This thesis makes the following claims:

� Design of passive components in NRD-guide technology does not require

time consuming computer simulation of entire structure.

� Conventional synthesis procedures can be used provided that several basic

parameters are computed using full-wave computer tools.

� Accuracy of design of NRD-guide band-pass �lter can be considerably im-

proved if the half-wave impedance prototype is used instead of the conven-

tional low pass prototype.

The outline of this thesis is as follows. In chapter two the properties of NRD-guide are

investigated. First, the analysis on the NRD-guide is provided by means of Hertz potentials.

The analysis covers semi-open NRD-guide and the simpli�ed closed NRD-guide structures
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which can be more easily analyzed in various 3D CAD software. Then the impedance def-

initions suitable for NRD-guide are introduced and computed for typical NRD-guide. The

accuracy of the presented approach is discussed. Next, the loss characteristics of two �rst

hybrid modes are determined. Subsequently properties of the NRD-guide air-gap disconti-

nuity are investigated. The discontinuity is used later on as an essential part of NRD-guide

bandpass �lters.

Chapter three presents the design method of a transition between a rectangular waveg-

uide and an NRD-guide. A modi�cation of the synthesis method, originally developed for

TEM structures, is discussed. A pair of the transitions working in X-band is designed and

manufactured. To determine the transition parameters, the calibration procedure is de-

veloped and the NRD-guide calibration kit is designed and manufactured. Numerical and

experimental results of the designs are presented.

In chapter four, the design synthesis methods of bandpass �lters are presented. Firstly

the method with low-pass prototype is presented and treated as a reference. Then the

method with half-wave step-impedance prototype is proposed to design NRD-guide �lters.

This method is thoroughly investigated numerically in order to determine its accuracy for

di�erent �lter design speci�cations. At the end of the chapter the experimental veri�cation

of the selected designs is presented.

The conclusions gather the most important results of the work. The design procedure

of NRD-guide couplers is presented in the appendix A. The approximate method, which

use the transverse resonance method and coupled mode method, is described. Numerical

and experimental results are shown and discussed. In the remaining appendixes the TRL

calibration method applied to NRD-guide is shown, the �eld expressions for two NRD-guide

structures are presented and remarks concerning theoretical characteristics of the NRD-

guide bandpass �lters are given.



Chapter 2

An NRD-guide

2.1 Introduction
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Figure 2.1: An NRD-guide: (a) general view, (b) cross section.

The Non-Radiative Dielectric Guide - NRD-guide has been proposed by Yoneyama

Nishida in 1981 as a new transmission line suitable for applications working in millimeter

wave range [19]. The NRD-guide is composed of two parallel metal plates with a dielectric

rod sandwiched between them. The rod is rectangular in section with height b, width w

and relative permittivity �r (Fig. 2.1).

The waves of which the half wavelength is greater than the plate separation (�0=2 > b)

are attenuated and their guidance is impossible in the classical parallel plate waveguide.

Therefore, the distance between the metal plates of NRD-guide is less than the half free

space wavelength �0. The dielectric rod inserted between the plates changes locally the

propagation conditions, thus the waves are guided inside the rod and are attenuated in

the air-�lled region. Accordingly all discontinuities which have proper symmetry are pure

reactances and the structure suppresses strongly the unwanted interferences and radiations

coming from bends and discontinuities. The radiation on the discontinuities is a serious

problem in the majority of dielectric guides, therefore complete elimination of the radiation

is the main advantage of the NRD-guide.

A similar structure, known as the H-guide, was proposed before the advent of the NRD-

guide [20]. The H-guide looks like an NRD-guide, but the plate separation is larger than

17
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half the free space wavelength �0. Although, the H-guide o�ers very low transmission

losses, the parasitic radiation on bends and discontinuities strongly limits its application

in practical circuits. The NRD-guide acts as the H-guide when the frequency is increased

to the value where the non-radiation condition b < �0=2 does not hold any longer. The

dominant LSM11 mode, which is described more precisely later on in this chapter, o�ers

low transmission losses and is usually used in the NRD-guide. Thus the usable bandwidth

of the guide is limited by the cut-o� frequency fcLSM11
of LSM11 mode from the bottom and

by the fcnr the cut-o� frequency of the non-radiation condition from the top

fcLSM11
< fg < fcnr =

c

2b
: (2.1)

These two advantages of NRD-guide (i.e. lack of radiation on discontinuities and bends

and low transmission losses) make it suitable for construction of compact and high quality

millimeter wave integrated circuits. In addition, the NRD-guide allows mounting of active

elements and o�ers the possibility of integration with other technologies such as microstrip

[40] or coplanar waveguide [42].

The geometry of an NRD-guide and its modes are best described in the cartesian coor-

dinate system (Fig. 2.1 (a)). The time dependence of the �elds in the form of ej!t and the

�eld propagation in the z direction described by the factor ej�z are assumed. The discrete

spectrum of the modes, which can propagate in an NRD-guide, is composed of two sets of

orthonormal hybrid modes and one TEM mode. The TEM mode, with the cut o� frequency

equal zero, may exist in the guide, but it is not of practical importance and its description

is omitted here. The hybrid modes are characterized by the lack one of the electric or

magnetic �eld component in the direction perpendicular to the air-dielectric interface [65].

These modes modes can be classi�ed into two groups in the following manner.

� LSMmn - Longitudinal Section Magnetic modes, also referred as TMx or Ex modes.

The magnetic �eld component Hx does not exist in these modes.

� LSEmn - Longitudinal Section Electric modes, also referred as TEx or Hx modes. The

electric �eld component Ex does not exist in these modes.

The indices m refer to the order of the solution of an transcendental equation in the

x direction. The �rst solution is denoted by m = 1, therefore m = 1; 2; : : : . In some

publications the m index starts from 0 instead of 1 by analogy to the mode nomenclature

used for a dielectric plate [66]. This can lead to some misunderstandings in mode description,

for example the �rst LSE mode is denoted by either LSE11 [8] or LSE01 [33] depending on

the convention used. In this work the m indexes start from 1. The index n describes the

order of the scalar equation solution in the y direction or, in the other words, the number

of a half wavelength between the metal plates, thus n = 0; 1; 2; : : : .

2.2 NRD-guide analysis

The NRD-guide is an semi-open structure in x direction. However, in the numerical analysis

it is often assumed that lateral screens of either PEC or PMC are placed at a large distance
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from the slab. This is because available microwave CAD packages often can not handle truly

open structures. In this work two di�erent closed structures, described in detail later on,

are proposed to investigate an NRD-guide properties. In addition, the analytical solution of

semi-open structure of NRD-guide is also provided and treated as a reference. The analysis

of the closed structures is important because it can determine the position of the closing

electric or magnetic walls which assure accurate results when compared to exact solution.

The knowledge of the proper position of closing walls is essential in CAD software where

NRD-guide elements are analyzed. If the walls are placed too far away, the computation

time increases. On the other hand, placing of the walls too close can disturb the �elds in

the structure in such way that they do not resemble the NRD-guide modes but rather other

types of waveguide modes.

The theoretical analysis of an NRD-guide can be carried out in various ways. In this

section the scalar Hertz potentials are used to determine the NRD-guide equivalent structure

properties. To begin with, the structure of a parallel plate transmission line �lled with

dielectric slabs, which are placed in parallel to the plates, is introduced (Fig. 2.2(a)). This

structure was analyzed, using the scalar potentials, by Mrozowski in [67]. In this section

the structure is modi�ed in the following manner. The number of slabs is reduced to three;

the central slab has the relative permittivity equal �r and two remaining slabs are treated

as the air �lled regions. The permeability of all three regions is assumed to be �0. The

electric walls are located at y = 0 and y = b. As a result the structure of a rectangular

waveguide with dielectric slab located in the symmetry plane is obtained (Fig. 2.2(b)). The

structure is also called a closed NRD-guide [68]. The second structure has the magnetic

walls instead of electric walls at x = 0 and x = a (Fig. 2.2(c)). Both structures can be

treated as a conventional NRD-guide provided that the distances from the dielectric slab to

the walls, which are located at x = 0 and x = a, are suÆciently large. The walls should not

disturb the �elds of the NRD-guide hybrid modes. The third structure has the side walls

at x = 0 and x = a removed, therefore the regions A and C become semi in�nite in the

x direction (Fig. 2.2(d)). The �elds in these regions decay exponentially towards �1 and

+1. This structure describes exactly the �elds in the NRD-guide but only the solutions

for the propagated modes can be obtained from the analysis. This drawback disappears for

the structure with electric or magnetic walls, where also the behavior of the modes below

cuto� frequencies can be determined.

The analysis of these three structures can be carried out in the same manner, therefore

only the closed NRD-guide is analyzed in detail in this section. The key expressions for

potentials and �elds for the remaining structures are presented in appendix C. Another

reason for this selection is that this structure with electric walls appears in the transition

between an NRD-guide and a rectangular waveguide. Hence, the results of the foregoing

analysis are applied directly to the design procedure of the transition discussed in chapter

3.

Starting from the Maxwell equations the wave equations for the structure shown in (Fig.
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Figure 2.2: (a) Parallel plate transmission line �lled with dielectric slabs. (b) NRD-guide

with electric walls at x = 0 and x = a (closed NRD-guide), (c) NRD-guide with magnetic

walls at x = 0 and x = a, (d) NRD-guide.

2.2(a)) can be derived. The equations are written in the following form [67]�
rt2 + �(x)

@

@x

1

�(x)

@

@x
+ k20�(x)�(x)

�
	e = 0 (2.2)

�
rt2 + �(x)

@

@x

1

�(x)

@

@x
+ k20�(x)�(x)

�
	h = 0 (2.3)

where 	e and 	h are the scalar potentials given separately for each layer and de�ned as

�0�(x)Ex = �r2
t	e �0�(x)Hx = �r2

t	h: (2.4)

Using the potentials, the complete electric E and magnetic H �elds can be expressed as

~E =
1

�0�(x)
rt

@

@x
	e � j!rt �	h

~ix � 1

�0�(x)
r2

t	e �~ix (2.5)

~H =
1

�0�(x)
rt

@

@x
	h + j!rt �	e

~ix � 1

�0�(x)
rt

2
	h �~ix: (2.6)

The �elds and their derivatives have to ful�l the continuity condition at the interfaces

between the layers. Therefore, the Hertz potentials have to meet the following continuity

conditions on the boundaries between the adjacent layers

	e = const (2.7)
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1

�(x)

@

@x
	e = const (2.8)

	h = const (2.9)

1

�(x)

@

@x
	h = const: (2.10)

The boundary conditions for the potentials have the following form at the electric wall

	h = 0 (2.11)

@

@x
	e = 0 (2.12)

and in the case of magnetic wall they take up the form

	e = 0 (2.13)

@

@x
	h = 0: (2.14)

In general, the wave equations (2.2) and (2.3) can be written in the form of an eigenvalue

problem. The coordinate system is separable, therefore we can denote the separation con-

stant rt(�) by Æ and express the eigenvalue problem in the following manner

L	 + Æ	 = 0 (2.15)

where

L =

�
Le�(x) 0

0 Lh�(x)

�
(2.16)

	 =

�
	e

	h

�
(2.17)

Le =
@

@x

1

�(x)

@

@x
+ k20�(x) (2.18)

Lh =
@

@x

1

�(x)

@

@x
+ k20�(x): (2.19)

The operators Le and Lh have the form of a classical Sturm-Liouville operator. The ana-

lyzed structures are assumed to be lossless and the side walls have the form of electric and

magnetic walls for closed structures and for the semi-open structure the exponential �eld
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decay is assumed. Under these conditions the operators Le and Lh are self-adjoint [67].

Therefore each operator has the in�nite number of real eigenvalues and its eigenfunctions

form complete set of orthogonal functions in the Hilbert space with properly de�ned inner

product. Investigating the form of the operator L for our structure it can be noted, that

there is no coupling between the eigenfunctions 	e and 	h which form the vector 	 . Hence

the general eigenproblem (2.15) is decomposed into pair of independent scalar eigenproblems

(Le + ��1
(x)rt

2
)	e = 0 (2.20)

(Lh + ��1
(x)rt

2
)	h = 0: (2.21)

The eigenvalues and eigenfunctions for each scalar eigenproblem are found separately. Ac-

cordingly, modes existing in the NRD-guide are classi�ed into two groups of modes related

to the Hertz potentials 	e and 	h, and labeled as LSE and LSM modes. Looking at the

Hertz potentials de�nitions (equation 2.4) it is seen, that these two groups of modes can be

characterized by lack one of the �eld component, perpendicular to the boundary between

the regions in the structure, Ex or Hx for LSE or LSM modes respectively. This classi�ca-

tion of the mode spectrum is the most commonly used in the technical literature, therefore

it has been introduced in the previous section and is used in this work.

For both groups the expressions for �elds can be obtained from (2.5) and (2.6) by setting

the 	e = 0 (LSE modes) or 	h = 0 (LSM modes). Detailed analyses of LSE and LSM modes

are presented in the followed sections.

2.2.1 Field solution for the LSE modes and electric walls

The Ex component does not exist for the LSE modes and the electric potential equals zero

	e = 0: (2.22)

By applying condition (2.22) to the �eld expressions (2.5) and (2.6), the �eld components,

given in rectangular coordinate system, can be written for each region in the NRD-guide in

the following form

~Ex = 0 (2.23)

~Ey = �j! @

@z
	h
~iy (2.24)

~Ez = j!
@

@y
	h
~iz (2.25)

~Hx = � 1

�0�(x)

�
@2

@y2
+

@2

@z2

�
	h
~ix (2.26)
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~Hy =
1

�0�(x)

@2

@y@x
	h
~iy (2.27)

~Hz =
1

�0�(x)

@2

@z@x
	h
~iz: (2.28)

The boundaries of the structure from Fig. 2.2 (b) are in the form of electric walls, therefore

the magnetic potential, which has to ful�l the boundary conditions in the structure, is

de�ned separately for each region of an NRD-guide and is expressed as

	hA = A sin(kx0x) cos(kyy)e
�z (2.29)

	hB = [B cos(kxdx) + C sin(kxdx)] cos(kyy)e
�z (2.30)

	hC = D sin(kx0(a� x)) cos(kyy)e
�z: (2.31)

Accordingly to the coordinate system shown in Fig. 2.2 (b), the transverse wavenumbers kx0
and kxd are the wavenumbers in the x direction in the air-�lled regions and dielectric region,

respectively, while ky is the wavenumber in the y direction. The longitudinal propagation

constant in the z direction is denoted by . In general,  = �+j� where � is the attenuation

constant and � is called the phase constant. For lossless structure � = 0 hence,  = j�.

The lossy structures are discussed in section 2.4.

The substitution of the scalar potentials given by (2.29) � (2.31) into the equations

(2.23) � (2.28) yields the �eld expressions for each region. The coeÆcient e�z is omitted

in all equations for simplicity.

Region A

Ex = 0

Ey = jA! sin(kx0x) cos(kyy)

Ez = �jA!ky sin(kx0x) sin(kyy)
Hx =

A
�0�(x)

(k2y � 2) sin(kx0x) cos(kyy)

Hy = � A
�0�(x)

kx0ky cos(kx0x) sin(kyy)

Hz = � A
�0�(x)

kx0 cos(kx0x) cos(kyy)

(2.32)

Region B

Ex = 0

Ey = j! [B cos(kxdx) + C sin(kxdx)] cos(kyy)
Ez = �j!ky [B cos(kxdx) + C sin(kxdx)] sin(kyy)

Hx =
1

�0�(x)
(k2y � 2) [B cos(kxdx) + C sin(kxdx)] cos(kyy)

Hy = � 1
�0�(x)

kxdky [�B sin(kxdx) + C cos(kxdx)] sin(kyy)

Hz = � 1
�0�(x)

kxd [�B sin(kxdx) + C cos(kxdx)] cos(kyy)

(2.33)
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Region C

Ex = 0

Ey = jD! sin(kx0(a� x)) cos(kyy)

Ez = �jD!ky sin(kx0(a� x)) sin(kyy)

Hx =
D

�0�(x)
(k2y � 2) sin(kx0(a� x)) cos(kyy)

Hy =
D

�0�(x)
kx0ky cos(kx0(a� x)) sin(kyy)

Hz = � D
�0�(x)

kx0 cos(kx0(a� x)) cos(kyy)

(2.34)

The unknown amplitude coeÆcients are found by solving the matrix equation written

as follows

M xc = 0 (2.35)

where x c is a vector of amplitude coeÆcients

x c =

2
664
A

B
C
D

3
775 : (2.36)

The matrix M is created from the continuity conditions for the magnetic Hertz potential

at the region interfaces located at x = x1 and x = x2

M =

2
664

cos(kxdx1) � cos(kxdx1) � sin(kxdx1) 0

�kx0 sin(kx0x1) kxd
�r

sin(kxdx1) �kxd
�r

cos(kxdx1) 0

0 cos(kxdx2) sin(kxdx2) � cos(kx0(a� x2))

0 �kxd
�r

sin(kxdx2)
kxd
�r

cos(kxdx2) �kx0 sin(kx0(a� x2))

3
775 :
(2.37)

The wavenumbers in the direction x, kx0 and kxd, and longitudinal phase constant � are

found in the following manner. The separability condition for the air-�lled regions has the

form

k20 = kx0
2
+ ky

2
+ �2 (2.38)

similarly, the separability condition for the dielectric region is expressed by

�rk
2
0 = kxd

2
+ ky

2
+ �2: (2.39)

Because the sinusoidal �eld dependence is assumed in y direction, the wavenumber ky in y

direction is written as

ky =
n�

b
(2.40)

where b is a guide height. The nontrivial solution of the matrix equation (2.35) exists when

detM = 0: (2.41)

By combining separability conditions (2.38) and (2.39) with above equation the wave num-

bers kxd, kx0 and � can easily be found.
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2.2.2 Field solutions for LSM modes and electric walls

For the LSM modes the Hx component does not exist and the magnetic potential equals

zero

	h = 0: (2.42)

By applying the above condition (2.42) to the �eld expressions (2.5) and (2.6), the �eld

components are obtained in the same manner as for the LSE modes

~Ex = � 1

�0�(x)

�
@2

@y2
+

@2

@z2

�
	e
~ix (2.43)

~Ey =
1

�0�(x)

@2

@y@x
	e
~iy (2.44)

~Ez =
1

�0�(x)

@2

@z@x
	e
~iz (2.45)

~Hx = 0 (2.46)

~Hy = j!
@

@z
	e
~iy (2.47)

~Hz = �j! @

@y
	e
~iz: (2.48)

The structure is the same as in the case of LSE modes. The electric Hertz potential in each

region is given by

	eA = A cos(kx0x) sin(kyy)e
�z (2.49)

	eB = [B cos(kxdx) + C sin(kxdx)] sin(kyy)e
�z (2.50)

	eC = D cos(kx0(a� x)) sin(kyy)e
�z: (2.51)

The expressions for �elds are obtained by putting the scalar potentials into the �eld equa-

tions (2.43) � (2.48). The factor e�z is omitted for simplicity.

Region A

Ex =
A

�0�(x)
(k2y � 2) cos(kx0x) sin(kyy)

Ey = � A
�0�(x)

kx0ky sin(kx0x) cos(kyy)

Ez =
A

�0�(x)
kx0 sin(kx0x) sin(kyy)

Hx = 0

Hy = �jA! cos(kx0x) sin(kyy)
Hz = �jA!ky cos(kx0x) cos(kyy)

(2.52)
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Region B

Ex =
1

�0�(x)
(k2y � 2) [B cos(kxdx) + C sin(kxdx)] sin(kyy)

Ey =
1

�0�(x)
k�dky [�B sin(kxdx) + C cos(kxdx)] cos(kyy)

Ez = � 1
�0�(x)

kxd [�B sin(kxdx) + C cos(kxdx)] sin(kyy)

Hx = 0

Hy = �j! [B cos(kxdx) + C sin(kxdx)] sin(kyy)

Hz = �j!ky [B cos(kxdx) + C sin(kxdx)] cos(kyy)

(2.53)

Region C

Ex =
D

�0�(x)
(k2y � 2) cos(kx0(a� x)) sin(kyy)

Ey =
D

�0�(x)
kx0ky sin(kx0(a� x)) cos(kyy)

Ez = � D
�0�(x)

kx0 sin(kx0(a� x)) sin(kyy)

Hx = 0

Hy = �jD! cos(kx0(a� x)) sin(kyy)

Hz = �jD!ky cos(kx0(a� x)) cos(kyy):

(2.54)

The wave numbers kx0, kxd and � and the unknown amplitude coeÆcients are found using

the same approach as for the LSE modes. The only di�erence is in the form of matrix M .

For the LSM modes this matrix is created from the continuity conditions for the electric

Hertz potentials at the air-dielectric interfaces (x = x1 and x = x2)

M =

2
664

cos(kxdx1) � cos(kxdx1) � sin(kxdx1) 0

�kx0 sin(kx0x1) kxd
�r

sin(kxdx1) �kxd
�r

cos(kxdx1) 0

0 cos(kxdx2) sin(kxdx2) � cos(kx0(a� x2))

0 �kxd
�r

sin(kxdx2)
kxd
�r

cos(kxdx2) �kx0 sin(kx0(a� x2))

3
775 :
(2.55)

2.2.3 Numerical results

For the sake of the example the parameters of the NRD-guide working in the X-band are

presented in this section. Such selection is proposed because this guide is used later on

for constructing NRD-guide bandpass �lters (see chapter 4). The guide parameters are:

w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422).

Dispersion characteristics. The dispersion characteristics for the NRD-guide are

shown in Fig. 2.3. The mode with the lowest cut o� frequency LSE11 and the higher order

LSE modes are considered as the parasitic modes in practical circuits. The �rst higher order

mode LSM11 is used as a operating mode. The single-mode operating region for LSM11

spans from 8.5 GHz (fc of the LSM11 mode) to 10.05 GHz (fc of the LSM21 mode).

Field distribution. Looking at the mode pattern of the transverse electric �eld of

the LSM11 mode (Fig. 2.4 (b)) it can be easily seen, that this mode can easily be excited

using the rectangular waveguide TE10 mode (the excitation of an NRD-guide is discussed

in chapter 3). The �elds of the LSE11 and LSM11 modes in the section of the NRD-guide

are plotted in Fig. 2.6 and Fig. 2.5. The dominant �elds in the LSE11 mode are the Ey and

Ez �elds. For LSM11 mode the �elds Ex, Ey and Ez are over the order of magnitude larger

than the remaining ones. For both modes the �elds are con�ned within the dielectric slab.
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Figure 2.3: Dispersion characteristics of the �rst six NRD-guide modes. Guide parameters

are given in text.

(a) (b)

Figure 2.4: Plot of the �eld pattern in an NRD-guide: (a) LSE11 mode, magnetic �eld, (b)

LSM11 mode, electric �eld.
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Figure 2.5: Plot of the LSM11 mode �eld in a section of an NRD-guide: (a) Ex, (b) Ey, (c)

Ez, (d) Hy, (e) Hz
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Figure 2.6: Plot of the LSE11 mode �eld in a section of an NRD-guide: (a) Hx, (b) Hy, (c)
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Figure 2.7: Plot of the magnitude of Poynting vector for �rst two hybrid modes in NRD-

guide: (a) LSE11 mode, (b) LSM11 mode.

Power distribution. The plots of the Poynting vector for the LSE11 and LSM11

modes are shown in Fig. 2.7. The energy is mainly concentrated in the dielectric slab for

both modes. For the LSM11 mode the energy is concentrated in the central part of the

dielectric slab, while for the LSE11 the maximum of the energy is located near the metallic

plates. The LSM11 mode o�ers lower transmission losses when compared to LSE11 mode

(see discussion in section 2.4).

The � dependence on closing wall distance. The two structures, one with electric

walls and the other with magnetic walls, are investigated in order to �nd the accuracy of

the phase constant � approximation, when the distance between the side walls and the

dielectric varies. Finding the proper distance d which assures relatively small errors of the

computed guide parameters, is essential, especially in the case, where the larger structures

such as �lters, are simulated in the numerical simulators, which use numerical methods such

as FDTD, FDFD or FEM. Too large structure generates larger problem size and increases

computation time. On the other hand, too small distance d results in smaller structure and

shorter computation time but the obtained results are inaccurate.

The computations are performed at frequency f0 = 9:0 GHz for the LSM11 and LSE11

modes. In addition, the result for the LSE10 mode are presented. Although this "distorted"

TE10 is usually not investigated, it is discussed here because this mode appears in the

transition between an NRD-guide and a rectangular waveguide (see chapter 3 for details).

The results obtained for the structure with analytical solution in the open regions are taken

as a reference. The accuracy of the approximation is expressed in the term of relative error

de�ned as

�� =
�d � �r

�r
� 100 [%] (2.56)

where �d is the phase constant for electric or magnetic walls, located at the distance d, and

�r is the reference value.
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Figure 2.8: (a) Phase constant � of the LSM11 mode at f0 = 9:0 GHz and (b) its relative

error as a function of distance d between dielectric rod and side walls. Guide parameters:

w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422).

Results for LSM11 mode. As it is shown in Fig. 2.8 (a) the LSM11 mode phase

constant � increases when the electric walls are moved towards the dielectric strip. On the

contrary, in the case of magnetic walls the decrease of the distance d results in lower values

of �. For both cases the increase of d to suÆciently large value results in the � convergence

to an accurate value. Fig. 2.8 (b) shows that the relative error is greater for the case of

magnetic than for electric walls, when the walls are relatively close to the dielectric slab.

When the walls are pushed away from the slab, the error vanishes and reaches the same

value for both cases. The accuracy of 1% is obtained for the distance equal approximately

20 mm. The guide wavelength of the LSM11 mode is �g = 75:34 mm, hence the distance

d equal �g=2 (d = 37:67) mm is suÆcient to obtain accurate results with the relative error

below the 0.1% level.

Results for LSE11 and LSE10 modes. For the LSE10 and LSE11 modes the � values

are greater for magnetic walls and smaller for electric walls than the reference value when

the walls are near the dielectric strip (Fig. 2.10 (a)) and (Fig. 2.9 (a)). The wavelength �g of

the LSE10 mode equals 24.8 mm. At the distance d = �g=2 (d=12.4 mm) the relative error

is at the level of 0.4 % (Fig. 2.10 (b)). Better results are observed for the LSE11 mode. The

distance d = �g=2 (d=21.95 mm) assures the error well below 0.1 % level (Fig. 2.9 (b)). It

can be seen, that in some cases, � is not computed for small values of d. For example, the �

is computed only for d greater than 7 mm in the case of LSM11 mode and electric screens.

This e�ect occurs, because for small values of d the cuto� frequency of the investigated

mode is greater than the selected frequency f0 = 9:0 GHz.

Conclusions. The results of the discussion concerning the inuence of lateral screen

position on the accuracy of � computation can be presented as follows.

� For the LSM11, LSE11 and LSE10 modes the errors introduced by magnetic and
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Figure 2.9: (a) Phase constant � of the LSE11 mode at f0 = 9:0 GHz and (b) its relative

error as a function of distance d between dielectric rod and side walls. Guide parameters:

w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422).
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Figure 2.10: (a) Phase constant � of the LSE10 mode at f0 = 9:0 GHz and (b) its relative

error as a function of distance d between dielectric rod and side walls. Guide parameters:

w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422).

electric walls are nearly the same at the distance d � �g=2, where �g refers to the

wavelength of the investigated mode.

� The selection of d � �g=2, where �g corresponds to LSM11 mode, ensures that the

relative error of � computation of LSM11, LSE11 and LSE10 modes is below 0.1 %

level.
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2.3 NRD-guide impedances

Although the impedance does not directly describe the �eld behavior in the NRD-guide

structure, it is an important parameter widely used in design of microwave and millimeter

wave elements and circuits.

The impedance is employed in various synthesis and analysis procedures, originally de-

veloped for TEM structures. These procedures describe the structure in terms of the circuit

theory. The synthesis of matching networks or �ltering structures, discussed in the followed

chapters, are examples of the application of impedance in design. Therefore, the impedances

de�ned for NRD-guide are investigated in this section. The obtained results will be used

later on.

Two main types of impedance are de�ned in waveguides [69]. These are:

� Wave impedance. The wave impedance can be de�ned for an arbitrary point inside

the guide, as the ratio of two perpendicular magnetic and electric �eld components of

the guide.

� Characteristic impedance. The characteristic impedance is expressed in terms of

circuit quantities such as current, voltage and power. The de�nition of these quantities

is speci�c for each waveguide and depends on waveguide shape and �eld distribution

in a particular waveguide and selected mode.

The detailed descriptions of di�erent impedances, which can be de�ned in the NRD-

guide, and their characteristics features are presented in sections that follows.

2.3.1 Wave impedance

The wave impedance, de�ned as a ratio of two transversal magnetic and electric �eld com-

ponents, can be de�ned as follows

Z =
Ex

Hy

(2.57)

or

Z = �Ey

Hx

: (2.58)

The hybrid LSE and LSM NRD-guide modes do not have one of the transverse com-

ponents in the x direction, hence the wave impedance de�nition has to be given for each

mode class. Expressions (2.57) and (2.58) are used for LSM and LSE modes, respectively.

In general, when the inhomogeneous structures are investigated with �r and �r as a

function of transverse coordinates, i.e. �r = f(x; y) and �r = f(x; y), the value of the wave

impedance depends on the location of the point where the impedance is de�ned. The NRD-

guide is inhomogeneous only in the x direction, therefore �r = f(x) and �r is constant in

the entire area. Looking at the �eld expressions of the NRD-guide modes one can note that
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the wave impedance of LSE modes does not depend on the location of the point where it

is de�ned. On the contrary, for LSM modes the values of the wave impedance are di�erent

for air and dielectric regions1. Although the wave impedance can be de�ned at an arbitrary

point, for consistency of this work, the NRD-guide wave impedance is de�ned as a ratio

of two perpendicular electric and magnetic �eld components at the symmetry point of the

NRD-guide.

E y
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y

b

a0 x

y

b

a0 x

y

x

H

E

(a) (b)

Figure 2.11: Fields components taken to wave impedance de�nition in a closed NRD-guide:

(a) Ey and Hx for LSE modes, (b) Hy and Ex for LSM modes.

2.3.1.1 Wave impedance of LSE modes

The equation (2.58) is used for wave impedance de�nition for LSE modes (Fig. 2.11 (a)).

Usually the wave impedance is de�ned in the symmetry point of a guide which has in our

case the coordinates x = a=2 and y = b=2. Substituting the Ey and Hx �eld expressions

given by (2.33) into (2.58) we arrive at

Z =
!��0�r

k2y + �2
(2.59)

where ky is a wavenumber in the y direction and � is a longitudinal phase constant.

2.3.1.2 Wave impedance of LSM modes

The wave impedance of the LSM modes is de�ned by (2.57) (Fig. 2.11 (b)). The �eld values,

at the point with coordinates equal x = a=2 and y = b=2, are taken in the impedance

de�nition. Substituting the Ex and Hy �eld expressions given by (2.53) into (2.57) we get

Z =
k2y + �2

!�0�r�
(2.60)

where ky and � have the same meaning as in the case of LSE modes.

1In fact, these values are related by the relative permittivity �r of a dielectric slab.
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2.3.1.3 Numerical results

The computations of wave impedances for an example NRD-guide are carried out in order to

determine the smallest distance between dielectric rod and the walls, which yields accurate

results when closed structures have to be investigated instead of open one. The impedances

de�ned in the previous sections have been computed at frequency 9.0 GHz for the NRD-

guide with the following parameters: w = 10:16 mm, b = 15:0 mm, �r = 2:53 (Rexolite

1422). The distance d between dielectric rod and the walls varies from zero to 50 mm. The

results of computation for two structures closed by electric and magnetic walls, where the

LSM11, LSE11 and LSE10 modes are propagated, are shown in Fig. 2.12 � Fig. 2.14. The

results obtained for the semi-open structure are taken as the reference. The relative error

is de�ned as follows

�Z =
Zd � Zr

Zr

� 100 [%] (2.61)

where Zd is the impedance value at distance d and Zr is the reference value of the impedance.

For few cases the impedances are not computed for small values of d due to the shift of the

cuto� frequency of the investigated mode over the frequency selected for computation f0 = 9

GHz.
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Figure 2.12: (a) Wave impedance Zwav of the LSM11 mode and (b) its relative error as

a function of a distance d between dielectric rod and side walls at f0 = 9:0 GHz. Guide

parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.

For magnetic walls the LSM11 mode impedance is greater and for electric walls it is

smaller than the reference value when the walls approach the dielectric slab (Fig. 2.14 (a)).

Similar results are obtained for LSE11 and LSE10 modes (Fig. 2.14 (a) and Fig. 2.14 (a)).

Although for all cases the impedance converges to accurate value rapidly, the same level of

the relative error is obtained for di�erent d. For the LSE10 mode d = �g=2 (d=12.4 mm)

the error reaches 0.4%. The errors of the LSE11 and LSM11 modes are at the level of 0.02
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Figure 2.13: (a) Wave impedance Zwav of the LSE11 mode and (b) its relative error as

a function of a distance d between dielectric rod and side walls at f0 = 9:0 GHz. Guide

parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.
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Figure 2.14: (a) Wave impedance Zwav of the LSE10 mode and (b) its relative error as

a function of a distance d between dielectric rod and side walls at f0 = 9:0 GHz. Guide

parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.

% for both cases at the same distance d = �g=2 which for these modes are equal d=21.95

mm and d=37.67 mm, respectively.

Conclusions. The above discussion can be summarized as follows.

� The relative error for PEC and PMC is almost the same when the d is greater than

�g=2 of a particular mode.

� The relative error of computation of the wave impedance of all investigated modes is

kept below the 0.1 % level when the d is equal or larger than d = �g=2 of the LSM11

mode.
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Similar conclusion has been obtained in the previous section where the accuracy of �

computation has been investigated. This similarity appears because the wave impedance is

a simple function of �.

2.3.2 Characteristic impedance

The de�nition of characteristic impedance is ambiguous in the guides where hybrid modes

propagate. There is an uncertainty about which two out of the following three quantities:

voltage, current or power should be taken to form the impedance de�nition. In addition,

voltage or current de�nitions are non unique and they are selected depending on the guide

and the particular mode. In general, three di�erent de�nitions of characteristic impedance

are commonly used [70]:

� Voltage-current impedance

Z0 =
V

I
(2.62)

� Voltage-power impedance

Z0 =
j V j2
2P �

(2.63)

� Power-current impedance

Z0 =
2P

j I j2 (2.64)

where I and U are the current and voltage de�ned in the way that is the most suitable for

a particular waveguide and the complex power P is expressed as

P =
V I�

2
: (2.65)

These three impedance de�nitions usually yield di�erent values depending on the way

the current, the voltage and the power were determined. Sometimes it is possible to obtain

the same value for each type of impedance provided that the current, the voltage and the

power are not de�ned arbitrarily but their de�nitions are linked one to the another [70].

The voltage-power de�nition is usually used in the NRD-guide case because of easy inter-

pretation of the power and voltage an NRD-guide structure [71]. The �eld con�guration is

di�erent for LSM and LSE modes, therefore the de�nition of the voltage-power impedance

is introduced separately for each class of modes.
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Figure 2.15: Power-voltage impedance de�nition for the LSE modes in a closed NRD-guide:

(a) LSE modes, (b) LSM modes.

2.3.2.1 Power-voltage impedance for the LSE modes

The voltage is de�ned as a line integral of the Ey �eld in the middle of the dielectric slab

(x = a=2) (Fig. 2.15 (a))

V =

Z b

0

Ey dy for x =
a

2
: (2.66)

However, it should be pointed out here, that this voltage de�nition is valid only for modes

with n = 0
2. For other LSE modes, with n 6= 0, the integral (2.66) is equal zero due to

the form of the scalar potential in the y direction. The power is de�ned as the integral of

the Poynting vector over the 2-D region 
 in a cross section of the guide

P =
1

2
Re

Z



~E � ~H�d
~iz =
1

2
Re

Z a

0

Z b

0

(ExH
�

y � EyH
�

x) dx dy: (2.67)

The Ex �eld component does not exist in the LSE modes, therefore the above expression

for the power can be simpli�ed to the form

P = �1

2
Re

Z a

0

Z b

0

EyH
�

x dx dy: (2.68)

2.3.2.2 Power-voltage impedance for the LSM modes

The voltage is de�ned as a line integral of the �eld Ex along the line perpendicular to the

air-dielectric interface which is located at y = b=2 between the NRD-guide plates (Fig. 2.15

(b))

V =

Z a

0

Ex dx for y =
b

2
: (2.69)

2There is no �eld variation in the y direction.
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The power is de�ned, similarly as for the case of LSE modes, in the form of �eld integral of

the Poynting vector over the cross section of an NRD-guide (equation 2.67). The Hx �eld

component does not exist in the case of LSM modes, hence the power, given by (2.67) can

be written in a simpler form

P =
1

2
Re

Z a

0

Z b

0

ExH
�

y dx dy: (2.70)

2.3.2.3 Numerical results

The power-voltage impedance are computed for the structures with electric and magnetic

walls located at the distance d, and the semi-open structure with exponential �eld decay

in the outer regions. The meaning of d is obvious for �rst two structures but for the latter

one it determines the fraction of the �elds, described by the exponential function, which are

taken in the computation of the impedances. For the distances greater than d, the �elds

are equal zero. The relative error of the power-voltage impedance is computed using the

de�nition (2.61). The impedance obtained for the structure with exponential �eld decay

with d �!1 mm is taken as the reference value. The dimensions of the example guide are

the same as in the case of the computation carried out for wave impedance, the frequency

f0 = 9:0 GHz.
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Figure 2.16: (a) Power-voltage impedance Zpv LSM11 mode and (b) its relative error as

a function of a distance d between dielectric rod and side walls at f0 = 9:0 GHz. Guide

parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.

Discussion. For the LSM11 mode, the results obtained for electric walls are better

than the corresponding ones for exponential �eld decay, the application of magnetic walls

gives in the worst results. (Fig. 2.16 (a)). The sharp increase of impedance of the structure

with magnetic walls for d < 8:5 mm is caused by the proximity of the cuto� frequency. The

d = �g=2 (d=37.67 mm) assure the error equal � 0.1 % for electric walls (Fig. 2.16 (b)).

For the remaining structures the errors are more than one order of magnitude greater. To
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Figure 2.17: (a) Power-voltage impedance Zpv LSE10 mode and (b) its relative error as

a function of a distance d between dielectric rod and side walls at f0 = 9:0 GHz. Guide

parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.

obtain 0.1 % level d should be increased to 3�g=4. The quickest convergence of the LSE10

mode impedance is observed for the structure with exponential �eld decay (Fig. 2.17 (a)).

Although the relative errors of the closed structures are almost one order of magnitude

greater than the error computed for semi-open structure, they are over one order of mag-

nitude lower than for the best results obtained for LSM11 mode (Fig. 2.17 (b)). The walls

located at the d = �g=2 (d=12.4 mm) result in the error � 4%. The reduction of the error

to 0.1% level requires the increase of d to d = �g (d=24.8 mm), where �g refers to the LSE10

mode.

The signi�cant di�erence between the LSM11 and LSE10 mode errors suggests, that the

way the voltage is de�ned has great inuence on the computation results. When the voltage

is de�ned in the dielectric region (LSE modes) the error is caused mainly by the inaccurate

approximation of the power. For the LSM modes the voltage is computed as a line integral

of the electric �eld existing in air and dielectric regions. Therefore, the contribution of an

inaccurate voltage computation in the overall error is increased due to signi�cant inuence

of the walls on the electric �elds in the outer regions.

Conclusions. The main points of the discussion are presented below:

� The results for the structure with PEC are over one magnitude better than for the

remaining structures, when LSM11 mode is considered.

� The voltage de�nition has a signi�cant inuence on the error of impedance computa-

tion.

� Selection of d = �g=2, where �g corresponds to LSM11 mode, results in the relative

error at level of 0.1% for almost all cases.
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2.4 Loss in NRD-guide

The transmission losses are one of the important factors to be take on into account when

selecting a waveguide for building millimeter-wave integrated circuits. The NRD-guide

o�ers lower transmission loss than other dielectric guides. In order to determine the losses

introduced by NRD-guide components, such as �lters discussed in chapter 4, the knowledge

of loss parameters of an NRD-guide is necessary. Therefore, the method of determination

of NRD-guide loss factors of LSE and LSM modes is discussed in this section. Theoretical

analysis is illustrated by numerical results obtained for two NRD-guides.

The losses in the NRD-guide are caused by two factors. The wave energy is dissipated

in a lossy dielectric rod and on the resistive surface of metal plates. The dielectric losses

are characterized by dielectric attenuation constant �d while symbol �c is used to describe

attenuation constant of a conductor. The attenuation constants are de�ned as follows

�c =
Pc

2Pt

(2.71)

�d =
Pd

2Pt

(2.72)

where Pc and Pd denote the powers dissipated per unit length of the guide due to conductor

loss and dielectric loss, respectively. Pt is the total power guided in the NRD-guide. Power

refers to the energy transmitted by selected mode. In our case, the �rst hybrid LSE11 mode

and the operating LSM11 mode are considered but the analysis is valid also for other higher

order modes. The total attenuation constant �t of the guide is the sum of the attenuation

constants described above

�t = �c + �d: (2.73)

Perturbation method. In general, the problem of �nding the losses associated with lossy

dielectric or lossy conductor is rather complicated. To obtain the exact solution a new

boundary-value problem, which takes into consideration the losses, has to be solved. This

task is usually simpli�ed by applying a well-established perturbation method which allows

one to �nd the analytical expressions of the attenuation constants �c and �d. These con-

stants are found using expressions describing the �elds in the structure. In the perturbation

method, two structures of an guide are investigated. First one, called the basis structure,

has ideal conducting plates and lossless dielectrics. The second one is created by introducing

a perturbation into the basis structure. In our case this perturbation is caused by dielectric

or conductor losses. The key assumption of the method is that the perturbation of a basis

structure is very small and the �elds in the lossy (perturbed) structure are almost the same

as in the basis structure. Therefore, the �elds in perturbed structure have the form found

from the solution of a boundary value problem for the basis structure. Having determined

the �elds in lossy structure the perturbation formulae for �c and �d are derived.
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2.4.1 Determination of �d using perturbation method

The attenuation constant �d of the NRD-guide is determined using variational expression

of propagation constant derived from mixed formulation applied to the case of waveguide

volume perturbation [72]. The method can be presented in the following way. The NRD-

guide with lossless dielectric and perfect conducting walls is chosen as a basis structure. The

�eld distribution in this structure is described in section 2.2. The perturbed structure forms

the same NRD-guide but the lossy dielectric in assumed in this case. The �eld vectors are

split into transversal and longitudinal parts, E(x; y) and H(x; y) express the dependence on

transversal coordinates while the dependence in the z direction is described by the factor

e�j�z for the lossless structure. Hence, the �elds can be written in the following form

~E = ~E(x; y)e�j�z (2.74)

~H = ~H(x; y)e�j�z: (2.75)

Similarly the rotation operator is separated into transverse and longitudinal parts

r� (�) = rt � (�) +rz � (�): (2.76)

Substituting the �elds given by (2.74) and (2.75) into the Maxwell equations and applying

(2.76) the Maxwell equations for the basic structure are expressed as

rt � ~E + j!� ~H = j�~iz � ~E (2.77)

rt � ~H � j!� ~E = j�~iz � ~H (2.78)

where ~iz is a unit vector in the z direction. The permittivity of the structure depends on

x direction only, so � = �(x) and the permeability of the whole structure is assumed to be

� = �0. Next, equations (2.77) and (2.78) are multiplied by E� and H� respectively and

integrated over the cross section S of the NRD-guide. Finally, the resulting equations are

subtracted and we obtain the variational expression for the phase constant � of the basic

structure as a function of the �elds existing in this structure

� =
!
R
S
~E� � � ~Eds+ !

R
S
~H� � � ~Hds+ j

R
S
~E� � rt � ~H � j

R
S
~H� � rt � ~ER

S
H� �~iz � ~Eds� R

S
E� �~iz � ~Hds

: (2.79)

The method assumes that the �elds in the lossy structure are very well approximated by

the �elds of the basis structure. In the lossy structure the constant � is modi�ed in order

to express the losses. In our case, only the dielectric losses are assumed (� = �d) therefore,

propagation constant �1 of lossy structure is expressed as

�1 = � � j�d: (2.80)
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On the other hand the losses of the dielectric of the perturbed structure are described by

the complex permittivity of a dielectric

�1 = �01 � j�001 (2.81)

where �00 = �0 tan Æ0 and tan Æ is the loss tangent of the dielectric material. The permeability

is the same as in the case of basic structure �1 = �0. Taking the �elds of the basic structure

as the trial �elds in the perturbed structure the expression for �1, similar to (2.79), can be

written

�1 =
!
R
S
~E� � �1 ~Eds+ !

R
S
~H� � � ~Hds+ j

R
S
~E� � rt � ~H � j

R
S
~H� � rt � ~ER

S
H� �~iz � ~Eds� R

S
E� �~iz � ~Hds

: (2.82)

Then by subtracting � from �1 the perturbation formula for attenuation constant �d is

obtained

�d =
j!
R
S
~E�(�1 � �) ~EdsR

S
~H� �~iz � ~Eds� R

S
~E� �~iz � ~Hds

: (2.83)

Attenuation constant �d of LSM modes. In the case of LSM modes, in particular

the dominant LSM11 mode, for which the Hx = 0, equation (2.83) is simpli�ed to

�d =
j!
R
S
~E�(�1 � �) ~Eds

2

R
S
ExHyds

: (2.84)

In the above expression the numerator represents the power dissipated in the dielectric per

unit length while the denominator corresponds to the power transmitted in the LSM11

mode (compare with 2.70). The analytical expressions for the attenuation constants �d of

the LSM11 mode derived using the perturbation method to the NRD-guide structure with

the �eld attenuated exponentially in the outer regions was reported by Yoneyama [73]. The

following relation, presented here as a reference, is written based on cited article

�d =
k20�r tan Æ

2�

2
4q0b +

�
1� 2q2

0

k2
0
�r

�
sin(q0b)

q0b + (�r � 1)
k2
0

p2
0

sin(q0b)

3
5 (2.85)

where

q0 = kxd p0 = jkx0 (2.86)

kxd and kx0 are the wavenumbers in dielectric and air regions of an NRD-guide respectively.

The dielectric parameters are described by the dielectric loss factor Æ and e�ective permit-

tivity �r, � is the phase constant of the dominant LSM11 mode of an NRD-guide, b is a

guide width.

Attenuation constant �d of LSE modes. For the LSE modes, Ex = 0 so the relation

(2.83) is converted to

�d = �j!
R
S
~E�(�1 � �) ~Eds

2

R
S
EyHxds

: (2.87)

Similarly to LSM modes, the numerator and denominator refer to the power dissipated per

unit length in dielectric and transmitted in the LSE11 mode, respectively.
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2.4.2 Determination of �c using perturbation method

For determine the �c as the basis structure the NRD-guide with perfectly conducting walls

and lossless dielectric is taken. The perturbation of the structure is introduced by losses of

the conductor described by the surface resistance expressed as

Rs =

r
!�0

2�
(2.88)

where � is the conductivity of metal plates. The total power dissipated in metallic wall

surfaces A is expressed as

Pcl =
Rs

2

Z
A

~Js ~J
�

s dA (2.89)

where l is a unit length of a guide and Pc is a dissipated power per unit length, ~Js is the

current density on the metal plate surfaces A and ~Js is computed from

~Js = ~n� ~H (2.90)

where ~n is an unit vector perpendicular to the plate surface. The �elds of the basis structure

are used as trial �elds in the perturbed one.

Attenuation constant �c of LSM modes. For the LSM modes Hx = 0, therefore

only ~Jx component exists. Equation (2.89) can be simpli�ed to line integral over the cross

section S

Pc =
Rs

2

Z a

0

j Hzj2dx (2.91)

where Pc is the power per longitudinal length dissipated in one metallic wall. The total

power per unit of length transmitted in the NRD-guide is given by equation (2.70). Hence,

the �c is computed by substituting (2.91) and (2.70) into (2.71) resulting in the following

expression

�c =
2Rs

R a

0
j ~H2

z j dxR b
0

R a

0
ExHydxdy

: (2.92)

The exact formula for �c of LSM11 mode, obtained by means of perturbation method,

for the case of a guide in the exponential attenuation in outer regions was published by

Yoneyama [73]. The following relation, written based on this work, is given here as a

reference

�c = 2Rs

!�r�0

h20�a

��
a

�2 24q0b +
�
1 +

q20
p2
0
�r

�
sin(q0b)

q0b + (�r � 1)
k2
0

p2
0

sin(q0b)

3
5 (2.93)

where a is a guide height, b is a guide width, h0 is related to the transversal wavenumbers

by the following relation

h20 = �rk
2
0 � q20 = k20 + p20 (2.94)
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q0 and p0 are given by (2.86), � is the phase constant of the LSM11 mode.

Attenuation constant �c of LSE modes. For the LSE modes ~Jx and ~Jz components

of surface current exist; the power dissipated in metallic walls of guide of unit length l is

given by equation (2.89), where the wall surface A = 2al. The longitudinal dependence of

the �elds has the form of e�j�z therefore the equation (2.89) is simpli�ed to line integral

over the cross section

Pc =
Rs

2

Z a

0

j Hxj2+ j Hzj2dx (2.95)

where Pc is the power per longitudinal length dissipated on one metallic wall. The total

power transmitted in an LSE mode is given by equation (2.68). Hence, combining (2.95)

with (2.68) and (2.71) the expression for �c is obtained as follows

�c = �2Rs

R a
0
j H2

xj2+ j H2
z j2dxR b

0

R a

0
EyHxdxdy

: (2.96)

2.4.3 Attenuation constant �d of plane wave in lossy media

As the frequency is increased the power of a guided wave is concentrated in the dielectric

strip of an NRD-guide. For the comparison the attenuation of a plane wave in the dielectric

media is computed and included into the loss characteristics as a reference value.

The exact expression describing attenuation constant of an uniform plane wave in un-

bounded media is given by [66]

�d = !
p
��

(
1

2

"r
1 +

� �

!�

�2
� 1

#)1=2

(2.97)

where � is the conductivity of the medium. For good dielectrics the displacement current

density is much greater than the conduction current density therefore the following condition

holds � �

!�

�2
� 1: (2.98)

Hence, the exact equation (2.97) for the attenuation constant can be simpli�ed to

�d =
�

2

r
�

�
: (2.99)

Sometimes this expression is transformed into more convenient form where technical param-

eters of a dielectric are apparent [8]

�d =
�

�
tan Æ

p
�r (2.100)

where � is a plane wave wavelength in dielectric medium, tan Æ is a loss tangent of a dielectric

and �r is its relative dielectric constant.
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2.4.4 Numerical results

The loss characteristics of two NRD-guides, which are used later on in the �lter design, are

presented below. The losses are computed for the LSE11 and the dominant LSM11 in both

cases. The NRD-guides are characterized as follows:

� The NRD-guide designed for the X-band. The guide has the dielectric rod made

of Rexolite 1422 and the metal plates made of brass. The technical parameters of the

guide are as follows: width w = 10:16 mm, height b = 15 mm, �r = 2:53. The loss

factor for Rexolite 1422 tan Æ = 0:005 at 10 GHz; the conductivity of brass is equal

� = 2:56�107 S/m. The computed results are obtained using the perturbation methods

for the closed structure with the electric walls located at the distance d = 35:56 mm

from the dielectric slab.

� The NRD-guide designed for the U-band. The dielectric slab of the guide is

made of Teon (�r = 2:04, loss factor tan Æ = 1:5 � 10�4) the metal plates are made of

copper for which the conductivity � = 5:8 � 107 S/m is assumed. The guide has the

following dimensions: width w = 3:5 mm, height b = 2:7 mm. The computation are

performed for the closed structure with the electric walls located at the distance d = 7

mm from the dielectric slab.

Discussion of X-band guide results. The loss characteristics of X-band NRD-guide

are shown in Fig. 2.18. The dielectric losses of the LSM11 mode (Fig. 2.18 (a)) are relatively

high at the cuto� frequency, they decrease subsequently and reach their minimum of 8.1 dB

at 10 GHz, and start to grow up for higher frequencies. Away from the cut-o� frequency

the dielectric losses have nearly the same level as for the plane wave losses in the dielectric

medium which has the permittivity of the NRD-guide rod. The conductor losses are over

one order lower than the dielectric ones and decrease when the frequency is increased. The

total losses of the NRD-guide are almost equal to the dielectric losses, hence the conductor

losses can be omitted and only dielectric losses can be considered in practical applications.

The dielectric losses of the LSE11 mode are nearly two times greater than for the LSM11

mode in the entire X-band (Fig. 2.18 (b)). They are very high near cuto� frequency and

fall down to about 16 dB at higher frequencies. Unlike for the LSM11 mode, they are

also signi�cantly greater than the plane wave losses. Although conductor losses are greater

than for the LSM11 mode they are still more than one order of magnitude lower than the

dielectric ones and can be neglected in practice.

Discussion of U-band guide results. The loss characteristics of the U-band NRD-

guide are shown in Fig. 2.19. Near cuto� frequency the conductor and dielectric losses of the

LSM11 mode (Fig. 2.19 (a)) are relatively high. As the frequency increases, they fall down

drastically. The dielectric losses decrease to approximately 1.6 dB at 55 GHz and start to

increase for higher frequencies. They have the same character as the losses of an uniform

plane wave in the dielectric medium with the permittivity of the NRD-guide rod. Also the

values of the dielectric losses are nearly the same as for the plane wave, especially for higher

frequencies. The conductor losses decreased with frequency but level is comparable to the
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level of the dielectric losses. Hence, for the computation of the total losses of the guide

both loss factors should be taken into consideration. For the frequency 49.5 GHz, the center

frequency of the �lters described in chapter 4, the conductor losses are even greater than

the dielectric ones.
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Figure 2.18: Theoretical transmission losses of the guide working at the X-band: (a) LSM11

mode, (b) LSE11 mode. Guide parameters are given in text.
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Figure 2.19: Theoretical transmission losses of the guide working at U-band: (a) LSM11

mode, (b) LSE11 mode. Guide parameters are given in text.

The losses of the LSE11 mode are greater than the ones for the LSM11 mode (Fig. 2.19

(b)). The total losses are on the level of 5 dB at 49.5 GHz and fall down to approximately 4

dB at higher frequencies. At U band they are about 1 dB higher than for the LSM11 mode,

for higher frequencies the di�erence is increased to 1.6 dB. The conductor losses are greater
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than the dielectric ones in entire frequency band shown in Fig. 2.19 (b) but both types of

losses are at the similar level.

Conclusions. The presented discussion can be summarized as follows:

� The total loss of the LSM11 mode are lower than for the LSE11 mode in microwaves

and millimeter waves.

� The conductor losses can be neglected when the NRD-guide works in microwaves.

In millimeter waves the conductor losses are at the same level as the dielectric ones,

therefore they have to be taken into consideration. Moreover, in some cases they are

even greater than the dielectric losses.

� The dielectric losses of the LSM11 mode can be approximated by plane wave losses

in unbounded dielectric medium if the investigated frequency lies suÆciently far away

from the cuto� frequency.

2.5 An NRD-guide air gap discontinuity

d w d

b

l

Figure 2.20: An air gap discontinuity in the closed NRD-guide.

The air gap discontinuity in the NRD-guide (Fig. 2.20) is investigated in this section

because it is a basic component used in the synthesis of coupled cavity �lters discussed in

chapter 4. The scattering parameters of the discontinuity are computed using the FDTD

software. Selection of the distance d where the bounding walls should be placed has a

signi�cant inuence on the size of generated problem and, consequently, on the computation

time. This choice is important when a single discontinuity analysis is performed and became

critical for analysis of larger structures such as bandpass �lters which are composed of the

cascade of such air gap discontinuities; these �lters are more precisely described in chapter

4.

Previous tests showed that for calculating of the phase constant or the wave or charac-

teristic impedance of the NRD-guide the lateral screens can be placed at d = �g=2 to obtain
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results with accuracy at 0.1 % level for almost all cases. However, in the case of the air gap

discontinuity the �elds are scattered on the discontinuity and the distance d appropriate for

straight guide can be insuÆcient. Therefore, the air gap is investigated in order to �nd the

inuence of the side walls position for the accurate computation of the air gap parameters.

The NRD-guide parameters are the same as for � and impedance computations (i.e.

w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422)). The frequency f0 = 9:5 GHz,

the center frequency of the bandpass �lters discussed in chapter 4, has been selected. The

S parameters are calculated for the operating LSM11 mode, for which guide wavelength

�g = 51:95 mm. The air gap of length l = 13 mm (� �g=4) is chosen. All computations

have been performed on the PC Pentium II 233 MHz with 64 MB RAM using commercial

QuickWave-3D software [74].

The parameters of the scattering coeÆcients and their relative errors are plotted in

Fig. 2.21 and Fig. 2.22. The relative error of the S11 and S21 parameters versus the distance

d is de�ned as follows

�Si1(d) =
Si1(d)� Si1ref

Si1ref
� 100 [%] (2.101)

where i = 1 for reection coeÆcients and i = 2 for transmission coeÆcient. The results for

the d = 50 mm are taken as the reference values Si1ref . For each structure with di�erent d,

the computation time has been longer than 1500 s (PC Pentium II 233 MHz with 64 MB

RAM). In the following discussion it is shown that such time guarantees that the accuracy

of the computation is better than 0.01 %.

S parameters error vs. d dependency. The relative error of the amplitudes reaches

the level of 1% at the distance equal �g=2 (d = 25:98) mm (Fig. 2.21 (b)). The same

conclusion can be observed for the phases (Fig. 2.22 (b)). Recall, that d = �g=2 ensures

the accuracy � computation of 0.1 %, here at the same distance the S parameter errors are

nearly one order of magnitude higher reaching 1% level.

This leads to the conclusion that for the scattering parameters computation the walls

should be placed at larger distance d equal nearly
3�g
4

instead of
�g
2
as it is for the � case.

S parameters error vs. time dependency. Having found d which assures 0.1

% accuracy in terms of the relative error of the scattering parameters computation, the

convergence of the scattering parameters to the accurate value in a given frequency band

versus the computation time (or the number of iterations) of the FDTD software is examined.

The normalized relative error describing the accuracy of the scattering parameters com-

putation in the frequency band spanned from f1 to f2 has the form

�Si1(k) =
k Si1(k)� Si1refk2

k Si1refk2
(2.102)

where Si1(k) is the vector of scattering parameter values computed at discrete frequency

points within the examined frequency band. Factor k can be interpreted either as the

number of iterations or the computation time (these two quantities are proportional one to

another). Index i = 1 for reection coeÆcients, and i = 2 for transmission coeÆcients. As
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the reference vectors Si1ref , the values obtained for the computation time equal 1500 sec.

are taken.

0 10 20 30 40 50
0.66

0.68

0.7

0.72

0.74

0.76

d [mm]

|S
11

|, 
|S

21
|

S
11

 magnitude

S
21

 magnitude

0 5 10 15 20 25 30 35 40
0.01

0.1

1

10

100

d [mm]

 R
el

at
iv

e 
er

ro
r 

of
 |S

11
| a

nd
 |S

21
| [

%
]

S
11

 magnitude error
S

21
 magnitude error

(a) (b)

Figure 2.21: Results of FDTD method computation: (a) amplitudes of the scattering pa-

rameters S11 and S21 and (b) their relative error versus distance d of the NRD-guide with

air gap of l = 13 mm. Guide parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.
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Figure 2.22: Results of FDTD method computation: (a) phases of the scattering parameters

S11 and S21 and (b) their relative error versus distance d of the NRD-guide with air gap of

l = 13 mm. Guide parameters: w = 10:16 mm, b = 15 mm, �r = 2:53.

For the discussed structure the scattering coeÆcients have been computed in the fre-

quency band spanned from 8:5 GHz to 12 GHz. The plots of the relative error versus the

number of iterations and computation time are shown in Fig. 2.23. The accuracy of 1% rela-

tive error level is obtained after 400 sec. The error is decreased to 0.1 % for 650 sec. Further

investigation of the relative error characteristics leads to the conclusion that doubling the

computation time results in the accuracy improvement at last one order of magnitude.
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Figure 2.23: Relative error versus number of iterations of the S11 and S21 amplitudes of the

NRD-guide with air gap of l = 13 mm and distance d = 35:56 mm. Results for the FDTD

software.

Conclusions. The main conclusions of the presented discussion are:

� The lateral PEC screens should be placed at the distance d = 3�g=4 to achieve the

0.1 % accuracy of the scattering parameters computation.

� When the FDTD software is used, the accuracy of the computation of S parameters

is improved one order of magnitude when the computation time is doubled.



Chapter 3

Transition between an NRD-guide

and a rectangular waveguide

3.1 Introduction

The rectangular waveguide and coaxial line are used as standard transmission lines in a

majority of power sources and measurement devices which work in the microwave and

millimeter wave frequency bands. The operating mode of an NRD-guide is the LSM11

mode, therefore the problem has to be solved of how to excite this mode in practically

realized NRD-guide circuits.

The LSM11 mode of an NRD-guide can easily be excited by the TE10 mode of a rect-

angular waveguide due to similarity of electric �eld patterns of these modes. Therefore, a

rectangular waveguide is usually employed to excite the trial NRD-guide circuits and com-

ponents for testing and development. To make the measurements possible, the transition

between an rectangular waveguide and NRD-guide is required. However, it should be noted,

that in practically realized hybrid integrated circuits where the dimensions of NRD-guide

components are as small as possible, this kind of transition is not used because of its rel-

atively large dimensions. The NRD-guide circuits or elements are excited in a di�erent

manner, for example microstrip lines can be used as a luncher [40].

In this chapter the composite transition between a rectangular waveguide and an NRD-

guide is investigated. The approximate synthesis is presented and applied to design several

transitions. The projects are veri�ed numerically and a selected design is used to build a

pair of transitions. The experimental veri�cation is carried out in the X-band.

The transition between a rectangular waveguide and an NRD-guide should have the

following features:

� Geometry of the transition which guarantees the conversion from TE10 rectangular

waveguide mode to LSM11 NRD-guide mode in a required frequency range

� Relatively wide operational bandwidth

� Small input return loss in the operational bandwidth (about -20 dB and less)

51



Chapter 3 Transition between an NRD-guide and a rectangular waveguide 52

� Small geometrical dimensions (short length of a transition)

The practical criteria such as easy way of fabrication and low cost of manufacturing

should also be taken into account.

When the circuit theory is applied, two di�erent waveguides can be treated as the trans-

mission lines, each with di�erent impedance. In this case the problem of proper connection

between waveguides is converted into the classical problem of matching of two transmission

lines. A transmission line section, with a length l and a variable impedance pro�le Z(l),

is used to match two other lines with di�erent impedances denoted by Z1 and Z2. The

impedance pro�le Z(l) of the matching section has the shape which ensures the minimal

level of return loss when the output is terminated by the line with impedance Z2.

Z
Z(x)

Z2

1

x = 0 xx = l

Z
Z(x)

Z2

1

x = 0 x = l x
(a) (b)

Figure 3.1: Matching section with: (a) stepped impedance pro�le, (b) continuous impedance

pro�le.

Two types of impedance pro�le are commonly used [69]:

� a stepped impedance pro�le (Fig. 3.1 (a)),

� a continuous impedance pro�le (Fig. 3.1 (b)).

Both pro�les o�er di�erent features and the decision which one is used depends on a par-

ticular case.

Transition with stepped impedance pro�le. The transition with a stepped im-

pedance pro�le is usually designed as a quarter-wave transformer or a half-wave �lter [75]

and can be build of non-dispersive (TEM) or dispersive guides (non-TEM). Huge amount

of technical literature is concerned with these devices [64] [76] [77]. A simple quarter-wave

transformer ensures perfect match at one wavelength. To obtain broad band matching, a

series of quarter-wave transformers is used. The basic parameter, which describes the mis-

match between the lines, is the input to output impedance ratio R. For stepped impedance

transformers built of a cascade of quarter-wave transformers parameter R is relatively small.

Another form of a matching section is a cascade of line sections, each being half-wave long,

which creates a half-wave �lter. This structure is used to match the lines for which R

has relatively large values, but the de�nition of R is slightly changed and now R has the

meaning of the maximum VSWR computed as a product of internal VSWR's. The close

relationship exists between the quarter-wave transformer and the half-wave �lter structures.



Chapter 3 Transition between an NRD-guide and a rectangular waveguide 53

The performance of the former can be determined directly from the characteristics of the

latter one. For both cases, the most commonly used analytical design expressions describe

the maximally at or Chebyshev response obtained for a given number of sections n and

speci�ed R. The quarter-wave transformers and the half-wave �lters work as typical band-

pass structures. The larger n, the better is the impedance match over the wider bandwidth.

On the other hand, the total length of the matching section and the transmission losses

are increased. Hence, the classical trade o� exists between structure length, operational

bandwidth and transmission losses.

The transition with continuous impedance pro�le. The transitions with continu-

ous impedance pro�le are usually designed to obtain the optimal performance. Usually, the

optimal transition is either the one which has the minimal magnitude of reection coeÆ-

cient through the speci�ed frequency band when the length of the transition is given, or the

transition for which the minimal length is found for a given tolerance of reection coeÆcient

at the design frequency.

The problem of a design of the optimal transition, with continuous impedance pro�le,

between two TEM lines has been studied extensively in past decades (e.g. Colin [78],

Klopfstein [79] and papers referenced therein). In Klopfstein's work the designed transition,

with optimal impedance pro�le, has the minimal length for a given reection coeÆcient,

yet the drawback of his method is appearance of the impedance steps at both ends of the

transition, which deteriorate matching between the lines. Moreover, the parasitic modes

can be excited at the discontinuities. The near-optimum design of the matching section

without impedance steps was proposed by Hecken in [80]. His method yields the transition

only a slightly part longer than the optimal one. Although Hecken's synthesis is focused

on TEM lines, some remarks about approximate analysis of the tapers made of dispersive

guides are also given in the paper cited above. In general, continuous tapers work as high

pass �ltering structures. The shortest possible length of the transition is determined by the

longest wavelength for which the input reection coeÆcient does not exceed the speci�ed

value. Therefore, a trade o� exists in this case between the transition length and pass band

edge frequency, when the reection level is �xed. On the other hand, for �xed frequency,

the increase of the transition length assures a lower level of return loss. Theoretically the

in�nitely long transition built of lossless line yields perfect match.

Discussion. Selection of the impedance pro�le. The comparison between the

stepped impedance transformers and the corresponding continuous tapers, presented in

[77], shows, that the impedance transformers with stepped impedance pro�le yield better

results over commonly used bandwidths and impedance ratios R. Despite that, continuous

tapers possess features which make them attractive. In contrast to the stepped impedance

transformers, they do not introduce additional discontinuities which can generate unwanted

modes. This property is of great importance for an NRD-guide, where the �rst higher order

mode LSM11 works as the operating mode and thus the possible excitation of the lower

LSE11 mode should be avoided. In the transitions discussed in the sections that follows, not

only are the dispersive guides applied, but also the propagation constant � varies along the

taper length. For the taper with continuous impedance pro�le a simple modi�cation of the
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algorithm can be applied in order to incorporate the � variation into synthesis. As a result,

the continuous impedance pro�le is chosen to design the transition between a rectangular

waveguide and an NRD-guide and is discussed at length in the following sections.

3.2 Design of the transition with continuous impedance

pro�le

Z 1

Z 2

zz = l/2z = 0 z = l

Z

Z(x)

x = 0x = -l/2 x = l/2 x

Figure 3.2: A nonuniform matching section of length l between two lines with impedances

Z1 and Z2.

The design of a transition with a continuous impedance pro�le is discussed in this section.

The transition is shown in Fig. 3.2 together with the coordinates used in the description

of the method. The key points of the synthesis method based on the Hacken's procedure

[80] are presented. The method assumes that only dominant mode is propagated in the

structure and the inuence of the other modes is neglected. The design procedure can be

described in the following manner.

Design procedure. For a clear presentation of the method, the design procedure is

divided into steps.

Step 1. The method starts from the determination of the design frequency f0, at which

the maximal input reection coeÆcient rmax, is speci�ed. In general, an input return loss

Lr and an input reection coeÆcient r are related by

Lr = �10 log(jrj2) = �20 log(jrj) [dB] (3.1)

Lr equals the value of rmax speci�ed in dB. Therefore, in the following text, the rmax given

in dB is used to describe the return loss.

The value of rmax is determined by two factors: the initial reection r0 existing between

the mismatched lines and the minimal level of reduction of the reection coeÆcient �max

introduced by the matching section. The index max of �max can cause misunderstanding,
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but it stands for maximal level of the ripple function � (de�ned later on) or in the other

words, the maximal reection level introduced by the matching section in the worst case.

In the procedure the quantities rmax, r0 and �max are related one to another by

rmax = tanh(r0�max): (3.2)

Since tanh(x) � x with the error less than 0.01 for x < 0:3 equation (3.2) can be approxi-

mated by

rmax = r0�max (3.3)

with very good accuracy. This is because the value of �maxr0 is almost always less than

0.3 in practical situations. The dependencies (3.2) and (3.3) are usually expressed in the

logarithmic scale

rmax[dB] = r0[dB] + �max[dB] (3.4)

where r0 and �max are determined in the steps that follows.

Step 2. For given impedance values Z1 and Z2 at the transition ends, the initial reection

coeÆcient caused by impedance step between Z1 and Z2 is computed using the formula

r0 = tanh(y0) (3.5)

where the mismatch is computed as

y0 = ln

r
Z2

Z1

: (3.6)

Equation (3.5) is an equivalent of the classical expression

r0 =
Z2 � Z1

Z2 + Z1

: (3.7)

Step 3. When the r0 and rmax are known, the desired value �max of the matching section

is determined using (3.2) or (3.4).

Step 4. Next, the expression for the transition length is derived. The local reection co-

eÆcient F (x) along the transition length l is related to ripple function f(�) in the frequency

domain by the Fourier transform. Here, � is the phase constant. For near-optimum taper

without impedance steps the f(�) is speci�ed by the modi�ed Dolph-Chebyshev response

as follows

f(�) = y0� (3.8)

where

� =
B

sinhB

sin

p
(�l)2 � Bp

(�l)2 � B
(3.9)
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and the value of B is found from (3.10) using �max determined in step 3. The �rst maximum

of expression (3.8) for �l > 0, has the value given by

�max =
B

sinhB
(0:217236): (3.10)

Note that the maximum of the ripple function � depends entirely on B, the parameter of

Dolph-Chebyshev response. Even if B=0, �max = 0:217236, which corresponds to the return

loss of L�max = 13:2614 dB. This fact should be highlighted, because it means that the

design procedure allows one to design the transitions which improve the the return loss level

by the value not lower than 13.2614 dB.

The minimal transition length lmin is found from (3.9) and (3.10) and is expressed by

the equation written below

(�0(x)l)min =

p
B2 + 6:523 (3.11)

where �0(x) is a longitudinal wavenumber, which corresponds to the largest wavelength

(determined by the design frequency f0) in the assumed frequency band. The method

is originally intended to TEM transmission lines, hence in such case the choice of lmin is

evident, because �0(x) has the same value for each x. However, in the case of non-TEM

lines for some designs, �0(x) varies along the transition length and determination of lmin is

not obvious. For sake of the example the plots of �0 versus the transition length, related to

the composite transition discussed in section 3.4.1, are shown in Fig. 3.3.
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Figure 3.3: The variation of the propagation constants � at f0 = 9 GHz versus the taper

length of two sections of the composite transition discussed in section 3.4.1.

For �xed � the possible choices of transition length l lie between lmin and lmax, which

correspond to �max and �min respectively; �max and �min are the largest and the lowest
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values of the propagation constant which occur in the transition at the design frequency

f0. Usually, lmin di�ers signi�cantly from lmax. The optimal choice is lmax, but it may

happen that for that choice the transition length is relatively long and, in addition, too high

transmission losses are introduced. Therefore, one should choose a shorter taper length l,

for which a fraction of �0(x) does not ful�l the condition (3.11). It is evident that the trade

o� exists between the transition length and a distribution of �0(x) is helpful in the proper

choice of l.

Step 5. In the last step the impedance pro�le of the transition Zc(�) is found from

lnZc(�) =
1

2
ln(Z1Z2) +

1

2
ln

�
Z2

Z1

�
G(B; �) (3.12)

where � = 2x=l, and G(B; �) is a function described by the following relation

G(B; �) =
B

sinhB

Z �

0

I0

n
B
p
1� �

02

o
d�0 (3.13)

where I0(x) is the modi�ed Bessel function of the �rst kind. Note that G(B; �) has odd

symmetry so G(B; �) = �G(B;��).
As noted before, the synthesis, presented in [80], is intended for TEM lines and waveg-

uides for which the � value is constant along the taper length. Therefore, for the case for

which this assumption is not ful�lled an additional procedure is required which incorporates

the variation of � into the synthesis. In general, the synthesis of such taper is intricate, but

Lund [81] and Bolinder [82] showed, that the problem could be simpli�ed by performing

synthesis in the terms of electrical lengths instead of physical lengths. This is equivalent to

introduction the phase correction procedure to the synthesis.

Phase correction. The procedure can be described as follows. First, the values of the

impedances are determined for the discrete number of points n located along the z direction

and separated by equal distance

�l =
l

(n� 1)
(3.14)

where l is the section length. The transition is divided into equal subsections with length

equal �l each. Next, the phase constant �i is determined within each subsection, and then

the electrical length ��ei of each subsection is computed as

��ei = �l�i: (3.15)

The values of � depend on guide dimensions which are determined by the required value of

impedance. Within each section � is computed for the guide dimensions corresponding to

the point located in the middle of the section. Because � varies along the transition length,

the electrical distances between the adjacent points are not equal, therefore the physical

distances �li are adjusted to make the electrical distances ��ei equal. Next, once again

the propagation constants, which correspond to the impedance values at points located in

the middle of the modi�ed sections, are computed within each section, and procedure is

repeated. The phase correction procedure is an iterative process. The convergence of the

process is fast and only a few iterations are required to ful�l the stopping criterion.
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3.3 Design of the transition between an NRD-guide

and rectangular waveguide

So far only few transitions between an NRD-guide guide and a rectangular waveguide have

been presented in the technical literature. One example, presented in [83] is the transition in

the form of rectangular waveguide horn with dielectric wedge placed inside. Unfortunately,

the paper provides only the measurement results for several transitions with di�erent dimen-

sions. No synthesis procedure is described. Another structure of the composite transition

built of two sections, each with the continuous pro�le, has been shown in [44] by Malherbe.

Both sections of the transition have been designed using the method outlined in [80]. The

wave impedance de�nition has been assumed in the analysis and design. The slight mod-

i�cation of this transition has been introduced in [84] by inserting a piece of a uniform

rectangular waveguide with dielectric �lling between the transition components in order to

avoid coupling of the higher order modes between the transition parts.

In this chapter the composite transition, similar to the one presented by Malherbe, is

investigated (Fig. 3.4). The transition is composed of two cascaded sections, A and B. Each

section is independent of the other. Accordingly the synthesis of the transition is divided

into two parts, in which each section is designed independently. The procedure described

in section 3.2 is applied for design each section.

3.3.1 Geometry of the transition

A’

A

C’

D

D’B

C
section A

section B

B’

Figure 3.4: General view of the transition from a rectangular waveguide to an NRD-guide.

Section A of the transition is an impedance transformer from a standard air-�lled rect-

angular waveguide to a rectangular waveguide with reduced width and dielectric �lling of

relative permittivity �r. Section B transforms the impedance between the rectangular waveg-

uide with reduced width and a closed NRD-guide. To simplify the synthesis it is assumed

that the distance between the outer walls in the section A changes linearly, while the width
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of the dielectric slab is computed for selected points along the transition length. The di-

electric rod in section B has a constant width, and only the distance between the rod and

electric walls increases gradually. The design procedure yields the impedance pro�le. The

dimensions ensure this pro�le are subsequently calculated.

The cross-sections of the transition in the characteristic planes are presented in Fig. 3.5

together with the dominant E �eld component.

3.3.2 Modes in the transition
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Figure 3.5: Cross sections in the selected planes of a transition from a rectangular waveguide

to an NRD-guide; a dominant electric �eld component in a propagated mode is presented:

(a) rectangular waveguide �lled with air, section A{A', mode TE10, (b) rectangular waveg-

uide with dielectric slab, section B{B', mode LSE10 ("distorted" TE10 mode), (c) rectangu-

lar waveguide �lled with dielectric, section C{C', mode TE10, (d) closed NRD-guide, section

D{D', mode LSM11.

The design procedure assumes that only the fundamental mode propagates in each part

of transition and higher order modes are neglected in the analysis.

The input of the transition is excited by the TE10 mode of a standard rectangular

waveguide. Then the rectangular waveguide is transformed into the rectangular waveguide

with dielectric slab operating with the LSE10 mode. This mode is also sometimes called a

"distorted" TE10 mode [85] due to its similarity of the �elds components to the TE10 mode
1.

The slab width increases gradually from zero at section A{A' to the waveguide width

at section C{C'. At this section the transition reduces to the dielectric-�lled rectangular

waveguide, where the mode TE10 propagates. Next, the waveguide is transformed into the

rectangular waveguide with dielectric slab, where the LSM11 mode is guided. The distance

between the dielectric rod and the electric walls increases gradually. If the distance is large

enough, the waveguide can be treated as the closed NRD-guide (section D{D').

1In fact, this mode is converted into TE10 mode at both ends of section A.
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3.3.3 Impedance de�nitions in the transition

The �rst step of the synthesis procedure is the choice of the impedance de�nition which will

be used in the design. In his work, Malherbe used the wave impedance de�nitions given

by the relations (2.59) and (2.60). In this section a di�erent de�nition is adopted in order

to investigate the possibility of improvement of the design procedure. The power-voltage

de�nition of characteristic impedance is selected because of the natural simplicity in the

determination of the power and the voltages in the transition structure [71]. The de�nitions

for LSE and LSM modes in a rectangular waveguide with dielectric slab are presented

in section 2.3. For convenience, the power-voltage and wave impedances of a standard

rectangular waveguide TE10 mode, which are also used in the procedure, are recalled here

[86]:

ZPVTE =
2b

a

!�0�r

kz
(3.16)

ZwavTE =
!�0�r

kz
(3.17)

where a and b are waveguide dimensions and kz is a longitudinal wavenumber for the TE10

mode.

3.4 Design examples

The transition designed in this chapter is used to excite NRD-guide �lters working at X-band

(see chapter 4). The center frequency of the �lters is 9.5 GHz, therefore, the design frequency

of the transition is set to f0 = 9:0 GHz so as to assure good matching in the frequency range

starting from 9.0 GHz, the upper limit is not speci�ed because for the investigated transition

the increase of the frequency results in lower level of reected power. Several transitions

have been designed by means of the procedure described in section 3.2. To discuss the main

features of the synthesis method the results obtained for four selected designs are presented

in this section. Two designs use the power-voltage impedance de�nition, others two employ

wave impedance.

Waveguide parameters. The following dimensions of the guides used to build the

transition have been chosen:

� The parameters of a rectangular waveguide at the input of the section A are: a = 22:86

mm, b = 10:16mm, �r = 1:0. These are the dimensions of a standard WR90 waveguide

designed to work in the X-band.

� The rectangular waveguide with dielectric �lling at the output of section A and input

of section B has the parameters: a = 15:0 mm, b = 10:16 mm, �r = 2:53.

� Closed NRD-guide at the output of the section B parameters are: w = 10:16 mm,

b = 15:0 mm, d = 35:56 mm, �r = 2:53.
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The Rexolite 1422 (�r = 2:53) is used as a dielectric slab due to its low transmission loss at

microwave frequency band and very good mechanical properties.

Selection of the return loss levels. To determine the desired return loss level, the

values of the wave and power-voltage impedances at the ends of both sections and the

corresponding initial return loss have been computed. The results are shown in Table 3.1.

Wave impedance Power-voltage impedance

Section Z1 Z2 r0 Z1 Z2 r0
[
] [
] [dB] [
] [
] [dB]

A 549.995 330.778 12.08 488.88 448.09 27.22

B 330.778 481.018 14.65 448.09 4492.98 1.74

Table 3.1: Values of the impedances at the input and output ports of sections A and B

together with the initial return loss r0. Design frequency f0 = 9:0 GHz.

The results obtained for the power-voltage impedance de�nition show, that the section

A introduces very low return loss at level of 27 dB, while the section B has a high mismatch

between its ports equal to 1.74 dB. The synthesis procedure described in section 3.2 allows

one to design the transition, which reduces the return loss by no less than �max=13.27

dB (see discussion in section 3.2). Because section A has a mismatch of 27 dB level, the

overall reection for this section is set to 42 dB. Consequently, the second section has to be

designed with the same level of rmax so as not to deteriorate the parameters of the whole

transition. As a results for power-voltage impedance the transition with overall return loss

equal rmax = 42 dB is chosen. In the second design, with the power-voltage impedance

de�nition, rmax is increased by 20 dB to 62 dB to investigate the improvement of results

when the design parameter is changed. The same levels of rmax have been assumed in the

two corresponding designs based on wave impedance.

Selection of the section lengths. Section length l is determined by (3.11). The phase

constant � varies along section length, therefore determination of l is not straightforward.

To simplify selection, values of � have been computed at the ends of both sections (Table

3.2). Also the knowledge of � distribution along section length is helpful. Example plots

of such dependency are shown in Fig. 3.3. The optimal length of the transition is di�erent

for each design. The length depends on the longest wavelength at design frequency and the

parameters obtained from the synthesis procedure. Here, for all investigated transitions the

lengths of the sections A and B are equal lA = 40 mm and lB = 50 mm respectively. This

choice is a compromise between the reasonable length and the matching parameters of the

transition.

In the sections that follow, the design results of four transitions are described. The

optimal lengths lmax and lmin are shown together with key parameters of the procedure. In
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�z [rad/m]

Section input output

A 129.2 214.8

B 214.8 83.4

Table 3.2: Values of the propagation constant � at the input and output ports of sections

A and B. Design frequency is f0 = 9:0 GHz.

addition, in each plot, the results of the synthesis without the phase correction procedure

are included in order to highlight the importance of this correction.

3.4.1 Transition with power-voltage impedance and rmax = 42dB

The results obtained for transition designed using power-voltage impedance de�nition and

rmax = 42 dB are shown in Fig. 3.6 and Fig. 3.7. For section A, the initial reection loss

is equal 27:22 dB, therefore the section has to reduce return loss by �max = 14:78 dB. The

parameter B=1.0426 and (�0l)min = 2:7586 giving lmax = 21:4 mm and lmin = 12:8 mm. For

section B, �max = 40:26 dB is required; the procedure yields B=5.5788 and (�0l)min = 6:1356,

so lmax = 73:6 mm and lmin = 28:7 mm.
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Figure 3.6: Results of the synthesis for section A with rmax = 42 dB using the power-voltage

impedance: (a) impedance pro�le, (b) transition geometry (top view).

The phase correction procedure slightly modi�es the impedance pro�le of the section A,

while in the case of section B the modi�cation is signi�cant. The changes in impedance

pro�le correspond to modi�cations of the transition geometry. The change of dielectric

wedge dimensions in the section A is relatively small while, the modi�cation of the electric

wall pro�les in the section B is noticeable.
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Figure 3.7: Results of the synthesis for section B with rmax = 42 dB using the power-voltage

impedance: (a) impedance pro�le, (b) transition geometry (top view).

3.4.2 Transition with power-voltage impedance and rmax = 62dB

The results obtained for the transition designed using power-voltage impedance de�nition

and rmax = 62 dB are shown in Fig. 3.8 and Fig. 3.9; r0 of section A equals 12:08 dB,

therefore the additional reduction of 49.92 dB is required. The parameter B=4.7253 and

(�0l)min = 5:37 resulting in lmax = 41:6 mm and lmin = 25:0 mm. For section B the loss

reduction has to be equal 60.26 dB; the procedure yields B = 8:2757 and (�0l)min = 8:6608,

implying lmax = 103:8 mm and lmin = 40:3 mm.
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Figure 3.8: Results of the synthesis for section A with rmax = 62 dB using the power-voltage

impedance: (a) impedance pro�le, (b) transition geometry (top view).

It is seen that the phase correction procedure a�ects the impedance pro�le and geomet-

rical dimensions even to a greater extent than for the 42 dB case. The dielectric wedges
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are nearly the same for both cases, but in section B a larger shift of the metallic walls from

the dielectric rod is noticed for 62 dB design. As expected, the transition lengths of both

sections are greater in the 62 dB design.
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Figure 3.9: Results of the synthesis for section B with rmax = 62 dB using the power-voltage

impedance: (a) impedance pro�le, (b) transition geometry (top view).

3.4.3 Transition with wave impedance and rmax = 42dB
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Figure 3.10: Results of the synthesis for section A with rmax = 42 dB using wave impedance:

(a) impedance pro�le, (b) transition geometry (top view).

Both designs were repeated for wave impedance. The results obtained for transition

designed using the wave impedance de�nition and rmax = 42 dB are shown in Fig. 3.10 and

Fig. 3.11. In the case of wave impedance the initial reection of the section A is equal 12:08
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dB, therefore the additional reduction of 29.92 dB is required. The parameter B = 4:02515

and (�0l)min = 4:767 giving lmax = 36:9 mm and lmin = 22:2 mm. For section B �max has

to be equal 27.35 dB; the procedure yields B = 8:2757 and (�0l)min = 8:2757, resulting in

lmax = 50:3 mm and lmin = 20:6 mm. As in two previous designs a greater inuence of
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Figure 3.11: Results of the synthesis for section B with rmax = 42 dB using wave impedance:

(a) impedance pro�le, (b) transition geometry (top view).

phase correction is observed for the section B. The dielectric wedge is thinner for corrected

design and the metallic walls of section B are moved out noticeably.

3.4.4 Transition with wave impedance and rmax = 62dB
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Figure 3.12: Results of the synthesis for section A with rmax = 62 dB using wave impedance:

(a) impedance pro�le, (b) transition geometry (top view).
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The impedance pro�les and the geometry of the transition designed using wave impedance

de�nition and assumed rmax = 62 dB are presented in Fig. 3.12 and Fig. 3.13.

The initial reection loss of section A equals 12:08 dB, hence, the section has to reduce

return loss by 49.92 dB to achieve 62 dB. The parameter B = 6:8606 and (�0l)min = 7:321

resulting in lmax = 56:7 mm and lmin = 34:1 mm. For section B the loss reduction of 47.35

dB is required; the procedure yields B = 6:5 and (�0l)min = 6:9846 giving lmax = 77:9 mm

and lmin = 30:3 mm.
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Figure 3.13: Results of the synthesis for section B with rmax = 62 dB using wave impedance:

(a) impedance pro�le, (b) transition geometry (top view).

The e�ect of phase correction has the same character as in the case 42 dB wave impedance

design. The di�erence in shape of the dielectric wedge is very small between the 42 dB and

62 dB design. However, a signi�cant move of the metallic walls in the outer direction is

observed for 62 dB design.

3.4.5 Comparison of the designs

To verify the results obtained from the synthesis, the parameters of four composite tran-

sitions, described in sections 3.4.1 to 3.4.4, have been computed numerically by means of

the FDTD software QuickWave-3D. In this section the results of the computations are dis-

cussed. In addition, the results of non-optimal transition are also presented to illustrate the

advantages of the optimized transitions. For this transition the shapes of dielectric wedge

in section A and metallic walls in section B are described by simple linear function.

For each transition a geometrical model has been created similar to the one shown in

Fig 3.14. The nonuniform continuous pro�les of the dielectric wedge in section A and

conducting walls in section B have been approximated by a piecewise linear function. Ad-

ditional pieces of uniform waveguides are added at input and output ports to ensure the

proper identi�cation of the TE10 and LSM11 modes. Lossless dielectric and conducting

walls are assumed in the simulations. The results of the computations are presented in
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Fig 3.15 to Fig 3.17. The S11 parameter shown in the plots corresponds to rmax parameter

of the design procedure.

Figure 3.14: Geometrical model of the transition for which the power-voltage de�nition is

applied and rmax = 42 assumed. This structure has been analyzed using FDTD software.

S
11

results for composite transitions. The average value of S11 equals about -17

dB for the wave impedance designs in the frequency range from 9 GHz to 10.5 GHz, then,

for higher frequencies, the S11 falls down to -20 dB at 12 GHz (Fig. 3.15). Surprisingly, the

results for 62 dB design are slightly worse than the 42 dB design. Still, both designs have

much higher return loss level than the one assumed in the synthesis. It should be highlighted

however, that the level of S11 is signi�cantly lower for the power-voltage impedance designs

than for wave impedance ones. Nearly 45 % of the band 9 � 12 GHz is below the -20 dB

level for the 42 dB design. In addition, a wide minimum equal -31 dB is observed at 10.25

GHz. The maximum of -18 dB is reached at 9.3 GHz and 11.3 GHz. For the 62 dB design

the results are even better. The S11 falls below -25 dB for about 42 % of the band 9 � 12

GHz. The local maximum equal -22 dB is observed at 9.5 GHz. Although the 62 dB design

does not fall to -30 dB level, in the investigated frequency band, it nevertheless assures the

matching better than -22 dB for all frequencies in 9 - 12 GHz band. The transition with

linear pro�les yields the matching on the average level of S11 equal -10 dB, which is the

worst result of the presented ones.

S21 results for composite transitions. The results obtained for the S21 parameter

show, that the transmission losses do not exceed -0.5 dB in the frequency band ranging from

8.5 GHz to 12 GHz (Fig. 3.16 (a)). In the band, for which the �lters are designed e.g. 9

to 10.5 GHz, S21 is better than -0.15 dB for almost all frequencies and the results of the

power-voltage impedance are consistently better than those for the wave impedance designs.
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Figure 3.15: The numerical results of the magnitudes of S11 parameter of �ve transitions.

The results are obtained using FDTD software.
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Figure 3.16: The numerical results of the magnitudes of S21 parameters of designed transi-

tions: (a) detailed view, (b) general view. The results are obtained using FDTD software.

Because the investigated structures are lossless, the S21 results should theoretically

correspond to the S11 results. The plots shows that this is not true. The discrepancy between

the transmission and reection parameters becomes signi�cant for frequencies above 10.5

GHz, for all designs the S21 falls below -0.25 dB and reaches even about -0.47 dB at 11.8 GHz
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Figure 3.17: Numerical results of the energy conservation condition of �ve transitions: (a)

detailed view, (b) general view. The curves are computed for the results obtained from

FDTD software.
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Figure 3.18: Numerical results for the transition with wave impedance pro�le and rmax = 62

dB: (a) reection and multimode transmission, (b) reected and transmitted energies.

for the 62 dB power-voltage design. This e�ect, caused by approximate mode extraction

algorithm used by the FDTD software, is discussed in the following paragraph.

Sources of errors in the FDTD software. QuickWave-3D computes the scattering

parameters of an analyzed structure as follows. First, the standard FDTD method is used

to determine the �elds within the structure. Next, the �elds corresponding to a speci�ed

mode (i.e. mode template) are computed at the input and output ports. Then, the inner

product of the FDTD solution and the mode template at a port is calculated to determine

the amplitude of a selected mode at a port. Finally, the S parameters are computed using
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Figure 3.19: Numerical results for the transition with power-voltage impedance pro�le and

rmax = 62dB : (a) reection and multimode transmission, (b) reected and transmitted

energies.
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Figure 3.20: Numerical results for the transition with linear pro�le: (a) reection and

multimode transmission, (b) reected and transmitted energies.

the amplitudes of modes obtained at the ports.

The mode templates are computed at one selected frequency f0. Then these templates

are taken into the calculation of inner product at other frequencies. Slight errors in calculat-

ing amplitudes occur because the �eld distribution of an mode in NRD-guide changes with

frequency. To obtain accurate results, the mode templates at another frequency should be

computed. Another source of errors is caused by the fact that due to discretization inherent

to FDTD the mode templates obtained in the software are not orthogonal one to another,

even at a single frequency.
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To estimate the computation error, the energy conservation condition is calculated for all

optimized designs (Fig. 3.17 (a)). The result shows that the accurate results are obtained for

f0 = 9:5 GHz, i.e. the frequency selected for the template computation. This corroborates

the above reasoning. For other frequencies the energy is computed with accuracy of about

0.5 % in the band ranging from 9 to 10 GHz. For higher frequencies the error grows rapidly

and reaches about 10 % at 12 GHz, for the worst case.

Very good agreement between the curves of energy conservation condition and the S21

results demonstrates that the inaccuracy of the S parameters computation is caused mainly

by the error in computation of the S21 while in the S11 parameters are calculated more

accurately. This observation is in good agreement with previous explanations. The S11

is computed for the TE10 mode, which does not change the �eld distribution when the

frequency is changed. On the contrary, S21 represents transmission between the TE10 mode

and the LSM11 mode. While the TE10 mode does not change, the �elds of the LSM11 mode

vary for di�erent frequencies. The �elds of the LSM11 mode are more concentrated in the

dielectric slab when the frequency increases.

The transition with the linear pro�les yields the S21 results on average level of -2.5

dB in 9-12 GHz band (Fig. 3.16 (b)). This means that only about 65 % of the energy is

transmitted through the transitions. This observation is con�rmed by the results obtained

for the energy conservation condition (Fig. 3.17 (b)). A similar e�ect, in a smaller scale, is

observed for optimized transitions. The energy conservation condition is smaller than unity,

even for the f0 = 9:5 GHz. The analyzed structures are lossless and do not radiate any

energy outside. It suggests, that the rest of the energy is converted into the parasitic modes

excited in the transition. This problem is discussed in greater detail in the next paragraph.

Results of multimode analysis. The NRD-guide works with �rst higher order mode

LSM11. The LSE11 mode has lower cuto� frequency, therefore the conversion to this mode

can occur at discontinuities. To inspect this phenomena three transitions have been an-

alyzed, for which the transmission to the LSM11 and LSE11 modes have been observed.

The following transitions have been selected: the transition with power-voltage impedance

pro�le and rmax = 62 dB, the transition with wave impedance pro�le and rmax = 62 dB and

the transition with linear pro�le. The results are shown in (Fig. 3.18) � (Fig. 3.20).

For all transitions the conversion from the TE10 to LSE11 mode occurs. For the linear

transition about 20�40 % of the TE10 mode energy is transmitted to the LSE11 mode

(Fig. 3.20 (b)). Moreover, for frequencies around 10.3 GHz more energy is transmitted to

the LSE11 mode than to the LSM11 mode. Better results are obtained for the transition

with wave impedance pro�le (Fig. 3.18 (b)). Almost all transmitted energy appears in the

LSM11 mode. Still, the total energy is not one, even for f0 = 9:5 GHz, probably because

the modes are not completely orthogonal. The best results are obtained for the transition

with power-voltage impedance pro�le and rmax = 62 dB (Fig. 3.19 (b)). Although the

transmission to the LSE11 mode is noticeable in entire frequency band under investigation,

the energy conservation condition is satis�ed at frequency f0 = 9:5 GHz.
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Figure 3.21: Response of the sections A and B of the composite transition with power-

voltage impedance and rmax = 62 dB: (a) return loss, (b) transmission. The results are

obtained using FDTD software.
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Figure 3.22: Energy conservation condition for sections A and B of the composite transition

with the power-voltage impedance and rmax = 62 dB: The results are obtained using FDTD

software.

Section A and B results. Two sections A and B of the composite transition designed

with the power-voltage impedance and rmax = 62 dB are analyzed separately in order to

determine the inuence of each section on the transition parameters. The return loss of

section A is about 5 � 7 dB lower than for section B (Fig. 3.21(a)). The average level of
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the S11A is about -23 dB while for the S11B the loss is equal -18 dB in 9-12 GHz band.

The transmission of section A is nearly ideal, while for section B the roll o� down to -0.62

dB at 11.75 GHz is observed in 9 � 12 GHz band (Fig. 3.21(b)). The response of section B

alone is very similar to the response of the whole cascade. This conclusion is also con�rmed

by the energy conservation condition computed for discussed structures (Fig. 3.22). The

di�erence in the transmission through sections A and B is caused mainly by inaccuracies in

the FDTD mode identi�cation at the section ports.

Conclusions. The results of simulation suggest that the applied synthesis method

allows one to design transition, which assures the average matching equal -25 dB for the

best case. The power-voltage impedance de�nition yields better results than the wave

impedance one. Still, the discrepancy between the design values of return losses and the

obtained results is very high for both impedance designs. The changes of dielectric wedge

shape are relatively small for wave and characteristic impedances, if the design speci�cation

is changed from r0 = 42 dB to r0 = 62 dB. For the same case, the di�erences in the metallic

wall pro�le are more signi�cant. However, the changes are made in the area where the

walls which are located nearly the output of the sections B and placed in a relatively high

distance from the dielectric slab. Their position does not a�ect signi�cantly the �elds of the

LSM11 mode (chapter 2). Consequently, the theoretical change of the structure parameters

has little inuence on the real modes existing in a transition. It could suggest that synthesis

based on the circuit theory has only limited scope when non-TEM lines are used.

The comparison between the optimized transitions and the transition with linear pro�les

shows the importance of the proper design. Not only do the optimized transitions assure

the matching in the worst case on the -17 dB level, but also o�er good conversion from the

TE10 to the LSM11 mode.

The latter feature seems to have greater importance because the inuence of improper

matching can be reduced by applying one of the calibrating method such as a TRL method

presented in appendix B.

The discussion presented in this section can be summarized as follows.

� The application of the power-voltage impedance de�nition, proposed in this thesis, to

the design gives consistently better results than the wave impedance used by other

authors.

� The proposed design procedure allows one to design the transition with input return

loss at 25 dB level. Better results could not be achieved because the method, based

on the circuit theory and assumption of monomode propagation, has limited accuracy

in the case on non-TEM guides.

� The conversion to the LSE11 mode occurs in all transitions. This e�ect is reduced

signi�cantly in the case of optimized designs.
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Figure 3.23: Transition from a rectangular waveguide to an NRD-guide. The upper metal

plates are removed in sections A and B to demonstrate the transition structure.

3.5 Experimental results

Two composite transitions between a rectangular waveguide and an NRD-guide have been

manufactured [87]. The dimensions of the transitions have been obtained from the synthesis

where the power-voltage impedance de�nition was applied and return loss equal rmax = 62

dB assumed. These results, are presented in section 3.4.2. The structure of one of the

transitions is presented in Fig. 3.23. In both sections, the upper metal plates are removed

for better presentation of the structures. The metal parts of the transitions are made

of brass, the Rexolite 1422 is used as a dielectric. To determine the parameters of each

transition separately, the TRL calibration technique is applied. The calibration procedure

is described in detail in appendix B. Only the results of the procedure are shown here. The

de-embedded parameters of the transitions, obtained from the measurements, are shown in

Fig. 3.24 together with the numerical results.

Measurement results of a single transition. The small discrepancy between the

S11 and S22 of the same transition is caused by inaccuracies of the de-embedding process.

Additionally the transitions are not identical due to inaccuracies in a conventional machining

process. Especially the designed pro�le of the dielectric wedges is diÆcult to obtain. As a

results of these inaccuracies, the dimensions vary from the desired ones by about � 0.2 mm.

In addition, both ends of the dielectric wedges have some discontinuities and one wedge is

about 1.0 mm shorter than the assumed length. In the frequency band spanning from 9 to

11 GHz, the reection in near 55% of the band is below -20 dB level for the worst case and

for the best case over the 80 % of the band is below -20 dB level (Fig. 3.24 (a)). In the

9-10 GHz band the average reection parameters are in the -19 dB level while in 10-11 GHz
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Figure 3.24: The measured and numerically computed parameters of the transitions designed

with power-voltage impedance de�nition and insertion loss level rmax = 62 dB: (a) reection,

(b) transmission.
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Figure 3.25: The measured and numerically computed parameters of the cascade of the

transitions connected back-to-back: (a) reection, (b) transmission. The power-voltage

impedance de�nition and insertion loss level rmax = 62 dB are assumed in the design.

band the average level is almost -25 dB. Better matching is observed for higher frequencies,

where the transition length is longer in terms of wavelengths. These results are in good

agreement with the numerical simulations.

The de-embedded transmission parameters S21 are approximately on -0.37 dB level for

both transitions, hence one can assume that the losses of the one transition equal approx-

imately 0.37 dB. The theoretical losses can be approximated using the results shown in

section 2.4. The overall theoretical losses introduced by the one transition equal approxi-
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mately 0.55 dB. The agreement between the theoretical approximation and the measurement

results is fairly good. The di�erence is caused mainly by the inaccuracy of de-embedding of

the transmission parameters.

Measurement results of the cascade of two transitions. The two transitions

were connected back-to-back and the performance of such structure was measured. The

results of numerical computations and measurements are shown in Fig. 3.25. The agreement

between measurements and the numerical computations is even better than in the case of

de-embedded transitions (Fig. 3.25(a)). The measured reection parameters of the cascade

are nearly the same for forward and backward directions. Because the reection from both

ends exists in the structure, the resonance occurs in the measurement results. The losses in

the cascade are equal about 0.7 dB over the 9-11 GHz band (Fig.3.25(b)), this result is in

fairly good agreement with the theoretically determined losses of the cascade which equal

about 1.1 dB.

The results of the numerical simulations and the experimental veri�cation show that the

transitions with the reection level about -25 dB are feasible. That result may be regarded

as quite satisfactory when the measurements of the other NRD-guide components have to

be done.

Discussion. From the foregoing section it is evident that it is impossible to achieve

better results by means of the assumed synthesis procedure, even if the design speci�cation

assumes the return loss at 42 and 62 dB levels. This discrepancy can be attributed mainly by

the approximations made in the synthesis method. The simple method intended originally

for the TEM line transitions was applied to non-TEM guides for which, in addition, the

propagation constant varies along the transition length. Nevertheless, the results are good.

The closer investigation of the synthesis results reveals that the circuit theory description

of a physical structure of a transition has only a limited scope. For example the procedure

modi�es pro�le of the metallic walls of section B of the transition but this modi�cation

has practically no e�ect to the �elds of the modes guided in the structure. One of the

possible solutions of the problem of an inaccurate design is to apply the more advanced

and sophisticated method to design the transition, such as this one presented in [88], which

applies to the design of the transition which supports purely non-TEM modes. On the other

hand, the possibility of the practical realization of a transition with very low return loss

should be considered. For some types of transitions it is practically impossible to obtain

the matching better than certain level of return loss. For example it has been reported in

[88] and [89] that due to technological constrains for the �n-line tapers the matching better

than -35 dB is practically impossible to obtain in realized structures.



Chapter 4

NRD-guide �lters

4.1 Introduction

High-quality �lters are one of the key elements of the integrated circuits built in the NRD-

guide technology. Various �lter con�gurations have been investigated and di�erent �lter

design techniques were adapted to meet the demands of this technology. This introduction

reviews main NRD-guide �lter con�gurations described in the technical literature.

Filters realized in NRD-guide technology usually have bandpass or bandstop transmis-

sion characteristics with classical equiripple or maximally at response. The bandpass �lters

found more practical applications in integrated circuits built in NRD-guide technology there-

fore they are studied more extensively than the bandstop �lters. The band pass �lters built

in the NRD-guide technology often have a form of a series of resonators coupled by some

coupling structures in the form of the discontinuities. The coupling between the resonators

has reactive character and can be described in various ways depending on the convention

used. The same coupling can be treated either as an impedance step or an impedance in-

verter or a discontinuity described by the scattering matrix. The coupling structures in the

form of discontinuities are more precisely described in more detail in section 4.1.2.

Depending on the type of a resonator used to construct a �lter, �lters can be divided

into two main groups. In the �rst one standard single mode resonators, usually in the form

of a uniform section of a transmission line with the proper electrical length, are used, while

in the second group dual mode resonators are employed.

Besides the direct coupled cavity �lters topology there exist other �lter topologies, which

are used to build bandstop or band pass �lters in NRD-guide technology. Examples of

these topologies include channel-dropping �lters which use ring resonators [90], �lters with

cylindrical resonators [90] and some �ltering structures with cylindrical resonators where,

the higher order modes called whispering gallery modes are used [91]. Although some of

these �lters have interesting performance, they are rarely found in practical applications.

In addition their synthesis methods are di�erent from the methods presented in this thesis.

Therefore they are not discussed in this work.

77
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4.1.1 NRD-guide �lters
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Figure 4.1: NRD-guide �lter con�gurations: a) air-gap coupled �lter, b) dielectric strip

coupled �lter, c) round hole coupled �lter, d) metal window coupled �lter, e) double strip

NRD-guide �lter, f) dual mode resonator �lter with metallic post, g) dual mode resonator

�lter with cut resonators, h) two path NRD-guide �lter.
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Direct coupled-cavity bandpass �lters. One of the �rst bandpass NRD-guide �l-

ters were proposed by Yoneyama in 1984 [73]. They were composed of series NRD-guide

resonators coupled either by air gaps (Fig. 4.1 (a)) or by thin dielectric strips (Fig. 4.1

(b)). For the �rst �lter, there was a diÆculty in establishing the proper relative positions of

resonators, therefore the thin dielectric strips, which allow one to keep the constant distance

between the resonators, were added and the second �lter topology was created. Both �lters

had satisfactory transmission characteristics. Malherbe and Oliver [92] described a similar

topology with dielectric resonators coupled by round holes made in the NRD-guide dielectric

rod (Fig. 4.1 (c)). Other coupling mechanism was proposed by F. Bonne and Ke Wu in [93].

The series of resonators were coupled by double strip NRD-guide (Fig. 4.1 (e)). The advan-

tage of both presented �lter topologies is ease of manufacturing. The signi�cant reduction

of �lter length was achieved by Ke Wu et al. [94]. They proposed a �lter composed of a

cascade of resonators where the coupling between them was achieved by the so called metal

windows (Fig. 4.1 (d)). It results in a 25 % reduction in length and steeper transmission

characteristic in the stop band. Although �lters shown in Fig. 4.1 (c) and (d) o�er easy

manufacturing or shorter length, higher order modes are excited in the discontinuities which

create the �lter structure. These modes occur because the discontinuities are not uniform

in the vertical direction. Higher order modes can seriously deteriorate the �lter response.

Due to this fact the �lter synthesis is more complicated, because these modes should be

taken into consideration.

Having in mind drawbacks of the presented �lter structures, the �lter composed of

dielectric rectangular resonators and air gaps has been selected as a trial structure in this

thesis. This �lter structure is investigated in detail in the reminder of this chapter.

The advantages of the �lters described above include: a well known and not complicated

design technique, high-quality transmission parameters and, in some cases, easy manufac-

turing. Nevertheless, when the steeper characteristics are required, the �lter has to have

more poles so that more �lter section are needed. As a result a longer �lter structure is

obtained which has, in addition, greater transmission losses. One of the possible solutions,

which can reduce some of these drawbacks, is to employ dual mode resonators.

Dual-mode bandpass �lters. A slight, appropriate asymmetry in a dual-mode res-

onator gives the possibility of the excitation of two degenerate and orthogonal modes which

have resonant frequencies very close to the resonant frequency on undisturbed resonator.

This feature of dual-mode resonators o�ers the possibility to construct a two pole �ltering

section using only one resonator. This gives the opportunity to construct more compact

�lters with smaller transmission losses and better transmission characteristics. The dual-

mode �lters with modi�ed rectangular resonators were presented by Ferezza et al. in [95].

They studied two types of dual mode �lters. In the �rst group, the �lters were built of

rectangular resonators, where the asymmetry was introduced by a post or screw located

near the resonator (Fig. 4.1 (f)). In the second type of �lters the resonators symmetry

was broken by a cut of a resonator corner (Fig. 4.1 (g)). Because theoretical prediction of

the �lter characteristic is quite complicated, only experimental investigation of the �lters

was reported in the quoted paper. Another �lter structure, which works with dual mode
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Figure 4.2: NRD-guide bandstop �lter con�gurations: a) �lter with coupled guides which

are terminate by short circuits at the ends, b) �lter with dielectric resonators coupled

perpendicularly to the main guide.

resonators was proposed by Wu and Huang [96]. In this case, the dual mode resonator was

composed of two path NRD-guide (Fig. 4.1 (h)). The trial �lter had a better transmission

characteristics than the conventional air-gap counterpart.

Bandstop �lters. Although bandstop �lters are not the subject of this work some

con�gurations of them are presented here for completeness.

The conventional design procedure of stop band �lters makes use of the canonical low

pass Chebyshev or Butterworth prototype circuit. Then this circuit is transferred in a band

pass equivalent network composed of transmission line sections connected in series with

coupled shunt stubs. The stubs are realized in a form of resonators, therefore a typical

�lter con�guration is composed of resonators coupled to the main center guide [64]. The

�rst bandstop �lter was designed from the prototype circuit with open-circuited shunt stubs

[97]. The stubs were realized as the coupled guides placed in parallel to the main guide

and terminated with short circuits at the ends. (Fig. 4.2 (a)). The resonators made

of rectangular section of an NRD-guide can be placed perpendicularly to the main guide

yielding a slightly di�erent �lter con�guration (Fig. 4.2 (b)) [98]. For both �lters one of

the most diÆcult aspects of a theoretical analysis was the determination of the coupling

between the main guide and a coupled resonator, hence in [97] approximate formulae were

given while in [98] only experimental data were presented. The �lters with circular and

cylindrical resonators in a structure have also been reported [91].

4.1.2 NRD-guide discontinuities

The NRD-guide discontinuities are discussed in this section because they are key elements of

the bandpass �lters investigated in this thesis. Discontinuities in the NRD-guide technology

can be realized in many ways and some selected examples of them are described below.

All of the presented discontinuities are symmetrical and they can be treated as a practical

realization of an impedance inverter.
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Figure 4.3: NRD-guide discontinuities: a) air gap in uniform NRD-guide, b) round in shape

hole made which is in parallel to NRD-guide metal plates, c) rectangular in shape hole

made in direction parallel to the air-dielectric interface, d) metal window in NRD-guide, e)

vertical diaphragm in dielectric rod of NRD-guide.

The simplest discontinuity is created by an air gap between two straight NRD-guides

(Fig. 4.3 (a)). This discontinuity was selected to construct the coupled-cavity �lters. Other

possible realization of a discontinuity is a hole placement in a dielectric rod of an NRD-

guide. The hole can have any shape but due to simplicity of analysis and manufacturing,

the holes that are round or rectangular in shape are used in practical applications. Two

examples of a hole discontinuity are shown in Fig. 4.3. The �rst one is round in shape

and placed in parallel to the NRD-guide metal plates (Fig. 4.3 (b)). The second hole is

rectangular in shape and located perpendicularly to the metal plates (Fig. 4.3 (c)). The

discontinuities described above are easy to manufacture. All the same, they have relatively

large geometrical dimensions. The insertion of metal obstacles into an NRD-guide creates
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a discontinuity with shorter length, but it is more complicated in theoretical analysis and

labor consuming in practical realization. The so called metal window is an example of such

discontinuity. Two NRD-guides are separated by an air gap in which two metal stripes

in a form of a capacitive diaphragm are placed (Fig. 4.3 (d)). One of the other possible

realizations is a vertical diaphragm shown in (Fig. 4.3 (e)). It is formed of two in�nitely

thin metal strips placed symmetrically inside the dielectric rod of an NRD-guide.

4.2 Synthesis of NRD-guide pass band �lters

The problem of direct-coupled cavity �lter synthesis is discussed in this section. The inves-

tigated �lters are composed of a series of resonators, in the form of a half-wave transmission

line section, and the coupling reactances are realized as the discontinuities in a uniform

transmission line. Being the simplest to realize, the air gap discontinuity is considered, but

the discussion can be easily applied to the �lters with other types of discontinuities pre-

sented in section 4.1.2. A general structure of the �lter is presented in Fig 4.4. The �lter is

composed of a series of dielectric resonators of length di separated by the air gaps of length

li.

dielectric

metal plates

l1
1

n

d

d
n+1l

Figure 4.4: A general view of an NRD-guide bandpass �lter.

In the classical �lter design the �lter synthesis starts from the desired �lter response

described by the center frequency, bandwidth, response type and the attenuation levels in

pass and stop bands. As a result of a synthesis procedure the physical �lter dimensions in

given technology are obtained.

There are generally two major well established methods used to design direct-coupled

cavity �lters [64]:

� The �rst method uses the low pass prototype as a starting point of the �lter synthesis.

� The second method starts from the distributed half-wave step-impedance prototype.

Previous approaches to the synthesis of NRD-guide �lters employed the low pass pro-

totype method. For this reason, a slight modi�cation of the low pass prototype design [73]

is used as a reference. In this work the approach based on a half-wave step-impedance
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prototype is explored as an alternative design technique. Since this approach has not been

used so far in the NRD-guide technology, it is described in detail.

Both methods are of hybrid nature. They made an assumption that some parameters,

important in the design process, are known or can be calculated using an analytical method

or a numerical technique. The methods are approximate, they assume that only the dom-

inant mode propagates in the NRD-guide. The air gap discontinuity is described in terms

of an impedance inverter or a scattering matrix of the dominant mode which means that

only this mode can be propagated though the gap. The methods assume that other modes

excited at the discontinuity decay very quickly in the parallel plate region due to the cut

o� condition of the parallel plates separated by a distance less than half a wavelength. This

simpli�cation is valid even for relatively small gaps.

For both methods, a theoretical part, which includes design equations, is described

at the beginning of the suitable section; then the results of numerical tests for chosen

�lter structures are collected and experimental veri�cation of selected �lter examples is

provided. For the half-wave step-impedance design method several �lters are synthesized

and their parameters are investigated in order to test the possible areas of applications and

the limitations of the method. The �lters with Chebyshev and maximally at response

having the bandwidth ranging from 1% to 10 %, the number of sections from n = 2 to

n = 5 and the attenuation in the pass band from 0.1 dB to 3 dB, are investigated. For

each �lter the response obtained, computed with the FDTD software, is compared with the

theoretical one.

The NRD-guide technology is usually used in a millimeter-wave frequency range, but

the cost of manufacturing of a trial �lter working in this band is relatively high. Therefore

the �lters were scaled to work at X-band where the experimental veri�cation was possible.

In addition the X-band transitions from rectangular waveguide to NRD-guide, which are

necessary during the measurements, were designed and manufactured (see chapter 3 for

details about transitions).

4.2.1 Filter synthesis using low-pass prototype

The synthesis method of direct-coupled cavity �lters having relatively wide bandwidths was

presented by Cohn in [99]. The method is based on a low pass prototype circuit and is

suitable to design band pass �lters which use waveguides or TEM-mode transmission lines.

The application of the method to design various �lter's con�gurations is described in the

classical work of Matthaei, Young and Jones (chapter 8 in [64]). The method was successfully

used to design di�erent types of bandpass waveguide �lters such as waveguide �lters with

inductive strip-planar circuits mounted inside a waveguide [100], coplanar waveguide �lters

[101] as well as NRD-guide �lters [73].

The method introduced by Cohn gives good results for certain cases of the �lters with

the maximum bandwidth up to 20 % (i.e. �lters with Chebyshev response and the VSWR

level not lower than 1.1). Young presented two conditions which have to be ful�lled in order

to obtain good accuracy for a bandwidth up to 10% [75]. Deeper investigation of these
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conditions showed that Cohn's theory gives accurate results for any �lter speci�cation, only

to a bandwidth less than 5% [102]. This means that the procedure yields accurate results

only for certain bandwidths and is suitable for relatively narrow band �lter design.

The design procedure described in this section is a slight modi�cation of the NRD-guide

�lter synthesis outlined by Yoneyama at al. in [73] and can be presented as follows 1.
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Figure 4.5: (a) Equivalent circuit of a low pass prototype �lter and (b) the corresponding

equivalent network of a half wave band pass �lter.

Step 1. At the beginning of the �lter design one has to specify the required �lter

parameters such as type of a �lter response, center frequency f0, bandwidth wf and the

attenuation levels in pass and stop bands.

Step 2. In the second step of the procedure the elements of a low pass prototype are

determined. Having de�ned the required �lter response, the standard pass band to low

pass mapping is applied to transform the �lter response from the band pass domain into

the low pass domain (chapter 8 in [64]). Then the number of �lter sections n is calculated

using the standard technique appropriate for Chebyshev or maximally at response. For the

cases where n is given in advance, the frequency mapping is omitted. Next, the normalized

elements gi of a �lter low-pass prototype equivalent circuit (�g. 4.5 (a)) are found using well

known equations where only the number of sections n, the attenuation level in pass band

and the normalized band edge frequency are required (chapter 4 in [64]).

Step 3. During the third step of the procedure the low pass prototype �lter is trans-

formed into the distributed half-wave pass-band prototype �lter composed of the series of

the impedance inverters and resonators (Fig. 4.5 (b)). The resonators consist of sections of

1The main di�erence between the procedure presented here and the Yoneyama's work lies in the way the

impedance inverters parameters have been computed. Here these parameters are determined numerically

using FDTD software while in the referenced article variational method was used.
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uniform transmission line with the length equal �g0=2 where �g0 corresponds to the center

frequency f0. The inversion coeÆcients Ki;i+1 of the inverters are found from the following

equations (chapter 8 in [64])

K01 =

s
Ra�w�

g0g1!
0

1
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where Ra; Rb are normalized unit resistances of a source and load (Ra = 1; Rb = 1). The

!01 is a pass-band edge angular frequency and the � is the reactance slope parameter; The

fractional bandwidth w� is de�ned as follows

w� =
�g1 � �g2

�g0
(4.4)

where �g1 and �g2 are the guide wavelengths corresponding to band edge frequencies f1 and

f2.

Step 4. The last step includes the application of the procedure results to the selected

technology. The practical realization of the impedance inverters and resonators depends

strictly on the technology used. Also the methods used to compute their parameters are

changed according to the analyzed structure.

4.2.2 Synthesis of an NRD-guide �lter using low-pass prototype

The procedure outlined above shall be applied to synthesis of the NRD-guide �lter. The �rst

part of the synthesis has been presented in the previous section. The procedure determines

the required values of the inversion coeÆcients Ki;i+1 of the impedance inverters appeared

in the half-wave band-pass prototype. The knowledge of the reactance slope parameter � is

assumed, the exact expression for � of an NRD-guide is presented in [73]. The impedance

inverter in the form of symmetrical discontinuity can be realized in various manner as shown

in section 4.1.2. In this thesis the impedance inverter realized as a symmetrical air gap in

the uniform NRD-guide (Fig. 4.6) is used as an example in order to explain the procedure,

but any other type of the inverter can be used as well. The inversion coeÆcient K and the

electrical length � of the impedance inverter are described as follows

K =j tan 1

2
(tan

�1bs � tan
�1bo) j (4.5)

� = �� � tan
�1bs � tan

�1bo (4.6)
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l/2
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Figure 4.6: (a) Impedance inverter realization as an air gap in NRD-guide and the equivalent

structures used for determination normalized input susceptances bs and bo: (b) electric wall

boundary in the symmetry plane, (c) magnetic wall boundary in the symmetry plane.

where bs, bo are normalized short and open input susceptances of an NRD-guide air-gap

discontinuity with the electric or magnetic wall located at the symmetry plane. When the

electric wall is placed in the middle of the inverter, susceptance bs is obtained (Fig. 4.6

(b)) and, similarly susceptance bo is determined with the magnetic wall located in the same

position (Fig. 4.6 (c)). In the procedure presented in this section the susceptances bs and bo
are computed numerically using FDTD software. As an example, the results for the X-band

NRD-guide (width w = 10:16 mm, height b = 15 mm, �r = 2:53) are presented in Fig. 4.7.

The computations have been performed at f0 = 9:5 GHz for the LSM11 mode.
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Figure 4.7: The normalized susceptances b0 and bs versus gap length (a) input short suscep-

tance bs, (b) input open susceptance bs. Computation were performed with FDTD software.

Guide parameters are given in text.

Having computed bs and bo the corresponding values of the inversion coeÆcient K(l)

and electrical length �(l) are found using the relations (4.5) and (4.6). The results for the

example are presented in Fig. 4.8.

Since the required inversion coeÆcients Ki;i+1 and the inverter parameters K and � are

known, the dimensions of the NRD-guide air gap coupled �lter are calculated. The air

gap lengths li, which meet the required values of the inversion coeÆcients Ki;i+1 for each
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Figure 4.8: Computed parameters of the impedance inverter versus the gap length l: (a)

inversion coeÆcient K and (b) phase angle �. Guide parameters are given in text.
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Figure 4.9: Phase relations for the unit section of the �lter: (a) the physical structure and

(b) the corresponding K-inverter equivalent network.

impedance inverter, are determined using the plot presented in Fig. 4.8 (a). If one knows

the values li, the corresponding values of �i are determined using the plot presented in

Fig. 4.8 (b). Next, the lengths of the NRD-guide half wave resonators are found in the way

presented graphically in Fig. 4.9. As shown in Fig. 4.8 (b), the air gap has negative electrical

length for every value of li. These negative electric lengths are realized by combining the

electrical lengths of two adjacent impedance inverters with the electrical length of the half

wave resonator which is located between the inverters. Since the electrical length between

two adjacent impedance inverters is �=2 for the half wave �lter, the obtained physical length
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of the i� th resonator is shortened and its value is calculated as follows

di =
1

�0
(� � �i + �i+1

2
) (4.7)

where �0 is propagation constant of the LSM11 mode at f0.

4.2.3 Filter synthesis using distributed half-wave step-impedance

prototype

The method with half-wave step-impedance prototype has been under development over a

few decades. The brief description of its main developments is presented below.

One of the �rst �lter synthesis methods of direct coupled cavity �lters which used the

quarter-wave transformer or distributed low pass prototype �lter, was proposed by Young

[75]. Young's method works very well for bandwidths up to 20 % or even more and low

standing wave ratio VSWR in the pass band, of order 1.07 or less. The accuracy of the

methods depends on parameters of a particular �lter. The main drawback of the method is

diÆculty in practical use. The method requires the knowledge of one of the prototype circuit

parameters, which is usually unknown and need to be guessed. Hence the so called trial-and-

error procedure has to be used. Based on work of Young, Levy proposed another method

where the design is also based on a distributed low pass prototype circuit [102]. When

compared with Young's procedure this method o�ers simplicity in use and very accurate

results for all �lters excluding the most extreme con�gurations. The method can be applied

to the design of the �lters which can have relatively large bandwidth (up to 40 %) and

low VSWR down to 1.01. The limitations of the method in a particular case depend on

various coeÆcients such as the type of response, bandwidth, required VSWR level, cuto�

frequencies, stop band attenuation and so on. The important drawback of the method

of Levy is lack of the explicit formulae for the element values of the prototype �lter like

those available for the �lter design in the lumped domain. In addition, in the distributed

domain, the bandwidth scaling factor can not be neglected but its form is di�erent for various

bandwidths. Therefore the incorporation of the scaling factor into the explicit formulae is

not straightforward. The solution of this problem was presented by Rhodes who presented

the design formulae for the stepped impedance distributed low pass prototype �lters with

Chebyshev and maximally at response [103]. Further modi�cation to the method was

proposed by Shih who applied the method to design the E-plane waveguide bandpass �lters

of the Chebyshev type [104]. Shih's contribution was an equivalent circuit of the prototype

�lter in the form of distributed network where the �lter discontinuities are described in the

form of scattering matrices. The method was used to design E-plane waveguide �lters and

was found to give accurate results for bandwidths up to 30 % and the ripple level of order

0.01 dB to 0.2 dB.

In this thesis the design method which use distributed step impedance prototype is

applied for the synthesis of NRD-guide �lters [105]. The formulae for both, Chebyshev and

maximally at (Butterworth), types of �lter response are provided. In the method, the half-

wave stepped impedance prototype �lter is taken as a starting point to the synthesis. Each
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gap in a �lter, which corresponds to an impedance step in a prototype �lter, can be treated

as a discontinuity with certain scattering properties. Then, using the explicit formulae, one

can determine the values of reection coeÆcients S11i required at each discontinuity to meet

the design speci�cation. Finally, the values of resonators lengths di and the size of the air

gaps li are calculated [106].

The characterization of an air gap reection coeÆcients as a function of a gap length

can be done using an arbitrary technique. In this work the Quick-Wave 3D-simulator based

on FDTD method [74] is used, but any other method can be applied instead.

This method has one main advantage when compared to other �lter synthesis methods

applied to design the NRD-guide �lters. In the procedure the requirements for the discon-

tinuities are given in terms of scattering parameters. This fact is of signi�cant importance

because the description does not depend on the impedance de�nition. In an NRD-guide

non-TEM hybrid modes can propagate and the �rst higher order mode, the LSM11 mode,

is usually used. As noted in section 2.3 the impedance can be de�ned in di�erent ways. The

choice of the proper impedance de�nition is not obvious and usually has to be considered

separately for each particular case. The use of scattering parameters to the description

discontinuity properties eliminates this uncertainty.

The other advantage of the presented method is the characterization of a discontinuity

using FDTD software. Although a �lter is designed at given center frequency, the results of

FDTD method are valid in certain frequency band. Hence, one run of the software produces

data which allow one to design �lters within certain frequency band.

Z 1 Z 2 Z n bR  = 1aR  = 1

λg0/2 λg0/2 λg0/2

bR  = 1aR  = 1 Z 1 Z 1 Z 10,1
K

λg0/2 λg0/2 λg0/2

K
1,2

K
2,3

K
n,n+1

bR  = 1aR  = 1 Z 1 Z 1 Z 1

λg0/2 λg0/2 λg0/2

1,2 2,3 n,n+10,1
S S S S

(c)

(b)

(a)

Figure 4.10: Bandpass �lter prototypes: (a) half-wave stepped impedance network, (b) half-

wave �lter with impedance inverters network, (c) half-wave �lter with scattering matrices

network.

The design procedure di�ers slightly for equiripple and maximally at response, therefore

both cases are presented. First, the design of the �lters with nearly optimal equiripple
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response (Chebyshev), and next the maximally at (Butterworth) design are discussed.

4.2.3.1 Filters with Chebyshev response

For design of a �lter one has to specify desired �lter parameters such as �lter response,

bandwidth, center frequency and �lter attenuation in pass and stop bands. On given spec-

i�cations the procedure can be divided into the following steps.

Step 1. The procedure starts from the computation of guide wavelengths �g1; �g2 which

correspond to the de�ned band-edge frequencies f1 and f2.

Step 2. Next, the center guide wavelength �g0, which correspond to the center frequency

f0, and parameter � are determined from the following equation

� =
�g1

�g0
sin

��g0

�g1
= ��g2

�g0
sin

��g0

�g2
: (4.8)

Step 3. The ripple level in the pass band is usually speci�ed as a function of the

maximum insertion loss LAr [dB]. In such case the parameter h is computed as follows

h =

p
10LAr=10� 1: (4.9)

If the ripple level in the pass band is given as a function of a standing wave ratio V SWR

then

h =
V SWR� 1

2

p
V SWR

: (4.10)

Step 4. When the parameters h, � and guide wavelengths are known, the number of a

�lter sections n is found using a standard technique from the condition of the attenuation

level LAs in the stop band. For a reactance coupled �lter the theoretical transmission

characteristics are accurately described by the formula presented in [104]

j S12 j2 = 1

1 + h2T 2
n

�
� sin �
��

� (4.11)

where

� =
��g0

�g
(4.12)

�g is a guide wavelength, �g0 is a guide wavelength computed using relation (4.8) and Tn is

a Chebyshev polynomial of the �rst kind

Tn(x) = cosh(n cosh�1
): (4.13)

Equation (4.11) is Levy's version of the formula presented by Young in [75]. It takes into

account the frequency dependence of the discontinuities appearing in the �lter structure.

Levy shows [102] that it has signi�cant inuence on the �lter characteristics and should not

be neglected. In the case of the NRD-guide bandpass �lters this formula is not valid for the
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�lters with relatively large bandwidths (10% and more). Therefore, for such bandwidths

the frequency mapping in � domain is used. Detail discussion on this subject is presented

in appendix D.

Step 5. Once n is known, the synthesis procedure uses the �rst equivalent network,

shown in Fig. 4.10(a), which is a half-wave step-impedance prototype. The �lter is composed

of a series of half-wave transmission line sections with di�erent impedance each. One section

corresponds to a resonator in a standard �lter design technique. The required impedances

for each section are computed using the following relations

Zr =

2 sin

h
(2r�1)n

2n

i
y�

� �

4y

2
4y2 + sin

2
(
r�
n
)

sin

h
(2r+1)�

2n

i +

y2 + sin
2
h
(r�1)�

n

i
sin

h
(2r�3)�

2n

i
3
5 (4.14)

for r = 1; 2; : : : ; n and

Zr = 1 r = 0; n+ 1 (4.15)

where

y = sinh

"
sinh

�1 1
n

n

#
: (4.16)

The equation (4.14) published in [104] has contained printing error and has been corrected

based on the paper by Rhodes [103].

Step 6. The �lter realization from the cascade of transmission lines with di�erent

impedances each is highly impractical in most cases. When one intends to use an uniform

guide to build a �lter the discontinuities introduced by the impedance steps have to be

inserted in a di�erent way. An equivalent network shown in Fig. 4.10(b) is used to this

purpose. Now the discontinuities are described by impedance inverters and all line sections

have the same unit impedance. Using equations (4.14) � (4.16) the inversion coeÆcients

Ki are calculated as follows

Kr;r+1 =

vuuut1 +

�
sin[

r�

n
]

y

�2

ZrZr+1

r = 0; 1; : : : ; n: (4.17)

Step 7. Finally, the parameters of the basic equivalent circuit are determined (Fig. 4.10(c)).

In this network each discontinuity is represented by the reection coeÆcients given by

(S11)r;r+1 =
K2

r;r+1 � 1

K2
r;r+1 + 1

: (4.18)

The discontinuity is assumed to be lossless and reciprocal. Hence its scattering matrix S is

unitary and all parameters of S matrix can be computed from S11i;i+1 parameter.

The method determines the required values of the reection coeÆcients at each discon-

tinuity of the half wave �lter. The practical realization of the discontinuities depends on

the technology applied to �lter construction.
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4.2.3.2 Filters with maximally-at response

For the maximally at response, the computation of reection coeÆcients is similar to the

Chebyshev case. The steps 1 to 3 and step 7 are the same. The steps 4 to 6 are modi�ed

as follows.

Step 4. Similarly to the Chebyshev case, the number of sections n is determined using

standard technique which requires the knowledge of the attenuation level in the stop band.

The theoretical response for band pass direct coupled cavity �lters with maximally at

response can be approximated by the following equation [103]

j S12 j2 = 1

1 +

�
� sin �
��

�2n (4.19)

where � is given by (4.12).

Step 5. Parameters for the equivalent network from Fig. 4.10 (a) are given by the

formulae

Zr =

2 sin

h
(2r�1)�

2n

i
�

2
41� �2

cos(
��
n
)

4 sin

�
(2r�3)�

2n

�
sin

�
(2r+1)�

2n

�
3
5 (4.20)

for r = 1; 2; : : : ; n and

Zr = 1 r = 0; n+ 1: (4.21)

Step 6. The parameters of impedance inverter network (Fig. 4.10 (b)) are determined

as follows

Kr;r+1 =
1p

ZrZr+1

r = 0; 1; : : : ; n: (4.22)

Finally, the required values of reection coeÆcients for the network from Fig. 4.10 (c)

are calculated using equation (4.18) (Step 7). As in the case of Chebyshev �lters the form

of the discontinuities depends on the guide chosen to build the �lter.

4.2.4 Synthesis of an NRD-guide �lter using half-wave

step-impedance prototype

The �rst part of the design is independent on the technology used to build the �lter. The

way of determining the required values of the reection coeÆcients at the discontinuities of

the basic network equivalent circuit (Fig. 4.10 (c)) was presented in two previous sections for

Chebyshev and maximally at cases, respectively. The practical realization of a discontinuity

in the form of an air gap between two NRD-guides (Fig. 4.11 (a)) is discussed in this section.

The corresponding network representation of an air gap, in the form of a scattering matrix

is presented in Fig. 4.11 (b). Gaps of di�erent lengths result in di�erent values of S11. The

relations between S11 and the gap length can be found using an arbitrary technique. Here
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0 0Z Z
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Figure 4.11: (a) An air gap discontinuity in an NRD-guide and (b) its equivalent circuit

representation when the network with scattering matrices is used.

the FDTD software is used. For the sake of demonstration the results for the NRD-guide

working in X-band are presented in Fig. 4.12. The NRD-guide parameters are as follows:

w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422); the calculations has been performed

at f0 = 9:5 GHz for the LSM11 mode. The dispersion characteristics for this guide are

presented in Fig. 2.3.
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Figure 4.12: Computed reection coeÆcient for an NRD-guide gap as a function of gap

length at frequency f0 = 9:5 GHz: (a) amplitude of S11, (b) phase of S11. The NRD-guide

parameters are given in text.

Having calculated the required values of the reection coeÆcients (equation (4.18)), one

determines the gap lengths li using the results plotted in Fig. 4.12 (a). Next the lengths of

the resonators are found. For a given �lter prototype all S11's have to be real, so the phase

angle should be 0 or �. To ful�l this condition, the reference planes (R-R in Fig. 4.13) for
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θi i+1θi+1θθi

ε rε r ε r

dili li+1

R’ R R R’ R’ RR’R

π

Figure 4.13: A shift of S11i;i+1 reference planes for two adjacent gaps in NRD-guide �lter.

which these parameters were computed, should be moved towards the center of a gap to a

new position (lines R'-R' in Fig. 4.13) by an angle �i computed from

�i =
� � �i

2
(4.23)

where �i is a phase of a S11i;i+1 corresponding to li (Fig. 4.12 (b)). The electrical distance

between the new reference planes of the two adjacent gaps is � for the half-wave �lter.

Hence, one can calculate the i-th dielectric resonator length di from the following relation

di =
1

2�0
(�i + �i+1) (4.24)

where �0 is the propagation constant for center frequency f0 of the LSM11 mode.

4.3 Design examples

The synthesis methods presented in the previous sections are used to design the air gap �l-

ters. The classical method which uses low pass prototype serves as a reference method, when

the results obtained by half-wave step-impedance method are discussed. The computation

of the parameters of the air gap discontinuities are done with the FDTD software.

Two groups of the air gap �lters, working in two frequency bands, have been designed.

For obvious reasons, the experimental veri�cation of each synthesized �lter is impossible.

Therefore, the FDTD software is used as a basic tool to determine response of the �lters.

� Filters designed for U-band. In the U band the �lter with 2% bandwidth and

center frequency f0 = 49:5 GHz is investigated. The �lter is designed using three

synthesis methods. Then the obtained results are compared with the theoretical re-

sponse. Because a practical realization and an experimental veri�cation of the �lter

is impossible, the measurement data of the �lter are taken from the plots published

in [73].

� Filters designed for X-band. Several �lters having di�erent bandwidths and center

frequency f0 = 9:5 GHz are investigated. Both methods presented in this work are
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of Chebyshev response with 0:1 dB ripple level in the pass band has following parameters:

center frequency f0 = 49:5 GHz, 2 % bandwidth de�ned at band edge frequencies at which

the attenuation level LAe = 3 dB.

4.3.1.1 Filter design using the low-pass prototype and the variational method

The �rst method, which was presented by Yoneyama in [73], uses a low pass prototype

equivalent circuit to design the �lter. The method is very similar to the method described in

section 4.2.1. The main di�erence between them lies in the way the impedance inverters were

determined. Yoneyama used variational method, while in the method described in section

4.2.1 FDTD software has been applied. The dimensions of the designed �lter and values of

the impedance inverters K and � produced by the method are taken from the article and

are presented in Fig. 4.15 (a) for completeness. The simulated �lter response is presented

in Fig. 4.15 (b) and (c) together with the theoretical prediction and the measurement. The

experimental data are read from a small and hand made plot presented in the article, so

they present only rough estimation of the measured values.

Gap length Resonator length Inverter parameters

[mm] [mm] K Value � Value [rad]

l1; l4 1.6 d1; d3 2.72 K01, K34 0.34 �1, �4 -1.466

l2; l3 3.5 d2 2.72 K12, K23 0.11 �2, �3 -1.422
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Figure 4.15: (a) Filter dimensions and impedance inverters parameters of the �lter with

f0 = 49:5 GHz and 2% bandwidth together with �lter response : (b) general view, (c)

detailed view in the pass band. The procedure with low pass prototype and variational

method is used to design the �lter. Filter dimensions and measurement data are taken from

the article [73].
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4.3.1.2 Filter design using the low-pass prototype and the FDTD method

The second method used to design the �lter is described in section 4.2.1. At the beginning,

the short and open normalized susceptances bs and bo are calculated versus the gap length,

for the guide used to build the �lter, using the FDTD software (Fig. 4.16). Then the

impedance inverter parameters are found from the equations (4.5) and (4.6); the results

are plotted in Fig. 4.17. Normalized susceptances and inverter parameters are computed at

f0 = 49:5 GHz for the LSM11 mode. Finally, the �lter dimensions are computed.
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Figure 4.16: Results of normalized susceptances b0 and bs computation versus gap length: (a)

electric wall boundary in the symmetry plane, (b) magnetic wall boundary in the symmetry

plane. Computation were performed with the QuickWave-3D package.
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Figure 4.17: Computed parameters of impedance inverter versus gap length l: (a) inversion

coeÆcient K and (b) phase angle �.
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The parameters of the impedance inverters obtained with the method and the �lter

dimensions are shown in Fig. 4.18 (a). The simulated �lter response and the corresponding

theoretical characteristics are plotted in Fig. 4.18 (b) and (c).

Gap length Resonator length Inverter parameters

[mm] [mm] K Value � Value [rad]

l1; l4 1.66 d1; d3 2.95 K01, K34 0.3402 �1, �4 -1.286

l2; l3 3.72 d2 2.90 K12, K23 0.1097 �2, �3 -1.343
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Figure 4.18: Filter dimensions and impedance inverters parameters of the �lter with f0 =

49:5GHz and 2% bandwidth together with �lter response : (b) general view, (c) detailed

view in the pass band. The procedure with low pass prototype and FDTD software were

used to design the �lter.

4.3.1.3 Filter design using the half-wave step-impedance prototype

The third way of the �lter design is to apply the method, described in section 4.2.3, with half-

wave step-impedance prototype. The reection coeÆcient S11 of the air gap discontinuity

versus gap length is computed using FDTD software; results of the computations at f0 =

49:5 GHz for the LSM11 mode are plotted in Fig. 4.19.

During the design, the procedure determines the values of the elements of the equivalent

circuits. These values are listed in Fig. 4.20 (a) together with the calculated �lter dimensions.

Values of Zi are normalized to Z1 = Z5 = 1. The results of numerical simulation of the

�lter are presented in Fig. 4.20 (b) and (c) together with a theoretical response.
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Figure 4.19: Reection coeÆcient of an NRD-guide air gap as a function of gap length at

frequency f0 = 49:5 GHz: (a) amplitude of S11, (b) phase of S11. Guide parameters are

given in the text.

Gap length Resonator length Circuit parameters

[mm] [mm] Z Value K Value S11 Value

l1; l4 1.69 d1; d3 2.64 Z2; Z4 8.5557 K01, K34 0.3419 S111 ; S114 0.7907

l2; l3 3.39 d2 2.64 Z3 16.8893 K12, K23 0.1116 S111 ; S114 0.9754
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Figure 4.20: Filter dimensions and parameters of the equivalent circuits of the �lter with

f0 = 49:5GHz and wf = 2% together with �lter response : (b) general view, (c) detailed

view in the pass band. The procedure with half-wave step-impedance prototype and FDTD

software were used to design the �lter.
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4.3.1.4 Comparison of the designs

The accuracy of the design is de�ned as a di�erence between the simulated and theoreti-

cally predicted results. To compare the �lter parameters the following error de�nitions are

introduced. The fractional bandwidth error �wf is computed as follows

�wf =j wd
f � ws

f j [%] (4.25)

where fractional bandwidth wf is speci�ed as

wf =
j f2 � f1 j

f0
� 100 [%] (4.26)

and the center frequency error �f0 is de�ned as

�f0 =
j f d0 � f s0 j

f d0
� 100 [%]: (4.27)

In (4.25) and (4.27) the indices s and d denote the value obtained from simulation and the

one given in the design speci�cation, respectively. The selected parameters of the designed

�lters are summarized in Table 4.1.

Low pass Low pass Half-wave

Parameter prototype prototype step-impedance

+ variational + prototype

method FDTD software + FDTD software

f0 [GHz] 49.375 48.94 49.495

�f0 [%] 0.25 1.13 0.01

wf [GHz] 1.01 0.78 1.17

wf [%] 2.04 1.58 2.36

�wf [%] 0.04 0.42 0.36

Table 4.1: Results of the three methods used to design the 3-pole 0.1dB Chebyshev �lter

with f0 = 49:5 GHz and bandwidth wf = 2%.

Results for a low pass prototype. The �lter designed using low pass prototype (LPP)

and variational method has bandwidth nearly equal to the predicted one. The bandwidth

error equals only 0.04 %. All the same, the center frequency is signi�cantly shifted towards

lower frequencies by the value of 0.125 GHz (�f0 = 0:25 %).

The low pass prototype used together with FDTD software yields large shift of the

center frequency (�f0 = 1:13 %) towards lower frequencies. Moreover, the bandwidth is

reduced from 2% to 1.58%. In addition the maximal ripple level grows up to value of -0.46

dB at f = 49 GHz (Fig. 4.18). The comparison between two LPP methods shows that
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the poor results in the second case are caused mainly by inaccurate FDTD computation of

impedance inverter parameters. It has been observed that the magnitudes of reection and

transmission coeÆcients are computed accurately. However, the phase of a transmission

coeÆcient is determined with greater accuracy than the phase of reection coeÆcient. The

latter one is used in calculation of �lter dimensions in the low pass method therefore the

inaccuracy in it is transferred directly to the �lter response.

Results for a half-wave step-impedance prototype. The �lter designed using a

half-wave step-impedance prototype (HWSIP) together with FDTD software has the center

frequency equal to the speci�ed one (�f0 = 0:01%). The �lter bandwidth is wider than the

desired one by 170 MHz (�wf = 0:36%) and the ripple level in the pass band falls down

to maximally -0.19 dB for certain frequency points (Fig. 4.20). Although the bandwidth is

slightly wider than the speci�ed one, further investigation of this problem showed that this

drawback could be eliminated. Nearly the exact value of center frequency suggests, that

the proper bandwidth width can be obtained by appropriate bandwidth scaling. Similar

scaling was introduced by Cohn at the design of waveguide �lters with shunt inductive post

or iris [99]. This assumption was con�rmed by the numerical tests. The bandwidth with the

value almost the same as the designed one was obtained when the bandwidth was de�ned

at 2 dB level instead of 3 dB one. In this case the designed �lter has the parameters nearly

equal to the designed ones. The straightforward incorporation such a scaling factor into

the design procedure is not a trivial task because the factor depends on various coeÆcients

such as bandwidth, center frequency and guide parameters. Nevertheless, the simple way to

determine the scaling factor is to carry out the synthesis followed by the FDTD simulation.

The scaling factor is then found by the ratio of a nominal bandwidth to the simulated one.

Concluding remarks. Comparing results for low pass prototype and half-wave step-

impedance prototype some general remarks can be given. For the LPP, a signi�cant shift

of center frequency towards lower frequencies is observed in both LPP cases. The HWSIP

yields the center frequency located exactly at the desired position. The bandwidth error

and the ripple level are slightly larger in the HWSIP than for the more accurate LPP. In

some systems, such as multiplexers and demultiplexers, the accurate design which preserves

the center frequency position is of great importance. From this point of view the HWSIP

yields better results than the LPP. Finally, the bandwidth error in HWSIP can be reduced

by introducing an empirical scaling factor into the design procedure.
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4.3.2 Examples of NRD-guide �lters designed at f0 = 9:5 GHz

The second group of �lters was designed for the X-band. The following parameters were

assumed about the NRD-guide: w = 10:16 mm, b = 15 mm, �r = 2:53 (Rexolite 1422). The

dispersion characteristics of this guide are shown in Fig. 2.3.

The series of �lters, have been designed to test the validity of the synthesis methods.

The three section Chebyshev �lters have been designed using both low pass prototype and

half-wave step-impedance prototype. The fractional bandwidth has been assumed to values

of 1%, 1.9%, 5% and 10%. The ripple level LAr and the attenuation at band edge frequencies

LAe have been chosen to have the same value of 0.5 dB. All �lters have been designed at

center frequency f0 = 9:5 GHz.

4.3.2.1 Filter design using low-pass prototype

The calculated normalized susceptances bs and bo for the NRD-guide are shown in Fig. 4.7.

The corresponding values of impedance inverter parameters K and � are presented in

Fig. 4.8. For each investigated �lter the equivalent circuit parameters, �lter dimensions

and �lter response are collected in Fig. 4.21 to Fig. 4.23.

Gap length Resonator length Inverter parameters

[mm] [mm] K Value � Value [rad]

l1; l4 12.68 d1; d3 12.3 K01, K34 0.3118 �1, �4 -1.624

l2; l3 25.56 d2 12.04 K12, K23 0.1173 �2, �3 -1.685
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Figure 4.21: (a) Filter dimensions and impedance inverters parameters of the �lter with

f0 = 9:5GHz and fractional bandwidth wf = 1% together with �lter response: (b) general

view, (c) detailed view in the pass band.
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Gap length Resonator length Inverter parameters

[mm] [mm] K Value � Value [rad]

l1; l4 12.68 d1; d3 12.3 K01, K34 0.3118 �1, �4 -1.624

l2; l3 25.56 d2 12.04 K12, K23 0.1173 �2, �3 -1.685
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Gap length Resonator length Inverter parameters

[mm] [mm] K Value � Value [rad]

l1; l4 12.68 d1; d3 12.3 K01, K34 0.3118 �1, �4 -1.624

l2; l3 25.56 d2 12.04 K12, K23 0.1173 �2, �3 -1.685
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Figure 4.22: (a) Filter dimensions and impedance inverters parameters of the �lter with

f0 = 9:5GHz and fractional bandwidth wf = 1:9% together with �lter response: (b) general

view, (c) detailed view in the pass band. (d) Filter dimensions and impedance inverters

parameters of the �lter with f0 = 9:5GHz and fractional bandwidth wf = 5% together with

�lter response: (e) general view, (f) detailed view in the pass band.



Chapter 4 NRD-guide �lters 104

Gap length Resonator length Inverter parameters

[mm] [mm] K Value � Value [rad]

l1; l4 3.56 d1; d3 13.42 K01, K34 0.7163 �1, �4 -1.506

l2; l3 5.12 d2 13.31 K12, K23 0.619 �2, �3 -1.532
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Figure 4.23: (a) Filter dimensions and impedance inverters parameters of the �lter with

f0 = 9:5GHz and fractional bandwidth wf = 10% together with �lter response: (b) general

view, (c) detailed view in the pass band.

4.3.2.2 Filter design using half-wave step-impedance prototype

The results of �lter design using the half-wave step-impedance prototype are presented

in this section. The procedure requires computations of the air gap reection coeÆcients

versus the gap length. The results are shown in Fig. 4.12. Figures in this section show �lter

responses and the parameters of the equivalent circuits used in the design for 1%, 1.9%,

5% and 10% bandwidths. The design of the �lter with 1.9 % bandwidth has been veri�ed

experimentally. The results obtained from measurement and corresponding discussion are

presented in section 4.5.
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Gap length Resonator length Circuits parameters

[mm] [mm] Z Value K Value S11 Value

l1; l4 16.53 d1; d3 10.99 Z2; Z4 19.5201 K01, K34 0.2263 S111 ; S114 0.9025

l2; l3 33.11 d2 10.80 Z3 38.8145 K12, K23 0.0.619 S111 ; S114 0.9924
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Figure 4.24: (a) Filter dimensions and parameters of the equivalent circuits used in the

HWSIP method for the �lter with f0 = 9:5GHz and fractional bandwidth wf = 1%. Filter

response: (b) general view, (c) detailed view in the pass band.

Gap length Resonator length Circuits parameters

[mm] [mm] Z Value K Value S11 Value

l1; l4 12.86 d1; d3 11.17 Z2; Z4 10.2929 K01, K34 0.3117 S111 ; S114 0.8229

l2; l3 25.78 d2 10.89 Z3 20.3478 K12, K23 0.1179 S112 ; S113 0.9725
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Figure 4.25: (a) Filter dimensions and parameters of the equivalent circuits used in the

HWSIP method for the �lter with f0 = 9:5GHz and fractional bandwidth wf = 1:9%.

Filter response: (b) general view, (c) detailed view in the pass band.
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Gap length Resonator length Circuits parameters

[mm] [mm] Z Value K Value S11 Value

l1; l4 7.33 d1; d3 11.75 Z2; Z4 3.9309 K01, K34 0.5044 S111 ; S114 0.5984

l2; l3 12.57 d2 11.47 Z3 7.2461 K12, K23 0.3197 S111 ; S114 0.8145
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Figure 4.26: (a) Filter dimensions and parameters of the equivalent circuits used in the

HWSIP method for the �lter with f0 = 9:5GHz and fractional bandwidth wf = 5%. Filter

response: (b) general view, (c) detailed view in the pass band.

Gap length Resonator length Circuits parameters

[mm] [mm] Z Value K Value S11 Value

l1; l4 4.15 d1; d3 12.39 Z2; Z4 2.2438 K01, K34 0.6676 S111 ; S114 0.3834

l2; l3 5.08 d2 12.33 Z3 3.4387 K12, K23 0.6142 S111 ; S114 0.4521
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Figure 4.27: (a) Filter dimensions and parameters of the equivalent circuits used in the

HWSIP method for the �lter with f0 = 9:5GHz and fractional bandwidth wf = 10%. Filter

response: (b) general view, (c) detailed view in the pass band.
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4.3.2.3 Comparison of the designs

The results of the numerical veri�cation of the Chebyshev type �lters designed using low-

pass and half-wave step-impedance prototypes are summarized in Tables 4.2 to 4.5. The

de�nitions of center frequency and relative bandwidth errors are given by the equations

(4.27) and (4.25). These errors, for the investigated �lters, are plotted in Fig. 4.28.

Method f0 [GHz]
�f0
[GHz]

�f0 [%] wf [GHz] wf [%] �wf [%]

Low pass

prototype
9.398 0.102 1.077 0.094 1.0 < 0.01

Half-wave

step-impedance

prototype

9.499 0.001 0.002 0.104 1.098 < 0.01

Table 4.2: Results of the two method used to design the �lter with f0 = 9:5GHz and

bandwidth wf = 1% (0.095 GHz).

Method f0 [GHz]
�f0
[GHz]

�f0 [%] wf [GHz] wf [%] �wf [%]

Low pass

prototype
9.392 0.108 1.136 0.16 1.7 0.2

Half-wave

step-impedance

prototype

(HWSIP)

9.499 0.001 0.015 0.181 1.902 < 0.01

Table 4.3: Results of the two method used to design the �lter with f0 = 9:5GHz and

bandwidth wf = 1:9% (0.1805 GHz).

Method f0 [GHz]
�f0
[GHz]

�f0 [%] wf [GHz] wf [%] �wf [%]

Low pass

prototype
9.42 0.08 0.81 0.509 5.41 0.41

Half-wave

step-impedance

prototype

9.532 0.032 0.33 0.574 6.02 1.02

Table 4.4: Results of the two method used to design the �lter with f0 = 9:5GHz and

bandwidth wf = 5% (0.475 GHz).
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Method f0 [GHz]
�f0
[GHz]

�f0 [%] wf [GHz] wf [%] �wf [%]

Low pass

prototype
9.51 0.01 0.14 1.124 11.82 1.82

Half-wave

step-impedance

prototype

9.60 0.1 1.1 1.27 13.26 3.26

Table 4.5: Results of the two method used to design the �lter with f0 = 9:5GHz and

bandwidth wf = 10% (0.95 GHz).
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Figure 4.28: Results of the 3 section �lters with f0 = 9:5 GHz: (a) center frequency error,

(b) fractional bandwidth error.

Results for narrow bandwidths. For narrow bandwidths the center frequency error

is very small (up to 0.3 % at 5% bandwidth) when the half-wave step-impedance prototype

is used. In the case of the low pass prototype a signi�cant shift of center frequency towards

lower frequencies and greater center frequency error of 1% level are observed. Also, the

bandwidth of the narrow band is better approximated for the HWSIP design (�wf < 0:01

% for 1.9% bandwidth ) than for the LPP design (corresponding �wf = 0:2). Nevertheless,

the bandwidth error is at relatively low level in both method. The ripple level does not fall

below the speci�ed -0.5 dB level for nearly all �lters. Only do the �lters with 1% bandwidth

slightly exceed -0.5 dB ripple level for some frequency points. The LPP �lter has a maximal

ripple level equal -0.87 dB at f = 9:42 GHz (Fig. 4.21) and for the HWSIP �lter it is -0.72

dB at f = 9:55 GHz (Fig. 4.24). Looking at the plots one can notice that the simulated

results never reach the 0 dB level in the pass band. For narrow band �lters the Q factor of

the resonators is high, therefore the simulation time of the FDTD method should be much

more longer in order to calculate �lter response with suÆcient accuracy.
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Results for wide bandwidths. The results for 10% and possibly wider bandwidth

should be discussed separately. The center frequency error decreases for LPP method and

rapidly increases for HWSIP method. The bandwidth errors increase for both methods. A

closer investigation of the �lter dimensions shows that the gap lengths for both �lters are

signi�cantly smaller than for the �lters with narrower bandwidths. For smaller gaps the

guides couple via higher order modes. Fields of these modes, although attenuated in the

gap, can reach the second end of the gap. Both design methods neglect higher order modes.

As a result one gets much worse �lter responses.

Concluding remarks. In general, the results show, that the predicted and obtained

values of center frequency are in very good agreement for the HWSIP method. Compared

with the LPP method the advantage of the HWSIP method in this area is visible. The

bandwidth error is on the same low level for both methods. As expected, the errors increase

for wider bandwidths for both methods.

The limits of application of the HWSIP method depend on various factors such as the

NRD-guide parameters, frequency band, center frequency, required accuracy. For the guide

and center frequency selected in tests (both are considered to be typical), the application of

the method with half-wave step-impedance prototype to design the �lters is limited by the

maximum 10 % bandwidth, assuming that the maximal center frequency error is allowed

to be at 1% level. For such bandwidths, the HWSIP method allows one to build the �lters

with acceptable parameters. It should be highlighted here that preserving the accuracy of

center frequency, the bandwidth error of the HWSIP method can be signi�cantly reduced

by incorporating scaling factor into procedure.

In general, the results obtained for �lters with relatively wide bandwidths should be

treated with special attention because, in some cases, the results could be highly inaccurate.

4.4 Numerical veri�cation of method with half-wave

step-impedance prototype

The previous section showed that the HWSIP method gives, in general better results than

the LPP method. To investigate the method a little further many �ltering structures with

Chebyshev and maximally at response have been designed. The number of �lter sections

n was treated as a parameter varied from n = 2 to n = 5. The fractional bandwidths were

1%, 1.9%, 5% and 10%. Two types of the �lter response have been investigated:

� Chebyshev (equiripple) response. For this response the tested �lters had the pass

band ripple level LAr equal 0.1 dB and 0.5 dB and the attenuation level LAe of 0.1

dB, 0.5 dB at the band edge frequency.

� Maximally at (Butterworth) response. The �lters with maximally at response

were tested for LAe = 3dB at band edge frequency.

The center frequency f0 was assumed at 9.5 GHz for all �lters. The numerical veri�cation

of the �lter designs was carried out using the FDTD software, the parameters of each
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design were compared with the corresponding theoretical predictions. To determine the

range of applicability of the synthesis method, the relative bandwidth error and the relative

center frequency error have been computed. The de�nitions of these errors are given by

the equations (4.25) and (4.27). The errors are plotted versus the relative bandwidth. The

NRD-guide used in the design is the same as for the �lters discussed in section 4.3.2.
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Figure 4.29: Numerical results for NRD-guide bandpass �lters: (a) relative bandwidth error

and (b) relative center frequency error. Filter parameters: Chebyshev response, 2{5 sections,

f0 = 9:5 GHz, ripple level x = 0:1 dB.
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Figure 4.30: Numerical results for NRD-guide bandpass �lters: (a) relative bandwidth error

and (b) relative center frequency error. Filter parameters: Chebyshev response, 3{5 sections,

f0 = 9:5 GHz, ripple level x = 0:5 dB.
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Results for Chebyshev response. For the bandwidths up to 5% the �wf is on

the level of 0.5 % for Chebyshev designs having 0.1dB and 0.5dB ripple level (Fig. 4.29

(a) and Fig. 4.30 (a)). The error reaches its lower limit of about 0.1 % or even less for

1.9% bandwidth for all discussed designs. For the increased values of bandwidth, the error

becomes higher. The higher number of section n the �lter has, the lower bandwidth error is

observed, especially for wider bandwidths. Almost for every design the method assures the

bandwidth error less than or equal to 1% for the designs with bandwidth up to 5%. The

error rises to 2.4% at 5% bandwidth (Fig. 4.29 (b)) only for the 2 section 0.1dB design.

For both Chebyshev cases, the center frequency error �f0 slightly exceeds the 1% level

only for a few designs with wf = 10%. The accuracy of the method is very high for the

narrow-band designs. The �f0 is below 0.4 % level for almost all Chebyshev designs with

relative bandwidth up to 5%. A special attention should be paid for the bandwidth around

2%. In this region the error falls below 0.1 %. In contrast to the bandwidth error, the �f0
does not depend on the number of �lter sections. This e�ect is clearly seen in Fig. 4.30 (b).
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Figure 4.31: Numerical results for NRD-guide bandpass �lters: (a) relative bandwidth error

and (b) relative center frequency error. Filter parameters: maximally at response, 3{5

sections, f0 = 9:5 GHz, band edge attenuation level x = 3 dB.

Results for maximally at response. Slightly di�erent results are observed for

the designs with maximally at characteristics. The relative bandwidth error does not go

beyond 1% level for the majority of the designs which have bandwidth in the range 1% to

5% (Fig. 4.31 (a)). Similarly to the Chebyshev case, �wf falls down to 0.2 % level or even

less, for bandwidth of around 2%.

The center frequency error increases when the bandwidth becomes greater. Nevertheless,

for almost all designs it does not rise above the 1% level. For narrow bandwidths �f0 has

values lower than 0.5 % and reaches the maximum value at 0.4 % level for 5% relative

bandwidth. The results obtained for the designs with bandwidth lower or equal 2% appear

to be very good. For these designs the �f0 error is lower than 0.05 %. In contrast to the
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Chebyshev designs, the accuracy of the method depends on the number of sections of �lter.

The �lters with higher n have not only lower level of �f0 but also lower level of bandwidth

error (Fig. 4.31 (b)).

Conclusions. The results of the discussion presented above can be summarized as

follows.

� The high accuracy of the center frequency design is one of the important advantages

of the method with HWSIP.

{ The �f0 does not exceed 1% for the majority of the designs, for both Chebyshev

and maximally at responses.

{ Extremely low level of center frequency error (�f0 � 0:1%) is observed for almost

all designs with narrow bandwidth (up to 2%)

{ The center frequency error is practically independent of the number of �lter sec-

tions for the Chebyshev designs, while for the �lters with maximally at response

the inuence of n can be noticed only for wider bandwidths.

� The accuracy of the bandwidth in the HWSIP method is good for narrow bandwidth

and decreases for larger bandwidths for all cases.

{ For both the Chebyshev and maximally at cases, the bandwidth error does not

exceed 1% level for almost all designs.

{ The improvement in bandwidth error is observed when the number of �lter sec-

tions n is increased. This e�ect appears for the Chebyshev and maximally at

designs.

4.5 Experimental veri�cation of the method with the

half-wave step-impedance prototype

The comparison of �lter design methods was based purely on numerical analysis. In order

to investigate the level of con�dence in these results, two �lters working in X-band have

been designed, manufactured and measured. The method with half-wave step-impedance

prototype has been used to design the �lters with Chebyshev and maximally at character-

istics. The NRD-guide used to construct the �lters is the same as for the �lters discussed

in previous sections. Detailed parameters of the NRD-guide used can be found in section

2.4.4.

The vector network analyzerWiltron 37269A has been used to perform the measurement.

For each �lter the cascade composed of two NRD-guide to rectangular waveguide transitions

and the �lter has been measured. The parameters of the transitions have been determined by

applying the TRL calibration procedure. Then the �lter parameters have been de-embedded

from the measured data. The detailed description of measurement techniques used in the

experimental veri�cations is outlined in appendix B.
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Figure 4.32: The NRD-guide �lter designed using the HWSIP method. Filter parameters:

Chebyshev characteristic type, 3 sections, f0 = 9:5 GHz, ripple level x = 0:5 dB, bandwidth
wf = 1:9%.

The results obtained from measurements include the transmission losses inserted by the

�lter. To account for this, the level of the losses was calculated as follows. The transmission

losses of the �lter structure are caused by lossy dielectric and lossy conducting plates. In the

investigated frequency band the total loss of an NRD-guide are caused mainly by the lossy

dielectric, while the conductor losses are more than order of magnitude smaller (Fig. 2.18 in

section 2.4.4). Therefore, only the losses introduced by dielectric resonators are taken into

account and the conductor losses introduced by the parallel plate sections are neglected (see

section 2.4 for detailed discussion about losses).

In order to compare the experimental results with theoretical predictions the losses

introduced by the dielectric into the measured �lter are subtracted from the measured

characteristics. Then, for the obtained results, the bandwidth error and center frequency

error of the �lter are determined.

4.5.1 Results for �lter with Chebyshev response

The results obtained from the HWSIP design for the Chebyshev �lter with 3 sections,

1.9% bandwidth, 0.5 dB ripple level and f0 = 9:5 GHz are listed in Table 4.6. The �lter

responses obtained from measurements are presented in Fig. 4.33 together with theoretical

and simulated results.

The numerical results satisfy design speci�cation very well, �f0 < 0:02 % and �wf <

0:01 %. Also very good agreement between theory and experimental results is observed

(Table 4.6). The center frequency error equals only 0.05 % and the bandwidth error is at

0.03 % level.

The measurement plots include transmission losses of the �lter structure, therefore the
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theoretical approximation of the �lter losses is also plotted. The agreement between theo-

retical loss prediction and the measured values is very good. In both cases the losses inserted

by the �lter are on the 0.25 dB level.

Veri�cation

method
f0 [GHz]

�f0
[GHz]

�f0 [%] wf [GHz] wf [%] �wf [%]

Numerical

results (FDTD

software)

9.499 0.001 0.015 0.181 1.902 < 0.01

Measurement

results (+loss

correction)

9.504 0.004 0.05 0.183 1.93 0.03

Table 4.6: Results of the numerical and experimental veri�cation for the �lter design using

HWSIP method with Chebyshev response. Filter has the center frequency f0 = 9:5GHz

and bandwidth wf = 1:9% (0.1805 GHz).
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Figure 4.33: Numerical simulation and experimental results of the 3 section �lter with

f0 = 9:5 GHz fractional bandwidth wf = 1:9%: (a) general view, (b) detailed view. The

HWSIP method and FDTD software were used to design the �lter.

4.5.2 Results for �lter with maximally at response

For the maximally at �lter with 3 sections and 1.9% bandwidth the HWSIP design pro-

cedure gives the circuits parameters and �lter dimensions presented in Table. 4.7. The

�lter responses: determined theoretically, computed numerically and the measured one are

plotted in Fig. 4.34.
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Gap length Resonator length Circuits parameters

[mm] [mm] Z Value K Value S11 Value

l1; l4 10.23 d1; d3 11.29 Z2; Z4 6.5066 K01, K34 0.3902 S111 ; S114 0.7336

l2; l3 27.02 d2 10.87 Z3 12.745 K12, K23 0.1098 S113 ; S112 0.9762

Table 4.7: Filter dimensions and parameters of the equivalent circuits of the 3 section

maximally at �lter with f0 = 9:5GHz and wf = 1:9%. The HWSIP method and FDTD

software were used to design the �lter.
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Figure 4.34: Numerical simulation and experimental results of the 3 section maximally at

�lter with f0 = 9:5 GHz and wf = 1:9%. The procedure with step-impedance half-wave

prototype and FDTD software were used to design the �lter.

Veri�cation

method
f0 [GHz]

�f0
[GHz]

�f0 [%] wf [GHz] wf [%] �wf [%]

Numerical

results (FDTD

software)

9.503 0.003 0.03 0.177 1.86 0.04

Measurement

results(+ loss

correction)

9.504 0.004 0.042 0.177 1.86 0.035

Table 4.8: Results of numerical and experimental veri�cation of �lter with maximally at

response, center frequency f0 = 9:5GHz and bandwidth wf = 1:9% (0.1805 GHz).



Chapter 4 NRD-guide �lters 116

The agreement between the theory and measurement is very good. The shift of center

frequency is less than 0.05 % and the bandwidth error is equal 0.035 % (Table 4.8). Also the

numerically computed results �t well theoretical characteristics. The center frequency error

�f0 is equal 0.03 % and the relative bandwidth error �wf = 0:04 %. The theoretical curves

for transmission are in good agreement with the numerically computed ones. The reection

curve of measured �lter has its maximal value -26.5 dB at 9.475 GHz and illustrates higher

reection of the �lter in the passband than the predicted one, especially in the higher part of

passband of the measured �lter. This discrepancy is caused mainly by imperfect mechanical

realization of the �lter, nevertheless the reections are kept on the acceptable level in the

pass band.

The theoretically predicted losses are at the 0.28 dB level, while the measurement losses

of the de-embedded �lter are even smaller and equal 0.14 dB (Fig. 4.34 (b)). This disagree-

ment is caused by inaccurate determination of the transitions parameters. The measure-

ment results are de-embedded from the cascade transition - �lter - transition using TRL

calibration method. However, for this experiment the calibration data obtained at earlier

measurements were used to determine the transition characteristics. For each measurement

the transitions had to be re-mounted therefore their parameters may slightly vary due to

inaccuracies in the mechanical �xing.
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Conclusions

The rapid development of the systems located at millimeter waves generates need for new

technologies which enable construction of complete integrated circuits designed to work

in commercial systems. One of the promising technologies is the NRD-guide technology,

therefore in this thesis the methods of designs and analysis of selected passive elements

built in this technology are investigated.

At the beginning of this thesis the parameters of an NRD-guide are described and simple

NRD-guide discontinuity, used in bandpass �lter design, is analyzed. Then, in the main part

of the work, the method of design of selected passive elements such as transition from an

NRD-guide to a rectangular waveguide, NRD-guide bandpass �lters and NRD-guide couplers

are proposed. The results of the research are summarized in the followed paragraphs.

NRD-guide. An NRD-guide is an semi-open structure, therefore, the preferable CAD

software, suitable to analysis NRD-guide components, should have the absorbing boundary

conditions implemented in order to obtain accurate results. However, very often in the

CAD software, only closed structures can be analyzed and the NRD-guide structure has to

be limited by inserting lateral PEC or PMC. In such case the knowledge of the distance d

between a dielectric slab and the closing walls which assures accurate results is essential.

In this work the inuence of the closing walls position on the computation accuracy of

the NRD-guide parameters such as phase constant and impedance has been investigated.

Because no practical and universal remarks, devoted to this problem, can be found in the

literature, the author proposed determination of d in terms of the guide wavelength of the

LSM11 mode, the operating mode used in the NRD-guide. Such selection has additional

advantage because it assures accurate results also for lower order LSE modes. Although

these modes are usually treated as the parasitic ones, they are taken into consideration

in analysis of some passive elements. The results of the author research showed, that the

distance d = �g=2 assures the computation of the phase constant and both considered

impedance types (i.e. wave and characteristic power-voltage impedances) with the relative

error below 0.1 % level. This results are valid for the LSM11, LSE11 and LSE10 ("distorted"

TE10) modes guided in a typical NRD-guide as well as for both types of the lateral screens.

When a simple air gap discontinuity, used in construction of NRD-guide �lters, is con-

sidered, d have to be increased due to the scattering of the mode �elds. It has been shown

117
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that d = 3�g=4, where �g refers to the LSM11 mode, is suÆcient to obtain accuracy better

than 0.1 % when the magnitude and phase of scattering parameters are computed using the

CAD software.

Although the formulae for transmission losses for selected modes have been published in

earlier works, in this thesis the general formulae for calculation of dielectric and conducting

losses of the LSM and LSE modes are provided. Then the losses of the typical NRD-guides

working in the X and U-bands have been investigated. It has been shown that in the X-band

the conducting losses can be neglected while in the higher frequency regions, such as U-band,

both loss components have to be considered. Such observation simpli�es the analysis and

interpretation of the results obtained from measurements of the trial circuits which are

usually built in lower frequencies (e.g. X-band) due to lower cost, easier manufacturing and

higher availability of measurement systems.

Transition between a rectangular waveguide and an NRD-guide. The transition

between a rectangular waveguide and NRD-guide has been designed in order to allow one the

measurements of manufactured trial passive elements. In earlier works the classical TEM

procedure using the wave impedance de�nition has been applied to design such transition. In

this work the application of the characteristic power-voltage impedance has been proposed

by the author. As a result, the transition with signi�cantly better parameters has been

achieved. The improvement for the typical NRD-guide designed for X-band of about 5-7 dB

has been achieved when the results are compared with the designs where the wave impedance

de�nition has been used. Nevertheless, the more thorough investigation of the method shows

that its area of application is limited. This is because the NRD-guide supports only non-

TEM modes. Although the additional phase correction procedure has been applied to the

design in order to account the dispersive nature of the modes guided in the NRD-guide, it

is practically impossible to achieve the results which assure matching better than 25-30 dB

in the selected frequency band. This results has to be regarded as quite satisfactory since

it is at the same level as for other types of transitions between non-TEM lines reported in

literature [88].

On the other hand, the importance of application of a design procedure is presented.

The results of the multimode analysis carried out in this thesis show, that the non-optimized

transition with linear pro�les possesses higher input reection coeÆcient (by about 10-15

dB) and it does not assure the required conversion from the TE10 mode to the LSM11 mode.

It has been observed, that in such example transition the parasitic LSE11 mode is excited

and up to 35 % of the energy can be transferred to this mode.

In the practical measurement systems the parameters of the manufactured transitions

have to be determined in order to obtain accurate results of a measured device. Therefore,

the application of the TRL calibrating procedure to the NRD-guide technology has been

proposed in this work. By the best author knowledge the TRL procedure is the �rst time

applied to the NRD-guide technology. The procedure assures high accuracy and has several

advantages such as an easy numerical implementation and simple construction of standard

calibration circuits. For a typical NRD-guide working in the X-band a calibration kit has

been developed and the related software has been created. Accordingly, the determination of
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the manufactured transitions has been possible. Moreover, with the transitions parameters

in hand, the application of the classical de-embedding procedure allows one to obtain the

parameters of the measured device.

NRD-guide bandpass �lters. To design of NRD-guide bandpass �lters the method

with Low Pass Prototype (LPP) has been used by other authors. In this work another

synthesis method is proposed. The NRD-guide band pass �lter con�guration is similar to

the E-plane waveguide bandpass �lters. Such �lters has been designed with high accuracy

using the method with Half-Wave Step-Impedance Prototype (HWSIP). This was a rationale

for selecting this method to design NRD-guide �lters. To the best author knowledge this

method has not been applied yet to the NRD-guide technology. When compared to the

LPP method the HWSIP method gives better results in the center frequency design. It has

been shown that for several narrow band designs the relative center frequency error falls

down below 0.01 % error level, which is signi�cantly better than in the LPP method. Also,

for wider pass bands, accuracy in center frequency design is very high and more accurate

than in the LPP method. It has to be noted that the relative bandwidth error is slightly

greater than in the LPP method, but this drawback can be eliminated by applying a simple

correction factor. The factor can be easily determined because the HWSIP method is very

accurate in center frequency design. On the contrary for the LPP method the computation

of such correction factor is rather diÆcult and depends on various coeÆcients.

Both methods use synthesis procedures and assume that the parameters of the disconti-

nuities, appearing in the �lter structure, are known. In this work the FDTD software is used

to determine them. This selection of the software enables the generation of large data set

in one software run. It allows one the design the �lters having di�erent center frequencies

using the same data set.

The accuracy of the HWSIP method has been investigated thoroughly in order to de-

termine the limits of application of this method to NRD-guide �lter design. Therefore,

numerical test have been performed for a large number of �lter designs with di�erent �lter

response, various relative bandwidth and number of sections. It is shown that for narrow

band designs (� 5%) the HWSIP method yields very good results. The accuracy of the

method decreases when �lters with wider bandwidths are considered 1.

The numerical results obtained using the HWSIP method were veri�ed experimentally

and very good agreement between theory and measurements was obtained.

NRD-guide couplers. Several aspects concerning NRD-guide couplers have been pre-

sented by the author in other publications. In this work the complete design procedure and

several practical remarks are presented. The main advantage of the described procedure is

simplicity of it application and low numerical costs. Moreover, the procedure allows one to

design the couplers with di�erent topologies.

Concluding remarks. This thesis shows that the selected passive elements built in

NRD-guide technology can be designed using simple procedures. The procedures are char-

acterized by very low numerical costs and require the usage of numerical methods only to

1The same is true for the LPP approach. Both methods fail because higher order modes interaction is

neglected and large bandwidths imply small distance between discontinuities.
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characterization of standard elements. The presented approaches gives good results when

applied to design NRD-guide couplers and transitions between an NRD-guide and a rect-

angular waveguide. Very good results have been achieved in the design of bandpass �lters.

Selected design of �lters, transitions and couplers have been veri�ed experimentally validat-

ing the accuracy of the proposed techniques.



Appendix A

Proximity NRD-guide couplers

A.1 Introduction

Often encountered in the communication systems working in the millimeter-wave frequencies

are the circuits which use directional proximity couplers. Such couplers built in the NRD-

guide technology have been studied extensively by the author and the details on this subject

can be found in other publications written by the author (i.e. report [107], master thesis

[108] and the articles [24] [109]). In this appendix only the most important facts concerning

NRD-guide couplers are collected together and the complete design procedure of them is

briey described. The theoretical results are veri�ed experimentally in the K-band.

The NRD-guide couplers have several characteristics features:

� The relative bandwidth of 2 � 10 %. (It is possible to achieve the bandwidth of order

30 % by some simple modi�cation of a basic structure.)

� Scalable coupling factor. Theoretically, the coupling factor is allowed to have any

value. In real structures the most common value is �3 dB, rarely �6 dB or �20 dB.

� No radiation losses at the discontinuities and bends and small transmission losses.

� Large geometrical dimensions compared to the guided wavelength or the size of the

active elements. This simpli�es the fabrication.

� Simple, stable and compact mechanical construction.

� Easy technology of manufacturing with not restrictive tolerance requirements (cross-

sectional dimensions of a coupler are of the order of several millimeters). It allows

fast, massive and cheap production of couplers.

The above features made NRD couplers attractive in the constructing of low cost mixers

[110], integrated transmitters and receivers [8] and antenna systems [23]. In the sections

below the results of the numerical and experimental investigation of selected NRD coupler

structures are presented.
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A.2 Design of dielectric waveguide proximity couplers

The design procedure can be divided into the following steps.

Step 1. In order to design a proximity coupler one has to specify the coupler's parame-

ters. First, the required coupling factor at center frequency f0 is chosen. Then, the coupler

structure and the guide type together with guide dimensions suitable for the selected fre-

quency are selected. Finally, the parameters which can vary in the design are determined.

They can be changed if the design procedure is repeated. These parameters are the min-

imal distance d0 between guides and the parameters describing the coupler structure. For

an example asymmetrical coupler investigated in the section follows, the coupler structure

is determined by the radius R of the coupler branch (see Fig.A.2 (a)). Usually, the coupler

structure and geometry is determined at the beginning and subsequently the distance d0
which assure desired coupling factor is searched at a given frequency.

y

x

z

dz

1 2

34

d(z)

1 2

34

d

(a) (b)

Figure A.1: The method of analysis : (a) studied structure divided into segments, (b)

analyzed equivalent structure.

Step 2. To determine coupler characteristics one has to �nd its scattering matrix

S . To this end, the coupler structure is divided into segments with uniform length dz

(Fig.A.1 (a)). We assume that the distance between guides d in each segment is constant

and known (Fig.A.1 (b)). The ideal matrix S i for each segment can be written as follows

S i
=

0
BB@

0 Si
21 Si

31 0

Si
21 0 0 Si

31

Si
21 0 0 Si

31

0 Si
21 Si

31 0

1
CCA (A.1)

where

S21 = e�j(
k
i
ze

+k
i
zo

2
)dz

cos(Cidz) (A.2)

S31 = �je�j(
k
i
ze

+k
i
zo

2
)dz

sin(Cidz): (A.3)
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To determine Si
21 and S

i
31 we must know the coupling coeÆcient Ci between two parallel

guides in each segment. Using the coupled mode method [111] one can express the coupling

coeÆcient Ci as

Ci
=
kize � kizo

2
(A.4)

where kize and kizo are the longitudinal wavenumbers in the analyzed segment for the even

and odd mode respectively. There are fundamental modes of the coupled guides and an

interaction between them creates the coupling e�ect in coupled guides. The method of the

computation of the wavenumbers kze and kzo depends on the investigated guide type. For

the NRD-guides the transverse resonance method can be applied. The scattering matrix

S of a whole structure is determined by cascading matrices for component sections. To

calculate this matrix we use the transmission matrix formalism. It allows one to calculate

the total characteristics of a chain consists of elements with length dz each. The total

transmission matrix T is expressed by

T = T 1 � T 2 � � � � � T n�1 � T n: (A.5)

The parameters of global matrix S of a coupler are then given by

S21 = T33 (A.6)

S31 = T34: (A.7)

Step 3. Having determined the matrix S of the coupler one can determine its trans-

mission characteristics. The step 2 can be repeated for selected values of d0 yielding the

dependency of the coupling factor versus d0 at given frequency which allows one to �nd the

desired value of d0. Another possible design procedure is to keep the d0 constant changing

the geometry of the coupler structure (in the cited example the radius R shall be changed).

The application of the presented procedure to the NRD-guide couplers is presented in

the next section.

A.3 Design of NRD-guide couplers

A typical structure of an asymmetrical NRD-guide coupler is shown in Fig. A.2 (a). The

structure consists of straight and curved NRD-guides. The coupled NRD-guide is a simple

development of a single non-radiative guide structure [26]. It consists of two rectangular

section dielectric rods (permittivity �r) separated by distance d and sandwiched between

conducting plates (Fig. A.2 (b)). Similar to a single NRD-guide the modes of a coupled

guide can be divided into two groups of hybrid modes denoted as LSMx
e=o and LSE

x
e=o modes

[65]. Indices e and o mean that the �eld variation in central air region is described by an

even or odd function of x.
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Figure A.2: (a) The structure of the NRD-guide asymmetrical coupler. (b) Cross-section of

coupled NRD-guide.

As described in step 2 of the design procedure presented in previous section, in order to

determine the scattering matrix S of single section of coupler we have to calculate coeÆcient

C, given by (A.4). This requires the knowledge of the longitudinal wavenumbers kze and kzo
of the fundamental modes in each coupler section. The propagation characteristics of the

NRD-guide we can calculated using the transverse resonance method (TRM) [56] which is

a method particularly suitable for the analysis of layered waveguides.
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Figure A.3: The equivalent circuits for coupled NRD-guide: (a) magnetic wall for x = 0,

(b) electric wall for x = 0. Zc0,Zcr ,Zl1,Zl2 { wave impedances.

In general the application of the TRM to the coupled NRD-guide structure can be pre-

sented as follows. The cross-section of the multi-layer structure is represented by a trans-

mission line equivalent circuit. Each section of the line in the equivalent circuit corresponds

to one layer of the analyzed structure. Investigating the equivalent circuit for the even LSM

modes (Fig.A.3) we get the following condition for the resonance

tan kxra =

�r�x0
kxr

h
1 + coth

�x0d

2

i
1�

�
�r�x0
kxr

�2
coth

�x0d

2

(A.8)
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and similarly for the odd LSM modes

tan kxra =

�r�x0
kxr

h
1 + tanh

�x0d

2

i
1�

�
�r�x0
kxr

�2
tanh

�x0d

2

(A.9)

where �x0 is the attenuation constant and kxr is the wavenumber, both in the x direction.

The relation between kxr and �x0 can be found using the separability condition for regions

with dielectric constant �r and �0

!2
(�r � 1)�0�0 = �2

x0
+ k2xr : (A.10)

Finally, the longitudinal wavenumber kz can be found from the separability condition

kz =
q
�rk

2
0 � k2xr � k2yr : (A.11)

where

k0 = !
p
�0�0 (A.12)

and the kyr is the wavenumber in the y direction

kyr = ky0 =
n�

b
n = 0; 1; 2; :::: (A.13)

Solving (A.8) and (A.9) for di�erent frequencies and using (A.11) to (A.13) for each section

of the coupler we get the dispersion characteristics for kze or kzo required for the coupling

coeÆcient.

Having determined the coupling coeÆcient for the coupled NRD-guide guides the char-

acteristics discussed in the step 3 of the procedure can be computed and the dimensions of

the desired coupler determined.

A.4 Design example and experimental results

To verify the design method described in the preceding sections, we have designed an asym-

metrical coupler (Fig.A.2 (a)) with the following speci�cations:
center frequency : f0 = 30 GHz

relative 1dB bandwidth : �f=f0 � 2:5%
coupling factor : �3 dB
It was assumed that the dimensions of the NRD-guide designed to work in K-band are:

w = 3:56 mm, b = 4:45 mm, �r = 2:53; the radius R=40 mm. The numerical analysis

showed that the desired speci�cation can be achieved for d0 = 1 mm. The computed

frequency behavior are shown in Fig. A.4 (solid lines). The results of experiments are

displayed in Fig.A.4 (measured points). Good agreement between theory and experiment

was observed. It was numerically simulated and experimentally veri�ed that S parameters

of the NRD-guide coupler structures are very sensitive to the d0 parameter. Therefore, the
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slight shift of the characteristics versus the frequency axis can be explained by diÆculty in

exact adjustment of d0 in the measured structure (adjustment error �0:25 mm).

It can be noted from Fig.A.2 that the numerical analysis predicts two -3dB coupling

points. One -3dB coupling point at 30 GHz and a second -3dB point which occurs at 37.5

GHz. The �rst -3dB coupling point gives a narrower band operation 0.75 GHz or 2.5 %.

Much broader bandwidth can be obtained at 37.5 has the bandwidth with maximum 1dB

imbalance is 2.8 GHz or 7.5 %.

The experiment con�rms the theoretical �ndings. The measured bandwidth at 30.25

GHz is 2.5 % and at 36.2 GHz it is 7.5 %. These results show that it is possible to design a

narrow-band or broadband -3dB coupler by selecting an appropriate -3dB frequency point.

The desired value of center frequency can be designed by selecting dimensions and dielectric

permittivity of dielectric rod or by changing parameters of a coupler structure d0 and R.

The isolation in the 28 � 40 GHz band is of order �35 dB. Some transmission losses

were observed caused by dielectric losses of the NRD-guides and imperfect transitions used

in measurement. This results in shifting of the measured characteristics, versus the S-

parameter axis, towards the lower values.
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Figure A.4: Asymmetrical NRD-guide coupler with d0 = 1:0 mm. Solid lines: numerical

analysis, magnitudes S21 and S31. Points: measured data, � { magnitude S21, + { magnitude

S31.

For the given coupler structure the dependency of transmission parameters versus d0 has

been investigated at the frequency f0 = 30 GHz (Fig. A.5). The numerical analysis shows

that, theoretically, couplers with coupling coeÆcient varied from nearly -50 to 0 dB can be

realized. For weak couplings with S31 below -20 dB, the coupling is very sensitive to the
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Figure A.5: Transmission parameters of the asymmetrical NRD-guide coupler versus mini-

mal distance d0. Solid lines: numerical analysis, magnitudes S21 and S31. Points: measured

data, � { magnitude S21, + { magnitude S31.

inaccuracies in setting distance d0. When usual -3 dB coupling is considered lower inuence

of the improper d0 selection is observed. Numerical simulations are veri�ed by experiments.

Good agreement between theory and measurements is obtained.

A.5 Conclusions

The discussion concerned to NRD-guide couplers can be summarized as follows

� Couplers with di�erent coupling coeÆcient can be designed.

� The coupling coeÆcient is very sensitive for the inaccuracy in d0 �xing, especially for

couplings below -20 dB.

� For some structures two points, each for di�erent frequency, have the required coupling

level.

� Experimental veri�cation shows that dielectric losses can be on relatively high level

and should be considered during the design.
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TRL calibration

B.1 TRL calibration technique

The scattering parameters of a microwave device are usually measured using a vector net-

work analyzer (VNA). In many practical situations, the VNA can not be connected directly

to the DUT (Device Under Test) due to di�erent waveguide types mounted at the VNA and

DUT ports. Therefore, the transitions from one waveguide standard to another one have to

be used, which means that instead DUT the cascade composed of two transitions and DUT

is measured. In general, the transitions can be treated as the two port error boxes connected

to the VNA ports, which introduce systematic errors into the measurements (Fig. B.1). To

determine the parameters of these error boxes, various calibration techniques are used [112].

The accuracy of the measurements depends on the quality of calibration standards and accu-

racy of calibration method. For the systems where waveguides are used, the common choice

is the TRL method (Thru-Reect-Line) [113]. This method is selected due to its advantages

over other standard calibration methods, such as OSL (Open-Short-Load) or SL (Sliding

Load), which are suitable rather for calibrating coaxial line systems [114]. Therefore, in this

work the TRL method is selected to determine the scattering parameters of the transitions

between a rectangular waveguide and an NRD-guide. There are no commercially available

calibration standards concerning NRD-guide circuits, therefore, the NRD-guide calibration

kit, suitable for the TRL method, has been designed and manufactured. The TRL method

and its application to NRD-guide �lter measurements is described below.

TRL method. In the TRL method, three calibration circuits are de�ned. The "thru"

circuit is composed of two error boxes connected in a cascade (Fig. B.2 (a)). The "reect"

circuit is created by termination the output ports of the error boxes by the devices with

high input reection coeÆcient, usually open or short devices are used (Fig. B.2 (c)). In the

"line" circuit a piece of transmission line is inserted between the error boxes (Fig. B.2 (b)).

In the TRL procedure, �rstly three calibration circuits are measured, then the parameters

of the error boxes are determined. The procedure presented in this work is based on paper

by Pantoja et al. [115].
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Figure B.1: Typical measurement con�guration: DUT with two error boxes. The reference

planes of the VNA are located at planes B-B' while the required parameters of an DUT

should be determined at DUT reference planes A-A'.

At the beginning of the procedure the wave cascading matrix R is de�ned as�
b1
a1

�
= R

�
a2
b2

�
: (B.1)

Matrix R is related to the scattering matrix S

R =
1
S21

� �� S11

�S22 1

�
(B.2)

where

� = S11S22 � S12S21: (B.3)

The "thru" cascade (Fig. B.2 (a)) is described by the wave matrix Rt

Rt = RaRb (B.4)

where Ra and Rb are the wave matrices of error boxes A and B. Similarly, the "line" cascade

is described by Rl matrix as follows

Rl = RaRtl Rb (B.5)

where Rtl is the wave matrix of the inserted transmission line. In the next step, Rb is

derived from (B.4) as

Rb = R�1
a Rt : (B.6)
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Figure B.2: Three calibration circuits used in the TRL method: (a) thru, (b) reect, (c)

line.

Using (B.6) Rb is eliminated from (B.5) giving

T Ra = RaRtl (B.7)

where

T = RlR
�1
t : (B.8)

For a line section of length l and the propagation constant , the matrix Rtl has the form

Rtl =

�
e�l 0

0 el

�
: (B.9)

Therefore, (B.7) can be written as

t11r
a
11 + t12r

a
21 = ra11e

�l

t21r
a
11 + t22r

a
21 = ra21e

�l

t11r
a
12 + t12r

a
22 = ra12e

l

t21r
a
12 + t22r

a
22 = ra22e

l:

(B.10)
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By combining equations of (B.10) two quadratic equations can be obtained

t21

�
ra11
ra21

�2

+ (t22 � t11)
ra11
ra21

� t12 = 0 (B.11)

t21

�
ra12
ra22

�2

+ (t22 � t11)
ra12
ra22

� t12 = 0: (B.12)

The roots of these equations
�
ra
12

ra
22

�
and

�
ra
11

ra
21

�
are related to the scattering parameters of

the error box A as follows

ra11
ra21

=
�a

Sa
22

= Sa
11 �

Sa
12S

a
21

Sa
22

(B.13)

ra12
ra22

= Sa
11: (B.14)

To determine the corresponding scattering parameters of the error box B, a similar procedure

is applied. Matrix Ra is obtained from (B.5)

Ra = RlR
�1
b Rtl : (B.15)

Then, by inserting Ra to (B.4), we arrive at

Rb T = Rtl Rb : (B.16)

The line section is characterized by (B.9), hence, the above equation can be presented in

the following form

t11r
b
11 + t12r

b
21 = rb11e

l

t21r
b
11 + t22r

b
21 = rb21e

�l

t11r
b
12 + t12r

b
22 = rb12e

l

t21r
b
12 + t22r

b
22 = rb22e

�l:

(B.17)

Combining equations of (B.17) two quadratic equations are found

t12

�
rb11
rb12

�2

+ (t22 � t11)
rb11
rb12

� t21 = 0 (B.18)

t12

�
rb21
rb22

�2

+ (t22 � t11)
rb21
rb22

� t21 = 0 (B.19)

where roots of (B.18) and (B.19) (i.e.
rb21
rb
22

and
rb11
rb
12

) are related to the scattering parameters

of the error box B in the following manner

rb11
rb12

=
��
Sb
11

= �Sb
22 +

Sb
12S

b
21

Sb
11

(B.20)
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rb21
rb22

= �Sb
22: (B.21)

To obtain other parameters of the error boxes the information obtained from the "reect"

circuit is used. The reection coeÆcients �1 and �2 at input ports of the error boxes A and

B are given by

�1 = Sa
11 +

Sa
12S

a
21

1=�R � Sa
22

(B.22)

�2 = Sb
22 +

Sb
12S

b
21

(1=�R)� Sb
22

(B.23)

where �R is the reection coeÆcient of the device connected to the output ports of the error

boxes A and B. Equations (B.22) and (B.23) can be written as

Sa
22

�
1 +

X

A

�
= Sb

11

�
1 +

Y

B

�
(B.24)

where

X =
Sa
12S

a
21

Sa
22

(B.25)

Y =
Sb
12S

b
21

Sb
11

(B.26)

A = �1 � Sa
11 (B.27)

B = �2 � Sb
22: (B.28)

For clarity, new coeÆcient C is now introduced using the results obtained from the "thru"

con�guration

St
11 � Sa

11 =
Sa
12S

a
21S

b
11

1� Sa
22S

b
11

= C (B.29)

where St
11 is the input reection coeÆcient of the "thru" con�guration. Now, the following

relation can be written

Sa
22S

b
11 =

�
1 +

X

C

�
�1

: (B.30)

Taking (B.24) and (B.30) the Sb
11 and Sa

22 are found as

Sb
11 = �

"�
1 +

X

A

��
1 +

Y

B

�
�1�

1 +
X

C

�
�1
#1=2

(B.31)
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Sa
22 = Sb

11

�
1 +

Y

B

��
1 +

X

A

�
�1

: (B.32)

Till now all reection coeÆcients of the error boxes A and B have been determined. The

remaining transmission parameters are found by combining (B.25) and (B.26) which leads

to the following relations

Sa
12S

a
21 = XSa

22 (B.33)

Sb
12S

b
21 = Y Sb

11: (B.34)

As a result, all scattering parameters of the error boxes A and B are determined.

In the method, only one choice of the root of (B.31) is correct. This root is selected in

the following manner. Using (B.22) we have

�R
�1

= Sa
22 +

Sa
12S

a
21

�1 � Sa
11

= Ke�j� (B.35)

where � is the argument of middle part of (B.35) and K is its magnitude, �R can be

presented as

�R = j�Rjej�R: (B.36)

Comparing (B.35) and (B.36) one can notice that the magnitude of �R corresponds to K

and its phase �R corresponds to �. To make a correct choice in (B.31) the rough estimation

of the phase �R of the reected device should be known. Wrong sign in (B.31) results in

phase o�set of � equal �=2, therefore, by comparing � with estimation of �R obtained from

(B.35) the proper selection can be done. It is worth to notice, that �R can be estimated very

roughly. Even if the estimation error equals nearly �=4 the accurate results are obtained.

The optimal selection of the line length in the "line" circuit is �=4. For the line length

equal �=2 the system of equations (B.4) and (B.5) is ill-conditioned and the procedure

yields unacceptable errors. This e�ect, which limits application of the method to a certain

bandwidth, will be showed in one of the following sections. Various modi�cation of the TRL

method, such as the one presented in [116] which propose multiline TRL method eliminate

this drawback, but the discussion of this problem is beyond the scope of this work and is

not presented here.

The main advantages of the TRL method, applied to waveguide systems, can be sum-

marized as follows

� The measurements of three, easy to construct, calibration circuits are required.

� For the non-ideal reection with high reection coeÆcient �R only rough approxima-

tion of �R phase is suÆcient to obtain accurate results.

� Although the length of the measured line, in the "line" circuit, limits the method to

certain bandwidth, easy modi�cation of the TRL method can give accurate results in

wider bandwidth.
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B.2 NRD-guide TRL calibration kit

To perform measurements of NRD-guide components in the X-band NRD-guide calibration

kit has been designed. The NRD-guide dimensions are the same as the ones speci�ed for

the NRD-guide �lters (see chapter 4). The transitions between NRD-guide and rectangular

waveguide, described in detail in chapter 3, are treated as the unknown error boxes A and

B.

The "thru" calibration circuit is composed of two transitions connected back to back

(Fig. B.4). In the "line" circuit the NRD-guide of the length l = 13 mm is inserted between

transitions (Fig. B.5). Note, that for the selected NRD-guide and f0 = 9:5 GHz l � �g=4,

where �g is the guide wavelength of the LSM11 mode. The high reective terminations are

realized as the short circuits (Fig. B.3). For this choice the estimation of the phase �R can

be done with greater accuracy than required in the TRL method.

Figure B.3: The "reect" calibration circuit of the X-band NRD-guide calibration kit. The

closing metal plates are taken away to demonstrate the entire circuit.

B.3 De-embedding of the NRD-guide �lter

In this section a practical application of the TRL method is presented. For the sake of an

example, the results of the measurements of the 3 pole 0.5 dB Chebyshev NRD-guide �lter

with 2% bandwidth and center frequency f0 = 9:5 GHz are presented. The �lter is described
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Figure B.4: The "thru" calibration circuit of the X-band NRD-guide calibration kit. The

upper metal plates are removed to demonstrate the circuit structure.

Figure B.5: The "line" calibration circuit of the X-band NRD-guide calibration kit. The

upper metal plates are removed in order to present the inside of the circuit.

in section 4.3.2. The measurements have been performed using the vector network analyzer

WILTRON 37269A.

In the �rst step, the VNA ports have been calibrated using standard TRL procedure

implemented in the VNA. Then, the parameters of two transitions between an NRD-guide

and a rectangular waveguide have been characterized using the TRL method together with

the X-band NRD-guide calibration kit, both are described in the preceding sections. The

transitions have been designed using the method described in chapter 3. Although the

parameters of the transitions obtained from the calibration are described and discussed in
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chapter 3, their characteristics are presented here in wider frequency band (Fig. B.7) to

illustrate the importance of the proper line length selection. If the line length l in "line"

calibration circuit is about �g=4 the accurate results are obtained. When the frequency

increases also l is longer in terms of guide wavelength and reaches �g=2 near 11 GHz for the

LSM11 mode. For this guide wavelengths the TRL method yields highly inaccurate results.

This e�ect is clearly seen in (Fig. B.7) for both transmission and reection coeÆcients at

frequencies above 11 GHz.

A’ B’

SA BSSDUT

SM

B A

Figure B.6: De-embedding of the NRD-guide �lter: SA and SB are the scattering matrices

of the error boxes A and B, SDUT is the scattering matrix of DUT and the scattering matrix

SM corresponds to the cascade composed of two error boxes and DUT.

Having determined the parameters of the transitions standard de-embedding procedure

is applied to extract the �lter parameters. The scattering parameters SM of the cascade

composed of error boxes and the �lter have been measured at reference planes B � B0

(Fig. B.6); SA and Sb denote scattering matrices of error box A and B, respectively1. To

extract scattering parameters of the �lter the scattering matrices are converted into the

corresponding transmission matrices T for which the equation holds

TM = TA TDUT TB : (B.37)

The matrix TDUT is found from

TDUT = T�1
A TM T�1

B : (B.38)

Finally, the matrix TDUT is converted into the corresponding scattering matrix and the

parameters of the �lter measured at reference planes A � A0 are obtained (Fig. B.6. The

parameters of the measured cascade and the de-embedded �lter are shown in Fig. B.8.

1For consistency with the preceding sections, the transitions are described as the error boxes A and B

and the �lter is denoted as DUT.
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Figure B.7: De-embedded parameters of error boxes: (a) magnitudes of reection and trans-

mission coeÆcients of error box A, (b) magnitudes of reection and transmission coeÆcients

of error box B.
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Figure B.8: De-embedding of the 3-pole 0.5 dB Chebyshev �lter: (a) general view, (b)

detailed view. The bandwidth is equal 2% and the center frequency f0 = 9:5GHz.



Appendix C

Fields in NRD-guide

In this appendix the �eld solutions for the structures with closing magnetic walls and with

exponential �eld decay in the outer regions are shown. All symbols and indices are explained

in section 2.2, where the NRD-guide structure with closing electric walls is analyzed. There-

fore, here only the key expressions are presented. The coeÆcient e�z is omitted in all �eld

equations for simplicity.

C.1 Field solution for the NRD-guide structure with

exponential �eld decay

The guide structure with exponential �eld decay in outer regions A and C is shown in

Fig. 2.2 (d). If the distance d!1, the structure is treated as a semi open one. Below the

solution for the LSE and LSM modes are presented.

C.1.1 Solution for LSE modes

The Ex component does not exist for the LSE modes, hence, the electric Hertz potential

equals zero

	e = 0: (C.1)

The magnetic Hertz potential has to ful�l the continuity conditions given by (2.9) and (2.10)

at air dielectric interfaces. Therefore, the magnetic Hertz potential in each region is de�ned

as follows

	hA = Aekx0x cos(kyy)e
�z (C.2)

	hB = [B cos(kxdx) + C cos(kxdx)] cos(kyy)e
�z (C.3)

	hC = De�kx0(x2�a) cos(kyy)e
�z: (C.4)

138
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Substitution of the scalar potentials given by (C.2) � (C.4) into the equations (2.23) �
(2.28) yields the �eld expressions

Region A

Ex = 0

Ey = jA!ekx0x cos(kyy)

Ez = �jA!kyekx0x sin(kyy)
Hx =

A
�0�(x)

(k2y � 2)ekx0x cos(kyy)

Hy = � A
�0�(x)

kx0kye
kx0x sin(kyy)

Hz = � A
�0�(x)

kx0e
kx0x cos(kyy)

(C.5)

Region B

Ex = 0

Ey = j! [B cos(kxdx) + C sin(kxdx)] cos(kyy)

Ez = �j!ky [B cos(kxdx) + C sin(kxdx)] sin(kyy)

Hx =
1

�0�(x)
(k2y � 2) [B cos(kxdx) + C sin(kxdx)] cos(kyy)

Hy = � 1
�0�(x)

kxdky [�B sin(kxdx) + C cos(kxdx)] sin(kyy)

Hz = � 1
�0�(x)

kxd [�B sin(kxdx) + C cos(kxdx)] cos(kyy)

(C.6)

Region C

Ex = 0

Ey = jD!e�kx0(x2�a) cos(kyy)

Ez = �jD!kye�kx0(x2�a) sin(kyy)
Hx =

D
�0�(x)

(k2y � 2)e�kx0(x2�a) cos(kyy)

Hy =
D

�0�(x)
kx0kye

�kx0(x2�a) sin(kyy)

Hz = � D
�0�(x)

kx0e
�kx0(x2�a) cos(kyy):

(C.7)

C.1.2 Solution for LSM modes

The structure is the same as in the case of LSE modes. For LSM modes the magnetic

Hertz potential equals zero

	h = 0: (C.8)

Hence, only the electric Hertz potential exist in the structure which can be written in each

region as

	hA = Aekx0x sin(kyy)e
�z (C.9)

	hB = [B cos(kxdx) + C cos(kxdx)] sin(kyy)e
�z (C.10)

	hC = De�kx0(x2�a) sin(kyy)e
�z: (C.11)
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The �elds expressions are obtained by inserting the presented scalar potentials into the �eld

equations (2.43) � (2.48)

Region A

Ex =
A

�0�(x)
(k2y � 2)ekx0x sin(kyy)

Ey =
A

�0�(x)
kx0kye

kx0x cos(kyy)

Ez = � A
�0�(x)

kx0e
kx0x cos(kyy)

Hx = 0

Hy = �jA!ekx0x sin(kyy)
Hz = �jA!kyekx0x cos(kyy)

(C.12)

Region B

Ex =
1

�0�(x)
(k2y � 2) [B cos(k�d�) + C sin(k�d�)] sin(kyy)

Ey =
1

�0�(x)
k�dky [�B sin(kxdx) + C cos(kxdx)] cos(kyy)

Ez = � 1
�0�(x)

kxd [�B sin(kxdx) + C cos(kxdx)] sin(kyy)

Hx = 0

Hy = �j! [B cos(kxdx) + C sin(kxdx)] sin(kyy)
Hz = �j!ky [B cos(kxdx) + C sin(kxdx)] cos(kyy)

(C.13)

Region C

Ex =
D

�0�(x)
(k2y � 2)e�kx0(x2�a) sin(kyy)

Ey = � D
�0�(x)

kx0kye
�kx0(x2�a) cos(kyy)

Ez =
D

�0�(x)
kx0e

�kx0(x2�a) sin(kyy)

Hx = 0

Hy = �jD!ekx0(x2�a) sin(kyy)
Hz = �jD!kyekx0(x2�a) cos(kyy):

(C.14)

C.2 Field solution for the NRD-guide structure closed

by magnetic walls

The NRD-guide structure with the side walls in the form of magnetic walls is shown in

Fig. 2.2 (c). The expression for the LSE and LSM modes de�ned in this structure are

written in the sections that follow.

C.2.1 Solution for LSE modes

For LSE modes only magnetic Hertz potential exists which can be written as

	hA = A cos(kx0x) cos(kyy)e
�z (C.15)

	hB = [B cos(kxdx) + C sin(kxdx)] cos(kyy)e
�z (C.16)

	hC = D cos(kx0(a� x)) cos(kyy)e
�z: (C.17)
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Inserting the magnetic Hertz potentials given by (C.15) � (C.17) into the �eld equations

(2.23) to (2.28), the �elds description is obtained in the following form

Region A

Ex = 0

Ey = jA! cos(kx0x) cos(kyy)

Ez = �jA!ky sin(kx0x) sin(kyy)
Hx =

A
�0�(x)

(k2y � 2) cos(kx0x) cos(kyy)

Hy =
A

�0�(x)
kx0ky sin(kx0x) sin(kyy)

Hz =
A

�0�(x)
kx0 sin(kx0x) cos(kyy)

(C.18)

Region C

Ex = 0

Ey = jD! cos(kx0(a� x)) cos(kyy)

Ez = �jD!ky cos(kx0(a� x)) sin(kyy)

Hx =
D

�0�(x)
(k2y � 2) cos(kx0(a� x)) cos(kyy)

Hy = � D
�0�(x)

kx0ky sin(kx0(a� x)) sin(kyy)

Hz =
D

�0�(x)
kx0 sin(kx0(a� x)) cos(kyy):

(C.19)

The �elds in region B are the same as for the structure with exponential �eld decay and

LSE modes (equation C.6).

C.2.2 Solution for LSM modes

The �elds of the LSM modes are derived from the electric Hertz potential. Its form is given

below

	eA = A sin(kx0x) sin(kyy)e
�z (C.20)

	eB = [B cos(kxdx) + C sin(kxdx)] sin(kyy)e
�z (C.21)

	eC = D sin(kx0(a� x)) sin(kyy)e
�z: (C.22)

The �elds expressions are obtained by putting the presented Hertz potentials into the �eld

equations (2.43) � (2.48)

Region A

Ex =
A

�0�(x)
(k2y � 2) sin(kx0x) sin(kyy)

Ey =
A

�0�(x)
kx0ky cos(kx0x) cos(kyy)

Ez = � A
�0�(x)

kx0 cos(kx0x) sin(kyy)

Hx = 0

Hy = �jA! sin(kx0x) sin(kyy)
Hz = �jA!ky sin(kx0x) cos(kyy)

(C.23)
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Region C

Ex =
D

�0�(x)
(k2y � 2) sin(kx0(a� x)) sin(kyy)

Ey =
D

�0�(x)
kx0ky cos(kx0(a� x)) cos(kyy)

Ez = � D
�0�(x)

kx0 cos(kx0(a� x)) sin(kyy)

Hx = 0

Hy = �jD! sin(kx0(a� x)) sin(kyy)

Hz = �jD!ky cos(kx0(a� x)) sin(kyy):

(C.24)

The �eld expression for region B are presented in section C.1.2 (equation C.13).
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Theoretical characteristics of

NRD-guide bandpass �lter

The ideal theoretical characteristic of a band pass �lter can be approximated in various

ways. The classical approximation is obtained by the low pass to band pass frequency

mapping of the formulae derived for low pass �lter. The frequency transformation usually

used has the form

f 0

f
0

1

=
1

wf

�
f

f0
� f0

f

�
(D.1)

where wf and f0 are fractional bandwidth and center frequency of a bandpass �lter; f 0 and

f
0

1 refer to low pass domain and wf , f , f0 refer to band pass domain. Similar frequency trans-

formations, suitable for various �lter con�gurations and bandwidth ranges, can be found in

the work of Cohn [99]. All these frequency mappings are valid for �lters built of TEM lines.

In waveguides, non-TEM hybrid modes exist, therefore the transformation in wavelength

domain is applied due to dispersive character of the waveguides. This transformation is

expressed as follows (chapter 8 in [64])

f 0

f
0

1

=
2

w�

�
�g0 � �g

�g0

�
(D.2)

where �g0 is the wavelength corresponding to the center frequency, and w� is the fractional

bandwidth in guide wavelength domain. The parameters �g, �g0 and w� refer to bandpass

domain; f 0 and f 01 belong to low pass domain.

The transformations given by (D.1) and (D.2) yield good theoretical approximation of

a �lter response in many cases. However, for certain �lter types, such as direct coupled

cavity �lter, they gives inaccurate results because the additional e�ects which change �lter

response are not taken into consideration.

The more accurate approximations of the response of direct coupled cavity �lters are

given by equations (4.11) and (4.19) for Chebyshev and maximally at response, respectively.

These relations take into account the reactive coupling which appear between sections, and

allow one to determine the response of di�erent waveguide �lter con�gurations with high

accuracy. Hence, these relations are used to describe response of majority of NRD-guide
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Figure D.1: Ideal theoretical characteristics for three section 0.5dB Chebyshev �lter de-

signed for X-band: (a) 1% bandwidth - general view, (b) 1% bandwidth - detail view, (c)

10% bandwidth - general view, (d) 10% bandwidth - detail view. Filter and NRD-guide

parameters are given in text.

�lters investigated in this work. Nevertheless, a closer investigation of accurate responses

shows, that in the case of NRD-guide �lters their estimation error grows rapidly when the

bandwidth is increased. To present this e�ect three �lter transformations are compared.

The frequency transformation, the waveguide transformation and the accurate prediction

given by (4.11) are applied to determine the response of three section 0.5dB Chebyshev

NRD-guide �lters with 1% and 10 % bandwidths. The �lters are designed to work at X

frequency band, their detailed parameters are described in chapter 4.

The results of �lter with 1% bandwidth show, that in the pass band all three ways

yield the same response (Fig. D.1 (a)). In the stop band the � transformation and the

accurate prediction are almost identical, only the frequency transformation o�ers slightly

lower roll on at lower frequencies and higher roll o� at higher frequencies (Fig. D.1 (b)).

This similarity does not hold when the �lter bandwidth is set to 10 %. Although in the

pass band the three ways have the same accurate ripple level (Fig. D.1 (c)), the �lter

responses in the stop band are completely di�erent (Fig. D.1 (d)). In the lower part of the

stop band the � transformation has the highest roll-on of the characteristic, the accurate

prediction is very close to � transformation, while the frequency transformation o�ers the
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lowest level of attenuation. The di�erence between the investigated responses is very high at

the upper part of the stop band. The frequency transformation gives the biggest attenuation,

the � transformation has the attenuation more than two times lower, while the accurate

prediction has the lowest attenuation. The latter one does not fall below -0.5 dB level

which suggests that the formula become completely inaccurate in this case. Therefore the �

transformation is used to determine theoretical response of the �lters with 10 % bandwidth

presented in chapter 4. This response is also in a good agreement with the results of the

numerical simulation of the �lters. The validation of this choice is con�rmed by fairly

well agreement of such theoretically predicted response with the results obtained from the

numerical simulations.
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