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Abstract 

The investigation into three types of dielectric resonators for use in base-station 

filtering applications is presented. 

The triple-mode cubic TE016 resonator is shown to have good performance for 

high Q applications. Its suitability for realising conventional narrowband selective 

bandpass filter responses is proved. The effect on the response of spurious inter- 

cavity couplings through irises is studied. The triple-mode cubic TE016 resonator 

is also used for the realisation of a novel type of filter, the even-odd hybrid mode 

reflection filter, which eliminates the need for cross-couplings for any symmetrical 

frequency response. The insensitivity of the new type of filter to most spurious 

couplings is shown in the case of a sixth degree elliptic filter. The drawbacks of this 

type of filter are also described. 

The new dual-mode conductor-loaded dielectric resonator is presented. An ex- 

act model of the resonator is necessary for an accurate study of this resonator. The 

axial mode-matching technique is used. The relative numbers of modes to use in 

each section of the model for optimum convergence primarily depend on the mode 

type and the relative diameters of the dielectric cylinder and the metal disc. The 

convergence of the resonant frequencies is good. That of the quality factors is slower 

but still provide useful approximate results. These convergences are affected respec- 

tively by large electric and magnetic field amplitudes in singularity regions. The 

resonant frequency and Q. of the fundamental mode are primarily dependent on 

the diameter and height of the dielectric cylinder respectively. The resonator geom- 

etry is optimised for Q. and spurious separation at 900 MHz and trade-offs between 

the two criteria are quantified. The resonator is found to be particularly suited for 

medium Q applications, i. e. between 4000 and 7000. 

The third resonator, the dielectric-loaded TEO,, resonator, is shown to be well 

suited for applications around 2 GHz and requiring Q. 's of a few thousands. The 
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optimum cavity cross-section dimensions for maximum Q,, /volume are almost con- 

stant over a wide range of cavity diameters. The trade-off between Q,, and spurious 

separation is explained. Coupling bandwidth limitations in the case of off-line cav- 

ities are found to be solvable by using off-centred resonators. 80 MHz wide filters, 

optimised for ease of manufacturing, are built. 
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Chapter 1 

Introduction 

1.1 Applications for RF filtering in cellular base stations 

RF filtering plays an important part in cellular base station systems. It is employed 

at different stages of the base station front end and often needs to meet very de- 

manding specifications driven by the extremely rapid development of the mobile 
telecommunication market. Several examples of RF filtering in a base station are 
described below. 

Example 1 

A first example is the diplexer present in the front end of each sector of a base sta- 

tion as shown in Fig. 1.1. This diplexer provides the isolation between transmit and 

receive signals sharing the same antenna. The high power transmit signal, typically 

greater than 20 W, must be prevented from overloading the receiver. This requires 

the Rx filter to have high attenuation levels over the transmit frequency band. The 

antenna 
diplexer LNA 

down 
R 

conversion 

T--< Tx up 
conversion 

muiticaMer PA 
or power combiner 
+ several PAs 

Figure 1.1: Block diagram of a base station front end 
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Tx filter also has stringent requirements on its stopband attenuation as it has to 

prevent out-of-band harmonics generated by the power amplifier being transmit- 

ted. In addition, it has to suppress the noise generated by the power amplifier in 

the receive band, which would otherwise affect the sensitivity of the receiver. The 

diplexer should also generate very low passive intermodulation [6], as intermodula- 

tion products of the signals in the transmit band could fall into the receive band 

and cause interference. Finally, both filters must have low insertion loss. Extra 

loss created by the filter in the transmit band would need to be compensated for 

by a bigger, more expensive power amplifier and decrease the efficiency of the base 

station. On the receive side, insertion loss decreases the sensitivity of the receiver. 
Typical insertion loss specifications differ, depending on the surface area covered by 

the base station. Although all base stations are required to be small to comply with 

planning restrictions, low power base stations covering small cells have extreme size 
limitations. Small cells are usually created in urban areas in order to increase the 

network's capacity and the base station will need to be easily deployed, for example, 

on the side of buildings. As a result, their insertion loss specification can be relaxed 

as the need for size reduction outweighs the need for efficiency and sensitivity. Ta- 

ble 1.1 and Fig. 1.2 show typical specifications and the spectral mask of the receive 
branch for a PCS front end diplexer. 

Gain (dB) 

a 
-0.9 

-12 

-29 

-90 

quency (MHz) 

Figure 1.2: Spectral mask of receive branch of PCS diplexer 
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Table 1.1: Typical specification for a PCS base-station diplexer 

Section 1.1 

Receive Transmit 

(1850-1910 MHz) (1930-1990 MHz) 

Insertion loss (dB) < 0.9 < 0.9 (1932-1988 MHz) 

< 1.0 (1930-1932 MHz) 

< 1.0 (1988-1990 MHz) 

Insertion loss variation (dB) < 0.4 < 0.3 (1932-1988 MHz) 

< 0.5 (1930-1932 MHz) 

< 0.5 (1988-1990 MHz) 

Return loss (dB) > 18 > 18 

Rejection (dB) -29 at 1830 MHz -90 at 1910 MHz 

-12 at 1920 MHz -16 at 1920 MHz 

-90 at 1930 MHz -16 at 2000MHz 

Group delay distortion (ns) < 20 < 20 

in 5 MHz band 

Intermodulation (dBm) -97 -36 
(two +44.3 dBm tones in Tx) 

Peak power handling (dBm) +25 +63 

Example 2 

If a base station's range is limited by its receive power, the receive signal might have 

to be amplified close to the antenna at the top of the mast. This stops its signal to 

noise ratio from being degraded by the loss of the cable which runs down the mast, 

which is typically several decibels. Fig. 1.3 shows the block diagram of a tower top 

low noise amplifier. The Rx and Tx signals are split and recombined on each side 

of the amplifier by diplexers. The loss, rejection and intermodulation requirements 

of these diplexers are similar to those given in Table 1.1. The rejection specification 

should also be adequate to ensure that the amplifier is prevented from oscillating. 
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antenna 
diplexer 

Rx 

LNA r 
diplexer 

to bottom 
of tower 

L [tiýH I Tx ý 
ý------J 

Figure 1.3: Block diagram of the tower top low noise amplifier 

Example 3 

RF filtering is also present in the feedforward amplifiers [7], which are used as 

multicarrier power amplifiers in base stations. The signals typically need amplifying 
by 50 dB while keeping the intermodulation levels 50 to 60 dB below the main 

signal average power. Feedforward amplifiers are also used for single carrier signals 

when the modulation used is not constant envelope, as for example with IS95 and 
WCDMA. The typical layout of a feedforward amplifier is shown in Fig. 1.4. Non 

linearities in the main amplifier generate distortion. This distortion is isolated from 

the main signal by adding a portion of the amplified signal out of phase with some of 
the undistorted input signal. The distortion is then amplified and re-injected out of 

phase into the output signal to leave only the wanted amplified signal. Delay filters 

are needed in each loop of the feedforward cancellation process to mimic the delays 

of the main and the error amplifiers. These delays, between 10 and 30 ns, are due 

to the physical length of the signal path and the narrowband matching circuits of 

the amplifiers. The main requirements for these filters are a flat amplitude and a 

main amplifier delay filter 

up conversion to diplexer 

error amplifier 
delay filter 

Figure 1.4: Block diagram of a feed forward amplifier 
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linear phase (i. e. flat group delay). Phase deviations of less than ± 1° over the full 

system bandwidth (e. g. 60 MHz for PCS and UMTS systems) are usually needed. 
The insertion loss of the second loop filter, situated straight after the main amplifier 
is critical and is usually less than a few tenths of a dB. 

"'" Example 4 

Multicarrier amplifiers such as feedforward amplifiers are not always able to meet the 

system specifications on distortion levels. As a result, power combiners, combining 

the outputs of single carrier power amplifiers are used, mainly for the GSM and 

PCN systems, where spurious levels of more than 70 dB below the main signal are 

required. Fig. 1.5 shows how several carriers are combined by means of narrowband 

filters centred on each carrier frequency. The manifold ensures that, at the common 

junction, all other branches present an open circuit to the signal coming from one 

of the power amplifiers. The filters need to be narrow band, each wide enough only 

for one carrier. They also must be low loss. Typical values are 1 dB insertion loss 

at the centre frequency for each carrier. However, these filters are usually realised 

using single resonators as each of them often has to be automatically tuned to the 

changing centre frequency of its input signal. These requirements are conflicting 

as will be discussed in the next section and very demanding in terms of resonator 

performance. Two section filters are sometimes used for manually tuned CDMA 

combiners, as the need to reconfigure the frequency plan of the network is not as 

great. Table 1.2 summarises the requirements for a GSM power combiner. 

from single canier PA 

f' 

from single carrier PA 
^ 

to diplexer 

f2 

from single carrier PA /'ý 

Figure 1.5: Block diagram of a power combiner 
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Table 1.2: Specifications for a GSM power combiner filter 

Signal bandwidth 270 kHz 

Carrier spacing 1 MHz 

Insertion loss 1 dB 

Rejection at +/- 1 MHz 7 dB 

Example 5 

A final application for filtering within the base station is best described by Fig. 1.6., 

representing the frequency allocations of two operators of the American AMPS sys- 
tem. It is possible that mobiles of operator A could be transmitting at maximum 

power while physically located close to a base station of operator B. This operator 

then needs to be able to get the signals from these mobiles attenuated before they 

reach its receiver as they could cause intermodulation products in its receive band. 

This is achieved by a very selective notch filter which rejects the 1.5 MHz of operator 
A inserted within its band. Table 1.3 summarises the specifications for the notch 
filter. 

Operator A Operator B 

Operator A Operator B 

cd c3) 9 *$ l Co Co C c 

Figure 1.6: Frequency allocations for two operators in the AMPS band 

1.2 Overview of filter design 

The first step of filter design consists of synthesising a low-pass prototype network. 
This is a lumped or distributed reciprocal lossless and passive two-port network 

operating from a10 generator into aRQ load as shown in Fig. 1.7. 
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Table 1.3: Specifications for the operator B notch filter 

Frequency (MHz) Insertion loss relative to passband (dB) 

845 -1.5 
845.2 -20.0 
846.3 -20.0 
846.5 -1.5 

in 

linear 
lossless 
passive RD 
reciprocal 
two-port 

Figure 1.7: Low-pass prototype 

Let us consider a network with a transmission coefficient S12(p), which is a 
bounded real function. If the network is passive and lossless, its reflection coefficient, 
S11 (p), also a bounded real function, can be deduced from the unitary condition: 

ISii(jw)I2 + IS12(. 7W)12 =1 (1.1) 

Z(p), the input impedance of the network then follows from the bilinear trans- 

formation 

Z(p) =1± 
Su (p) (1.2) 

1TS11(p) 

and is a positive real function. As demonstrated by Darlington, this means that the 

two-port network considered here can be synthesised as a lossless passive reciprocal 

network terminated by a non-negative resistor [8j. The synthesis of a low-pass 

prototype thus follows from the definition of the bounded real S12(p). 

The transmission characteristic of an ideal low-pass filter is shown in Fig. 1.8. 

The amplitude of the transmission coefficient is unity below the cut-off angular 
frequency w,, and 0 above. However, the transmission coefficient of a lumped or dis- 

tributed network is a finite rational function and cannot present any discontinuity at 

w, [9]. As a result, several low-lass prototypes have been created that approximate 
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IS21(J )r delay -_d do, 

1 
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S210o)=IS21Uo)leJ ' 

Figure 1.8: Ideal low-pass prototype response 

the amplitude response of the ideal low-pass filter. Fig. 1.9 shows the typical tem- 

plate for the amplitude and the group delay of the low-pass prototype transmission 

coefficient. 

It can be shown [51 that IS12(jw)12 can be written as 1/(1+K(w2)) where K(w2) 

= h(w2)/ f (w2). The zeros of h(w2) are then the attenuation zeros of the network 

whereas the zeros of f (w2) are its transmission zeros. A summary of the expres- 

sions for K(w2) of several prototypes are given in Table 1.4, as well as formulas for 

calculation of the minimum network degree to achieve a specified selectivity. 

The maximally flat approximation is so called because its transmission charac- 

teristic is maximally flat at 0 and infinity. The expression for 1512 (jw) 12 is obtained 
by equating its first 2n-1 derivatives (for a nth degree filter) to 0 at w=0 and 
infinity. This implies that all the attenuation zeros of the filter are at w=0 and all 
its transmission zeros are at infinity. This all-pole approximation is a very simple 
but also limited approximation of the ideal low-pass amplitude characteristic as its 

rolls-off very slowly. The filter selectivity can be improved by allowing IS12(jw)l 2 

to oscillate in the passband. It can be shown [4] that the greatest selectivity is 

given by an equiripple oscillation. Solving the differential equation setting n turn- 

ing points to the minimum and maximum oscillation values in the passband gives 
the expression for the Chebyshev polynomial, T,, (w). The equiripple or Chebyshev 

approximation thus has its attenuation zeros spread over the passband but all its 

transmission zeros are still at infinity. The inverse Chebyshev approximation does 

exactly the opposite. Its transmission zeros are distributed over the stopband. The 

expression for IS12(jw)12 of the inverse Chebyshev is deduced from that of ISll(jw)12 

for the Chebyshev as the two are symmetrical around w=1. Chebyshev and inverse 
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IS2i(w4 

1 

we ws 0) 

delay=- dW 

cup m 

Figure 1.9: Low-pass prototype template 

Table 1.4: Expressions for K(w2) and formulas for degree calculation for common 

amplitude approximation low-pass prototypes, LA minimum insertion loss at w> w� 

LR minimum return loss at w< wp, Sf = w8/wp 14,5J 

Prototype K(W2) Minimum degree 

network N> 

Maximally flat (w2)n zo 
LA+LR 

Sf) 

Ch b h 2T2 LA+LR+6 e s ev y E (w) tt 201og1o(Sf+(s , 2) 

e=(10LR/10-1)-1/2 
Tn(w) = cos(ncos-1(w)) w<1 

Tn(w) = cosh(ncosh-1(w)) w>1 

T, z+1(w) + T,, 
-, 

(w) = 2wTn(w) 

I 1 LA+LR+6 
nverse E n(11W) 

1) 1111) 

Chebyshev e= (10LA/10 - 1)-1/2 

Tn as above 
Elliptic Fn 1 (w) K(M) LA+LR+12 

K'(m) 13.65 
ý4/2-W12 (W2-W22)... 

F�(w) _ (WJ-W with K(m) 
B 

where w1, W2..., WA, WB... and K'(m) 

are fixed by LR and LA in [4] 

Generalised e2T, 2, (w) Must be 

Chebyshev e= (10LR/10 - 1)-1/2 computed 
n 

Tn(p) = cos E cos-1(j ) 
r=1 P-Pr 

pr transmission zeros 
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Chebyshev approximations of the same degree have the same selectivity. A more 

selective response still is achieved by the elliptic approximation, where both pass- 
band and stopband are made equiripple. Here again, a differential equation gives 
the expression for Fn(w), the ratio of polynomials which defines the transmission 

characteristic of the filter. As with the Chebyshev and inverse Chebyshev approxi- 

mations, the frequencies of the turning points of Fn(w) are fixed. However, it might 
be desirable to control the location of the attenuation poles of a filter. One reason is 

that the rejection specification of filters usually varies over the stopband. Diplexers 

in particular have very asymmetric attenuation specifications, with a lot more rejec- 
tion required from each filter over the passband of the other filter. If it is the case, 
it is possible to meet the same rejection requirements with a smaller degree filter, 

by locating attenuation zeros in the frequency bands where the maximum rejection 
is needed, instead of achieving the maximum required rejection over the whole stop- 
band. An arbitrary number of transmission zeros can be added to the Chebyshev 

response at chosen finite frequencies by modifying the Chebyshev polynomial T�(w) 

so that it still oscillates over the passband but also tends to infinity at the trans- 

mission zeros frequencies. The filter is then called a generalised Chebyshev filter. 

As well as real frequency axis poles, imaginary and complex poles can be added, for 

example for group delay equalization. 

To prevent phase distortion of the signal, the group delay of the network needs 

to be constant, as represented in the ideal lowpass filter response in Fig. 1.8. Linear 

phase approximations [9] such as the maximally flat or the equidistant linear phase 

prototypes are optimised for group delay flatness. The former has maximally flat 

group delay at w=0. Its transmission coefficient is derived by truncating the 

function S12(p) = K/(cosh(Ap) + sinh(Ap)), which has constant group delay A at 

all frequencies, but is not realisable because its polynomial form would be of infinite 

degree. The latter gives a response much flatter than the maximally flat response. 
Its expression for IS12(jw)12 is obtained by equating the phase of the degree n filter 

network to a linear function of w at n equidistant points starting from the origin 

w=0. Both previous approximations achieve some degree of phase linearisation, 

but at the expense of amplitude selectivity. Similarly, a selective filter network 

will exhibit sharp group delay variations, especially close to its bandedges. When 

both selectivity and phase linearity are important criteria, combined amplitude and 
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phase approximations can be used [9]. One option is to cascade an allpass network 

with the initial network. The amplitude response stays unchanged and the allpass 

network is defined so that the overall network has the required phase linearity. 

However, this approach is not very efficient as the number of constraints applied 
to the phase by the allpass network is small when compared with its degree. The 

opposite approach, where the phase response of the initial network is retained and 
the amplitude response improved, is also possible. However, it leads to bandwidths 

of flat amplitude always significantly smaller than the bandwidths of linear phase. 
The best option is to realise a simultaneous approximation of amplitude and phase, 

with a maximum number of constraints shared between both of them. 

All the approximations previously described lead to a bounded real S12(p) from 

which the positive real function Z(p) is deduced and the filter network synthesised. 
To synthesise Z(p) as a lossless two port network terminated in a non-negative 

resistance, one can always successfully use cascade synthesis [8]. It can be shown 

that the zeros of transmission of the network are the zeros of the even part of Z(p) 

and the poles common to Z(p) and Z(-p). The latter correspond to transmission 

zeros on the real frequency axis and can be extracted under the Foster form. For 

the remaining zeros, subnetworks can be successively extracted for each set of zeros, 

in any order. The networks that are extracted are Brune sections, C sections and D 

sections for imaginary axis (real frequency axis), real axis and complex transmission 

zeros, respectively [8]. 

More particularly, all-pole networks, i. e. networks with all transmission zeros at 

infinity, can be synthesised as ladder networks. This is the case of maximally flat 

and Chebyshev amplitude approximations as well as maximally flat and equidistant 

linear phase approximations. Fig. 1.10(a) and Fig. 1.10(b) show a typical low-pass 

ladder filter network and how it can be transformed into a network consisting only 

of capacitors (or inductors) by introducing impedance inverters. 

The synthesis of generalised Chebyshev prototypes, which includes the elliptic 

prototype as a special case, can take different forms depending on the symmetry or 

asymmetry of the transmission zeros [4,10]. In a general manner, the network can 

be presented in a cross-coupled form, shown in Fig. 1.11, where only one kind of 

element, L or C, is needed. 

Once the low-pass prototype network has been synthesised, several transforma- 
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,Lý 
-"Z 

(a) 

I. -To I T 

1111c, 91 7ýýli 
(b) 

Figure 1.10: Ladder and equivalent inverter coupled low pass prototype networks 

(a) 

(b) 

Figure 1.11: Asymmetrically and symmetrically located transmission zeros low-pass 

prototypes 
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tions are applied to customise it to the exact filter specifications. The prototype, 

which was designed in a1 SZ system, can be transformed into another impedance 

system Zo, usually 50 S2, by multiplying all impedances and dividing all admittances 
by Zo. Frequency transformations can be used to turn the low-pass prototypes into 

high-pass, band-pass or band-stop filters. For a low-pass to band-pass transforma- 

tion, for example, the transformation is w -º ca(w/wo-wo/w) where a= wo/dw, with 

wo the centre frequency and dw the bandwidth of the filter. Inductors and capaci- 

tors are transformed into series and shunt resonant circuits respectively. Fig. 1.12 

shows the result of the bandpass transformation on the inverter coupled filter of 
Fig. 1.10(b). Fig. 1.12 also includes the effect of the dissipation loss of the res- 

onators. This dissipation is expressed in terms of the quality factor (Q) of the 

resonator, which is defined as 

Q, W 
total energy stored (1.3) 
average power loss 

Series resistances and shunt conductances of value R= wL/Q and G= wC/Q 

are added to series and shunt resonators respectively. Fig. 1.13 illustrates the effect 

of a finite resonator Q on the insertion loss of the filter. It can be seen that the 

loss increases rapidly at the vicinity of the bandedges, which corresponds with the 

regions where the signal experiences the most time delay. If all the resonators have 

same Q, the loss at centre frequency is given by the formula [11] 

Insertion Loss = 4.343 g; (1.4) 

where gi is the ith reactance element of the low-pass prototype. This shows that the 

insertion loss of a filter is inversely proportional to its bandwidth and to the Q of 
its resonators. It is also increasing with the filter degree. As a result, the Q needed 

zo 

C LSO Gi 
iz" 

/ý /77 

J, -1J 0 ZO ago Zp aaC, 
ZO C+ Boa 1a C) 

L, 

Figure 1.12: Finite Q bandpass filter prototype 
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Figure 1.13: Effect of the finite Q of the resonators on the insertion loss of a filter 

by the resonators will depend on the individual specifications of each application. 
For microwave resonators, this quality factor, as defined by Eq. 1.3, is called the 

unloaded quality factor, or Q,,. R. eferring back to the applications described in 

Section 1.1, diplexer filters for the PCS system will require Q�'s between 3,000 and 
6,000, mainly depending on the insertion loss specification. The delay filters in 

feedforward amplifiers also have requirements on absolute delay and phase linearity 

of the transmitted signal. The former is related to Q� and insertion loss by the 

formula [12]: 

Group Delay (s) = 
Q° Insertion Loss (dB) 

(1.5) 
27.3 f (Hz) 

To get linear phase over a wide enough bandwidth, the filter usually need to 

be made significantly wider than the full system bandwidth. A typical Q. value 
for a 10 as UMTS delay filter with 0.15 dB insertion loss is 7,000. In the case of 

power combiners, combined low insertion loss (1 dB at centre frequency) and very 

narrow bandwidth (smaller than 1 MHz) require Q. between 25,000 and 50,000. 

Finally, similar Q. values will be needed in the case of the notch filter described in 

the previous section, as the passband loss and bandwidth specifications are equally 
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demanding. 

Resonant circuits can also be represented by open and short circuited lengths 

of transmission lines. This representation allows the physical length of distributed 

network resonators, which can be of the same order of magnitude as the wavelength 

at high frequencies, to be taken into account. This is the representation originally 

used for the modelling of filters where the dominant mode of propagation is TEM 

or quasi-TEM, e. g. for combline or interdigital filters. In these cases, the filter 

model usually originates from the theory of coupled lines [13]. Even for non-TEM 
filters, e. g. DR filters, it is practical to simplify the filter model into the form 

shown in Fig. 1.14. This is because, in the case of microwave bandpass filters, the 

physical network consists of cavity resonators interacting together through coupling 

of their electromagnetic fields. The shunt stub-inverter bandpass prototype network 
is thus easy to identify with the physical realisation. It can be shown that the 

filters represented in Fig. 1.12 and Fig. 1.14 are equivalent around wo, the resonant 
frequency, for the elements values given in Fig. 1.14. 

ZO 

... zo 

7 /7 

z= 405oc, I, 4- 20)o 

Figure 1.14: Shunt stub-inverter coupled bandpass equivalent circuit 

Finally, if all the resonators of a filter are physically identical, it can be desirable 

to equate the impedance of all the resonators of the network to the same value. The 

impedance at any point of the network can be scaled by a factor N by multiplying 

corresponding row and column of the nodal admittance matrix by 1/V%N [4]. Obvi- 

ously, if the resonators are physically different, each point in the filter network can 
be scaled to a different impedance. 
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1.3 Properties of ceramic resonator materials 

Early defense and satellite communications filtering applications first used a vari- 

ety of different metal resonator structures, such as waveguide, combline and inter- 

digital structures. But with the very demanding volume and weight restrictions 

these applications required, the miniaturisation offered by DR's was extremely in- 

teresting. As a result, ceramic materials were first introduced in the above filtering 

applications, and later spread to others such as the large mobile communications 

market. Ceramic resonator materials are non-metallic, inorganic compounds with 
high permittivity [14]. Such a material has the property of reducing the velocity 

and wavelength of electromagnetic waves by the square root of the permittivity. As 

a result, it allows significant size reductions of microwave resonators. The permit- 

tivity is a function of the molecular polarizability, which is due to displacements of 

particles when an electric field is applied to the crystal. At microwave frequencies, 

the polarization in low-loss ceramics is mainly due to the displacement of ions in 

the material [15]. The complex relative permittivity, also called complex dielectric 

constant, can be approximated for simple crystal structures by considering the ions 

as harmonic oscillators excited by the applied field. It is given by 

C(w) + wTs2 41rpi (1.6) 
CO 1 Ct)Ti2 - W2 - j}'iW 

where e... is the permittivity of the material at optical frequency and pi, y= and WT; 

are the intensity, the damping factor and the relaxation frequency of the oscillator, 

respectively [16,17]. The damping factors represent losses due to the ions' vibrations 

in the crystal. The relaxation frequencies, which are the resonant frequencies of the 

optical mode lattice vibrations, are very large compared to microwave frequencies. 

As a result, one can simplify the expressions for the real (e') and imaginary (e") 

parts of the permittivity and write 

ei (1.7) 
Co 

tan 5= ell 
= 

Ei 47rpz(7s/WT: 2)w 
(1.8) 

e' e,:, + E= 47rp, 

where tan 6 is the loss tangent of the material. Often, it is the quality factor, 

Q= 1/tan 5, which is used to characterise the material performance. At RF fre- 

quencies, the oscillator model predicts that the product of Q and frequency, Q. f, 
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is a constant [17,18]. However, experimental data between 1 GHz and 10 GHz of 

commercially available ceramics generally show a significant increase with frequency. 

The temperature coefficient of resonant frequency of the material (TCf) is the 

parameter that prevented the widespread development of dielectric resonators until 
the 1970's. Before then, all known low loss ceramics had very poor temperature 

stability. TCf is defined as -(ITe+aT) [19] where aT is its linear thermal expansion 

coefficient and Te the temperature coefficient of the relative permittivity. For most 
microwave ceramic materials, aT is approximately +10ppm/°C. Temperature stable 
dielectric resonators are then obtained by controlling Te. The latter is linked to small 

changes in the crystal structure, called tilt transitions, happening between major 

state changes. TCf is usually controllable between +10ppm/°C and -10ppm/°C. 
All three parameters mentioned above (er, Q and TCf) require very good control of 

each step of the manufacturing process: purity and particle size of the raw materials, 

mixing, sintering, firing, cooling rates. Table 1.5 gives a list of the most common 

ceramic resonator materials. 

Table 1.5: Characteristics of the most commonly used ceramic materials 

Material C'. Q. f (GHz) Reference 

MgTiO3 - CaTiO3 21 55 000 [17] 

Ba(Mg, Ta)03 24 300 000 [1] 

Ba(Sn, Mg, Ta)03 25-24 200 000-240 000 [17,20,21] 

Ba(Zn, Ta)03 30 168 000 [17] 

Ba(Zr, Zn, Ta)03 30 100 000 [17] 

(Zr, Sn)Ti04 38 50 000-32 000 [17,22,23] 

Ba2Ti9O20 40 32 000 [17,24] 

CaTiO3 - NdAl03(CTNA) 45 43 000 [25] 

ZrTiO4 - ZnNb2O6(ZTZN) 45 55 000 

BaO - PbO - Nd203 - Ti02 90 5 000 [17] 
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1.4 Dielectric resonators and filters 

1.4.1 Cylindrical dielectric rod waveguides and dielectric 

loaded waveguides 

The understanding of the modes existing in these two waveguides is essential for the 

study of dielectric resonators. In both waveguides, the modes are only transverse 

electric (TE) or transverse magnetic (TM) modes in the absence of angular variation. 
Otherwise, they become hybrid modes, and have been noted HEM modes or also HE 

and EH modes. These notations are usually followed by two subscripts, giving for 

example HE n,.. .n describes the number of angular variations. m is the number of 

the solution to the waveguide eigenvalue equation for a given n [19]. The distinction 

between HE and EH modes is made by evaluating the ratio of axial magnetic field 

to axial electric field [26,27]. The HE and EH modes are associated with TE and 
TM modes of the homogeneous metallic waveguide respectively. For a given n, 
the successive solutions for m are in turn HE and EH modes [19]. If the electric 

and magnetic fields are interchanged, the HE and EH modes distributions are then 

similar to those of the TE and TM modes of the homogeneous waveguide surrounded 
by a perfect electric wall (PEW) [20]. Otherwise, they are similar to the field 

distributions of the TM and TE modes respectively in the case of the waveguide 

consisting of the rod surrounded by a perfect magnetic wall (PMW). 

The variations of the fields inside the dielectric rod are expressed in terms of 
J. and Jn, the Bessel function of the first kind and its derivative. Outside the 

rod, the decay of the fields in the radial direction is ensured by using Kn and 
K, ',, modified Bessel function the second kind and its derivative. Each mode is 

defined by its eigenvalue, commonly the argument X of J,, and J,. By opposition 
to homogeneous waveguides, these eigenvalues depend on the frequency and the 

radius of the waveguide. As a result, the variations of X, or of the propagation 

constant of the mode, are usually plotted against the radius of the rod normalised 

with frequency [19]. 

For the fields of the mode to be decaying outside the dielectric, the arguments 

of K. and Kn have to be real. This condition defines the cutoff frequency of the 

mode, although not in the usual sense as the propagation constant of the waveguide 

never becomes real [26]. It also means that, for a given n, there are only a finite 
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number of solutions to the characteristic equation. HEI,, the dominant mode, has a 

zero cutoff frequency. However, the smaller the value of the normalised rod radius, 
the more the fields extend outside the rod. The mode is then loosely bound. As the 

normalised radius becomes infinitely small, all the propagating energy is outside the 

rod [26,28]. 

All other modes do have a cutoff frequency, at which the ratio of transmitted 

power inside and outside the rod is finite. Plots of the phase coefficient variations 

show that cutoff happens for the same normalised radius for each pair of TEom and 
TMom modes as well as for each EHIm and HE1(m+l) pair [20,26]. 

As for the dielectric rod waveguide, the modes in the cylindrical dielectric loaded 

waveguide split between TE, TM and hybrid modes. Hybrid modes tending towards 

a TE mode as the waveguide becomes homogeneously filled are called HE modes. 
Those tending towards a TM mode are called EH modes. It has to be noted that 

for some normalised dimensions and permittivities of the inhomogeneous waveguide, 
the appearance of the modes can change. In particular, the HE,, mode can actu- 

ally be a TM mode at cutoff [29]. The field patterns of the first modes have been 

published [30]. The expressions for the fields and the characteristic equations can 
be found in Appendix A. Plots of the phase coefficient variations are more com- 

plex than for the dielectric rod waveguide, due to the existence of backward waves 

and complex modes. The conditions for the existence of backward waves have been 

studied extensively [31,29]. For a range of waveguide to rod ratios and for a given 

permittivity and normalised waveguide radius, the cutoff frequency of two hybrid 

modes can coincide. For these ratios, backward waves can then exist provided the 

permittivity of the rod is above a certain value. For the fundamental pair of hybrid 

modes, the range of ratios extends from 0 to 1. For higher order modes, the range 

narrows quickly. Backward waves have been associated with the existence of com- 

plex modes, so that a particular waveguide supporting backward waves in a given 

range of frequencies will also support complex modes of propagation across a cer- 
tain frequency range. However, the converse is not true. The range of cavity to rod 

radius ratios over which complex modes exist totally overlaps that of the backward 

waves. The maximum ratio is the same in both cases, but the range for complex 

modes extends to smaller ratios [31]. 
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1.4.2 First investigations into dielectric resonators 

The concept of the dielectric resonator (DR) was first thought of by Richmyer in 

1938, who illustrated his idea with the study of a dielectric sphere and a circular 

ring resonator [321. The potential of DR's for microwave applications such as oscil- 

lators [19], slow wave structures [33] and bandpass and bandstop filters [34] became 

clear in the early 1960's. One of their attractions was their ease of integration in 

microstrip circuits [35]. During this period, the research effort concentrated in the 

modelling of the DR (usually of cylindrical shape as shown in Fig. 1.15) which re- 

sulted in the characterisation of the different modes of resonances and the drawing 

of the first mode charts. The modelling of DR's will be discussed in further details 

in the next section. Modes were split into H and E modes, depending on their field 

distribution. Notations differ, but modes with magnetic fields resembling magnetic 

dipoles (or multipoles) are commonly called H modes while those with electric fields 

resembling electric dipoles (or multipoles) are called E modes [34,36,37,38]. Stud- 

ies of the electrical and mechanical properties of the materials available at the time 

confirmed the possibility of resonators with Q, 
ds 

higher than that of metal cavities 

at very low temperatures [34]. However, the limitations of the materials also be- 

came obvious, mainly due to their very high temperature dependence. Single crystal 

rutile TiO2 and strontium titanate SrTiO3, the two most commonly used crystals 

at the time, have TCf of +450 ppm/°C and around +1 700 ppm/°C respectively. 

Nevertheless, the first high Q bandpass filters using rutile were designed in the late 

1960's. 

- METAL HOUSING 

CERAMIC PUCK 

Figure 1.15: Cylindrical dielectric resonator 
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1.4.3 TEola resonator filters 

The first designs of bandpass DR filters used the TE016 mode, an H mode which 
is the fundamental mode of a cylindrical puck with length/diameter (Ld/D) ratio 

smaller than unity. The field distributions of the TEQla mode are shown in Fig. 1.16. 

DR's are traditionally located in a metallic enclosure to prevent any radiation. In the 

case of the TE016, the electromagnetic fields are very concentrated in the dielectric 

region. As a result, little current is induced in the cavity was and Qus close to 

the Q of the ceramic material are achievable in reasonable size cavities. A rule 

of thumb to preserve high Q. is to keep the enclosure twice as large as the biggest 

dimension of the dielectric cylinder. The first design procedures for the design of DR 

bandpass filters were established by Cohn [39]. The resonators were placed axially 

or transversally in a metallic cavity below cutoff, as shown in Fig. 1.17(a). Magnetic 

wall and dipole moment models were used to get approximations of the resonant 
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Figure 1.16: Mode patterns for lowest modes of suspended resonator [1] 
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Figure 1.17: Cutoff waveguide and planar filter layout 

frequencies (see next section) and the couplings between consecutive resonators, 

respectively. Several TE018 filters were designed following the same method around 
the same time [40,41]. 

Various methods such as the double resonator [42,43] were developed to temper- 

ature compensate filters made with these early materials. But the development of 
DR filters only took off in the early 1970's when the first temperature stable ceramic 

materials were made available. Near perfect temperature stability of the DR was 

obtained by considering not only the variation of the ceramic material properties but 

also the temperature dependence of the enclosure dimensions and the resonator sup- 

port permittivity and dimensions [44,45]. Various modelling techniques were also 

used to optimise the resonator dimensions for Q. and spurious performance [44]-[46]. 

A Ld/D of about 0.4-0.5 gave spurious to fundamental frequency ratios (F,. ) of 1.3, 

with HE116 and EHlla as the first spurious modes [38]. Modifying the shape of the 

resonator into a ring improved F,. to 1.5 as the HE11a frequency increases dramat- 
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ically. The optimum inner diameter is then about 0.4 times the disc diameter and 

the first spurious is now the TM018 [38,44,201. 

In the 1970's and 1980's, the bandpass TEols filter configuration remained the 

same as the one described by Cohn with in-line resonators suspended in a circular or 

rectangular waveguide enclosure as shown in Fig. 1.17 [44,47,45]. Bandstop filters 

were also designed, by locating cavities loaded with DR's 3A/4 apart and coupling 

either to a propagating waveguide [48] or a microstrip line [24]. Today, TEo16 filters 

are widely used for narrowband and low loss applications in mobile phone base- 

stations. Currently, Q. values around 30,000 are achievable with ceramic material 

of permittivity 29 in 130 cm3 at 2 GHz. With e,. = 44, the Q,, /volume is a bit lower 

with a Q. of 18,500 in 85 cm3 [2]. However, the waveguide in-line configuration is not 

well suited for the wide-band, cross-coupled, high volume, low cost filter units that 

the cellular market requires. The layout generally adopted in this case is a planar 

layout, shown in Fig. 1.17(b). The magnetic fields of two adjacent resonators couple 

through irises, which are made narrow in order to limit the coupling of the TM015 

mode. As well as being easier to manufacture, this layout provides the maximum 

flexibility for the realisation of single and multiple cross-couplings. The sign of 

the coupling can be changed for example by placing a metal resonator in the iris, 

resonating below the operating bandwidth of the filter. 

1.4.4 TM016 resonator filters 

From 1980, other modes were considered for the design of DR. filters. The use of the 

TMola mode was first proposed by Guillon et al. [49] as an alternative to the TEoia 

mode. TMois resonators can have Q,, 's even higher than TEola resonators because 

of the smaller percentage of electric field concentrated in the ceramic in the case of 

the TM016 mode. This is of course most significant when the loss tangent of the 

ceramic material considered is relatively high. The field distributions of the TMo16 

mode, which is an E mode, are shown in Fig. 1.16. As for the first TE015 filters, the 

first TMola filters consisted of resonators placed in-line in cutoff waveguides. Simple 

models were first applied to calculate resonant frequencies and couplings. The direct 

coupling between the fields of transversal adjacent resonators was considered in [50]. 

It was found to be mainly due to direct coupling between resonators [51] rather than 

through the evanescent fields of the cutoff waveguide, as considered [39]. In almost 
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all the rest of the literature, coaxially located resonators were considered. 
The same extensive modelling that had been done for the TEola resonator was 

applied to optimise the TM016 resonator for spurious performance, size and Q. [52, 

53,54]. The spurious performance of the TMo1a could in theory be quite restricted 

as this mode is not the fundamental for conventional disc Ld/D ratios. However, 

for most applications, the use of probe coupling on the end faces of the waveguide 
to realise the external Q of the filter prevents the excitation of any mode other 
than TMo modes [52,53], which guarantees good stopband attenuation. To realise a 
filter with small dimensions, the dielectric cylinder diameter to waveguide diameter, 

D/Wd, should be fairly big (D/Wd around 0.7 for, -,. 30 [54]). The opposite is true to 

optimise the filter for high Q. (D/Wd around 0.3 for e,. 30). Filters with the TMoia 

mode as the fundamental mode were developed for cases where probe coupling was 

not possible, as for example, for high power applications [1]. This was realised 
by using very long and thin discs (or rods), nominally with Ld/D of 5. Spurious 

separations comparable to that of TE018 are then achievable, with F, around 1.5, 

but are usually accompanied by a decrease of the Q,;. Finally, recently, the TMoia 

mode was considered for base station applications [54]. As well as higher Q., the 

TMo1a also offers more coupling between adjacent resonators disposed in a planar 
filter layout (Fig. 1.17(b)) than TEo18 resonators. Using vertical irises, the coupling 
is also much more tunable. The drawback of the TMola filter over the TE016 filter 

is a significant increase of the filter dimensions. 

1.4.5 Multimode resonator filters 

Dual-mode DR filters can present the same very high Q. as TEola and TMoia DR 

filters and simultaneously offer significant volume reduction. They support modes 

which are degenerate due to the symmetry of the resonator geometry (e. g. the axial 

symmetry of a cylindrical puck). The use of multimode resonant cavities was first 

mentioned in the early 1950's [55] for metal air filled cavity filters. During the 1970's, 

satellite applications created a demand for filters with lightweight and small size as 

well as very high Q. A first volume reduction of about 50% over the conventional 

single-mode metal cavity filter was realised by using dual-mode TEoli metal cavity 
filters [56]. The next step, consisting of replacing the air cavities by DR loaded 

cavities, was proposed in 1980 by Guillon et al [57], but the first complete study of 
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dual-mode dielectric-loaded cavity filters was realised by Fiedziuszko in 1982 [58]. 

It used the HE115 mode, which is an H mode. Its field variations are shown in 

Fig. 1.16. In this thesis, the denominations of hybrid modes will follow the notation 
by Kobayashi [38,46]. A mode is a HE mode, or EH mode, if its axial electric, 

or magnetic field, is dominant, respectively. When Ld/D is not much smaller than 

unity, the HE118 resonates closely above the TE018. In fact, the two modes would be 

degenerate in a 3D symmetrical resonator structure, as for example in a cube. The 

Q. of the HE115 mode in a given cavity is thus similar to that of the TE015. As a 

result, volume reductions close to 50% compared with TE018 filters are achievable 

with the HE11a. Another advantage of the dual-mode DR filters over metal filters 

is their excellent temperature stability, which is much better than that of Invar or 

graphite fiber reinforced plastic (GFRP) filters. 

The physical realisation of the filter by Fiedziuszko uses the coaxial in-line con- 
figuration in cut-off waveguide of Fig. 1.17(a). The dual-mode aspect of the design 

followed from the work on air cavities [56]. Intra-cavity and inter-cavity couplings 

were obtained by 45° metal screws and cross shaped irises, respectively. A planar 

or "engine-block" type filter was also developed [59]. As for the TE01a, this layout 

is easier to assemble and makes a better use of the space than the in-line cavities. 
Non-adjacent couplings are more difficult to realise, but can be obtained for example 
by a combined iris and probe coupling through the separating wall. 

The optimal Ld/D for HEila resonators was estimated to 0.5 by Fiedziuszko. 

The spurious performance of the resonator was then similar to that of TE111 metal 

cavities, provided the TE016 was not excited by the input and output coupling mech- 

anisms. Optimisation of Ld/D for maximum F,. by mode-matching modelling [38] 

gives Ld/D = 0.59 and F,. = 1.15. The TE01a and TMols modes are then at equal 

spacings below and above the HE116 resonant frequency, respectively. 

The EH11a mode has also been used in the design of dual-mode DR filters [60,61]. 

Its field patterns are shown in Fig. 1.16. For best Fr, Ld/D is chosen around 0.35. 

Once again F, is about 1.15 and the EH11a mode is then sandwiched between the 
TEo16 and the HE11a modes. 

Dual-mode filter designs suffer from the fact that couplings of different magnitude 

might be needed through the same separating wall. In the canonical filter form, 

both inter-cavity couplings between any two given cavities need to have the same 
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magnitude, which allows the use of circular irises [62,60]. As we move away from 

the input-output cavity, the coupling magnitude decreases, resulting in small irises 

with tight tolerances. These can be eliminated in the case of DR filters by using 

evanescent waveguide coupling [61,63]. In other filter designs, such as longitudinal 

or canonical asymmetric designs, the problem due to the difference in magnitude 

between the couplings can be minimised by optimisation of the filter design [64]. 

Several triple-mode DR's use the fundamental mode of a resonator, made triply 
degenerate by using a geometry identical in the three dimensions. Triple-mode DR's 

achieve Qu's similar to single-mode ones, for a given mode of resonance. They can 

use the suspended DR's, as for the dual-mode resonators listed above. For example, 

a triple-mode TEola resonator consisting of interlocking discs has already been con- 

sidered [65]. A new triple-mode TEola resonator, consisting of a suspended cubic 

DR will be studied in detail in Chapter 2. Triple-mode resonators can also consist of 

a complete loading of the cavity with dielectric, creating a loaded waveguide cavity, 

as with a triple-mode cube resonator in [66]. 

In another type of multimode cavity, the resonator geometry is adjusted so that 

modes of different types resonate at the same frequency. They usually combine 

a dual-mode with a TM [67,68,69] or a TE [70] mode to create a triple-mode 

dielectric-loaded cavity. Ld/D can be chosen so that the resonant frequencies of 

the EH118 and the TMo1a merge when they were the least sensitive to the distance 

between the resonator and the top and bottom walls of the cavity [68]. These two 

particular modes were also chosen because they had dissimilar field patterns at the 

junction between cavities, facilitating selective coupling through slots. In [70], the 

resonator took the form of a flat square plate, which lowers the resonant frequency 

of the EH11a mode enough to become degenerate with TEo1a mode. Instead of 

using screws at 45°, intra-cavity couplings were realised by machining away part of 

the resonator itself. This method had already been used for dual-mode DR's [71]. 

Inter-cavity coupling used metallic loops instead of the conventional irises. 

1.4.6 Improvement of spurious performance 

One of the major drawbacks of DR's is their poor spurious performance when com- 

pared with metal filters. In the case of base station diplexers, clean stopbands are 

usually required up to 13 GHz. As a result, very selective clean-up filters are needed, 
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adding volume and insertion loss to the filter. 

Improving the spurious separation of the DR by altering its shape only has a 

limited effect [72] and often adds complexity and cost to the manufacturing of the 

resonator. Another solution consists in eliminating some of the spurious resonant 

modes by forcing symmetry planes of the resonator into perfect electric (PEW) or 

magnetic walls (PMW). The latter are in theory realised by infinite discontinuities in 

the material permittivity. With the high permittivity materials available nowadays, 

an air-ceramic interface can provide a good approximation to the PMW. In [22], elec- 

tric boundaries are used to reduce the TEola resonator to one quarter of its original 

size. The two orthogonal metal walls also prevent the TMonn, and the hybrid modes 

with odd numbers of angular variations to be supported by the structure. However, 

the ceramic material is then in direct contact with the conductive enclosure, which 

significantly decreases the Q. of the resonator. 

To improve the stopband of a DR filter, Snyder [73] proposed the use of resonant 

couplings. Each iris is tuned to be resonant at the centre frequency of the filter 

and provide an extra 6 dB/octave attenuation in the stopband. However, these 

resonant couplings are very sensitive. The input and output couplings can also be 

made resonant. For example, the DR can be coupled into by a A/4 long metal 

post. This method has the advantage of short-circuiting the ports of the filter at 

twice the passband frequency, which provides very good rejection levels around the 

frequency of the second harmonic (47]. Alternatively, the input and output posts can 

replace the first and last resonators of the filter [74]. Mixing the type of resonators 

within the same filter improves the spurious response as higher modes can only 

propagate at common resonant frequencies. Posts, or coaxial resonators have very 

good spurious performance but also restricted Q. Other metal resonators such 

as the HE,, metal disc resonator can be used. This has a better Q. than coaxial 

resonators but also a good spurious separation [75]. In [76], a HE,, metal disc filter 

was terminated by HE11a DR's. For very low loss applications, it is possible to mix 
different types of DR's. In [77], HE11a filters were terminated by TE018 resonators. 
The overall size of the filter was not increased significantly as the TEola resonators 
have a smaller volume than HE118 resonators for a given frequency. Finally, a planar 
filter interleaving TE016 and HE115 resonators was presented in [78]. The HE11a 

cavities were made asymmetrical and only one of each of the dual-modes was used. 
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The filter dimensions were reduced over conventional filter dimensions because the 

distance between resonators required to realise the coupling between TE018 and 
HElla resonators is small. 

1.4.7 Conductor loading of dielectric resonators 

All the suspended DR structures previously mentioned exhibit very high Q,, but are 

too big and bulky for most applications, especially in the cellular base station market. 
Solutions to realise physically smaller resonators, while retaining the maximum Q. 

are then needed. Volume reduction can be obtained by introducing surfaces of 

contact between the ceramic and some conductive material. Each of the modes 

studied above can be loaded in different ways, which will make it optimum for 

different Q,, and volume ranges. Besides, for all structures where the ceramic is in 

direct contact with the housing, the power handling of the filter is greatly improved. 

The quarter-cut TE01a resonator mentioned before [22] offers a four fold volume 

reduction over the conventional TE018 version. Q,,, 's between 5,000 and 9,000 at 

800 MHz are achievable. These values are representative of what is required for 

macrocell base station diplexers. Another alternative to load the TEola mode was 

proposed in [79]. The periphery of the disc is metallised to create a dielectric slug. 

The spurious performance of the resonator is good as no current can flow on the flat 

faces of the slug. As a result, no modes other than the TEo�m can be supported. 
Qu's of 3,200 in 13.4 cm3 at 2 GHz are reported and correspond to a Q�/volume of 

238 cm-3. A potential application for this resonator would be microcell base station 

diplexers. 

Contrarily to the TEo16 mode, the TMola mode is usually loaded on the flat walls 

of the cylindrical puck. One of the resulting resonator structures is the dielectric 

combline filter, where the inner conductor of a coaxial resonator has been replaced 
by ceramic. The dominant mode is the TMo1a, with improved spurious performance 

over the conventional suspended TMo16 DR due to the combined effects of a large 

Ld/D, the metal contact on the base of the cylinder and the small capacitive gap 

at its top. An F,. of 1.6 is achievable and, because of the limited surface area 

in contact with the enclosure, high Q.. 's are retained. A Q, a of 10,000 in 36 cm3 

(Q, /volume = 280 cm-3) at 1.87 GHz was reported [80], giving a 1.8: 1 improvement 

over metal coaxial resonators. 
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If the metal enclosure is to make contact with both ends of the dielectric combline 

cylinder, the 6 variation is prevented and the mode then becomes the TMo1o. This 

resonator is actually very similar to the quarter-cut TEois resonator [22] in terms of 
field distributions. The potential of this mode was first pointed out by Kobayashi 

et al. [81] in 1978. Varying the height of the resonator only has an effect on Q., 

not on the resonant frequency. This makes the TMo10 very versatile as a wide 

range of Q,, 's and volume reductions applicable to both micro and macrocell appli- 

cations can be achieved. For example, at 880 MHz, Q,, 's of 3,000 and 7,000 require 

36 cm3 and 108 cm3 respectively. This corresponds to Q. /volume ratios of 83 and 
65 CM -3 respectively, compared with 55 and 26 cm-3 for metal coaxial cavities of 

same Q, 
A 

[23]. Comparably good performances are possible at 1800 MHz [82]. At 

the same time, F, can be as high as 2 [81]. Numerous filter designs have been made, 

in most of which the cylinders were placed standing parallel to each other. However, 

the coupling between adjacent resonators can be decreased by introducing a certain 

angle between their axis. This can be used to reduce the filter dimensions or to 

create cross-couplings between non-adjacent resonators in cut-off waveguides [3,83). 

Further volume reduction can be obtained by intersecting the cylinders and mak- 

ing the mode doubly [84] or triply [85] degenerate. A 880 MHz dual version is 

reported to have a Q. of 7,000 in 180 cm3 (Q,, /volume = 77 cm-3) but the best 

improvement happens for the triple-mode version with Q. = 8,500 in 175 cm3 

(Q. /volume = 145 cm-3). The drawback of the triple-mode resonator is a fairly 

small F, of 1.25 due to the presence of ceramic in all three directions. 

The conductor loading of hybrid modes has also been studied. The resonant 
frequency of the HE116 mode decreases as the DR is lowered on the base of the 

cavity. If Ld/D is kept smaller than 1, the HE116 becomes the fundamental mode [86]. 

Further volume reduction and spurious separation is achieved by adding a metal disc 

on the top flat face of the DR. This resonator structure will be studied in detail in 

Chapter 3. 

Another way to load a hybrid mode is to start from the metal disc dual-mode 

resonator [75]. As this resonator exhibits good spurious separation but relatively low 

Qu, a compromise is reached by loading it with dielectric discs directly above and/or 
below it [87,88]. Extremely good theoretical volume reductions are reported: Q� 

of 7,730 in 46.9 cm3 at 1.9 GHz, i. e. Qu/volume = 329 cm-3. Fr is quoted between 
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1.5 and 1.7. 

Previously in this section, the TMolo resonator was mentioned as a good candi- 

date for filter designs requiring Q,, 's between 2,000 and 5,000. Below these values, 

the technology which has been the most often considered is the dielectric-loaded 

coaxial resonator. Its main current application is the handset duplexer, but its Qu 

would also be high enough to meet the insertion loss duplexer requirements of the 

smallest cells (e. g. picocell) base stations. In the late 1970's and 1980's, Wakino et al. 

studied the dielectric loading of coaxial resonators at both 900 and 1800 MHz. They 

increased the frequency of the first re-resonance of an open-ended A/2 resonator by 

filling the central region (A/4 f DA) with a lower permittivity material than the rest 

of the resonator [89]. A Q. above 1,800 in 7.7 cm3 at 835 MHz was reported, which 

corresponds to a Q. /volume of 233 cm-3. A/4 resonators followed [90], with similar 

Q,, in 57% of the volume. The frequency of the first spurious resonance was this 

time increased by reducing the impedance of the grounded end of the resonator [91]. 

Both types of resonators were placed in-line along their direction of propagation. 

The open ends of the resonators coupled capacitively through lengths of evanescent 

air waveguides. The short-circuit ends coupled inductively through apertures in 

their common ground plane. In the 1990's, the design of dielectric coaxial resonator 

filters switched to the conventional combline layout. Quarter wavelength long cou- 

pled lines in homogeneous media form an all-stop network. To solve this problem, 

the electric length of the resonators can be reduced by capacitive end loading [92]. 

The medium can also be made inhomogeneous by drilling out air regions between 

the resonators [93]. Other options are to manufacture the resonators separately 

and either leave an air gap between them [94] or block part of their interface with 

metallisation (95]. 

Miniaturisation techniques similar to metal combline resonators were used for 

the dielectric-loaded coaxial resonators, namely capacitive loading and impedance 

stepping. The latter can be obtained, as for the spurious optimisation, by changing 

the effective relative permittivity of the material along the resonator length [96]. 

The resulting resonators achieve Q,, 's of the order of 800 in 2 cm3 at 900 MHz 

(Qu/volume = 400 cm-3). Today, dielectric-loaded coaxial resonator filters have 

reached the size limit achievable with conventional dielectric materials, and a full 

AMPS duplexer with 2.2 dB insertion loss fits in 0.9 cm3. Stripline versions of A/4 
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resonator filters were also reported [97,98j. They consist of several layers of ceramic 

on which the resonators and the coupling patterns are printed. Finally, both single 

and dual-mode helical ceramic resonators have been recently described as offering 

significant volume reduction over the ceramic coaxial resonators [991. 

In spite of the great amount of research into dielectric-loaded coaxial resonators, 

these are now very seriously challenged over the handset duplexer market by alter- 

native technologies such as surface acoustic wave (SAW) filters and thin-film bulk 

acoustic resonator (FBAR) filters. The former are very small but suffer from higher 

insertion loss than dielectric coaxial resonator filters at RF frequencies and low 

power handling [100]. Volume reductions of a factor 14 [101] compared with dielec- 

tric coaxial filters are possible. FBARs also have quality factors up to 1000 and 

power handling of a few Watts. Another advantage is that FBARS can be grown 

on silicon or gallium arsenide, which opens the possibility of the integration of the 

handset duplexer on chip and the development of the whole phone front end as a 

single module. 

One other alternative to the dielectric coaxial resonator filter for the very low 

Q applications is the dielectric waveguide filter technology. It has been mainly 

considered for use at high frequencies (5 GHz - 10 GHz) where it gives better Q, 

than dielectric coaxial resonators. Recently, however, dielectric waveguide filters at 
1.35 GHz [102] and 2.5 GHz [103] have been presented. At the latter frequency, a 

resonator of Q, 480 in 1 cm3 was reported. As the height of the resonator has no 
influence on the resonant frequency, the filters can be made very low profile (between 

1 and 5 mm), which facilitates their integration. Fully loaded versions of dielectric 

waveguide filters strongly resemble air-filled metal ones [104]. One difference is 

the possibility of realising inter-resonator couplings with an air or low permittivity 

waveguide section of same cross section as the resonators. These evanescent sections 

also have the effect of increasing the resonant frequency of the next higher modes 

up to twice the operating frequency [105]. Otherwise, inductive coupling can be 

obtained by separating resonators with sections of smaller widths. For capacitive 

couplings, one can remove the metallisation all around the waveguide cross sections 

over a certain length [17). By alternating capacitive and inductive couplings, quarter 

wave resonator bandpass filters can be designed. In order to ease the manufacture 

of the filter, each resonator can be machined separately [106]. Metal patterns are 



Chapter 1 32 Section 1.4 

then printed on their end faces to control the inter-resonator coupling. The use of 

external elements such as chip capacitors connected to the resonators by microstrip 
lines to realise negative couplings was also reported [102]. 

The symmetry plane half way across the width of these dielectric waveguide 

resonators can be approximated to a large extent by an dielectric-air interface. As 

a result, cutting the resonators along this plane results in volume reductions of 50% 

with only a marginal increase of the resonant frequency. Two section dual-mode 

, \/4 filters were realised in this manner [107]. The open-end cut can be done along 
the whole length of the filter, which is then known as a dielectric E-plane waveguide 
filter. A detailed study of this type of filters is presented in [17] and developed 

in [103]. In these, an alternative realisation for inductive couplings consists of metal 

strips printed on the open-end to connect the top and the bottom of the waveguide. 

1.4.8 High temperature superconducting resonators 

In the resonator structures described above, more volume reduction means more 
loss due to current induced in the conductors. High temperature superconductivity 
(HTS) can drastically reduce these losses. As an example, the surface resistivity of 
YBa2Cu307_x (YBCO) is less than 0.4 mS1 at 77 K and 10 GHz compared with 15 

mQ for copper. The Qu of the resonators is then mainly limited by the loss tangent 

of the ceramic materials. The dielectric loss that this loss tangent causes can in turn 

be minimised by choosing one of the ceramic materials which exhibit extremely high 

Q at low temperatures. For example, Ba(MgTa)03 has aQ higher than 140 000 at 
77 K [46]. The drawbacks of HTS are mainly linked to the cryogenic unit necessary 
for cooling, which reduces the miniaturisation and adds reliability issues, and the 

nonlinearity of the HTS resonators which causes intermodulation problems [108]. 

HTS resonators have been considered for many types of DR's including the quar- 
ter and half cut TE01d resonators, the HE,,, resonator and the TEoll post resonator 
filters [109]. In the latter case, a Q� of 50,000 was expected at 77 K and 9 GHz 

with resonators of diameter just above 1 cm. The largest conductor loss occurs 

at the surfaces where the fields are of biggest magnitude, which is where the DR 

is in contact with the metal. Limiting the HTS metallisation to these surfaces by 

only depositing a thin film of superconducting material on the ceramic will then still 

eliminate most of the conductor loss. Dual-mode microstrip, stripline and suspended 
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substrate patch resonators were evaluated [110]. The suspended substrate resonator 

was singled out as its fields are less concentrated in the ceramic and the resonator 

more easy to tune. A 80 MHz wide filter with 0.05 dB insertion loss at 8.2 GHz was 
built. The same kind of structure, but with patches on both sides of the substrate 

was also studied (87]. Finally, HTS has also been applied to conventional suspended 
DR, mainly to high-power TMola resonators [601. The resonator dimensions were 

optimised for temperature stability. Variations of 1.7 ppm/K between 20 K and 
300 K were achieved along with a Q,, of 150,000 at 12 GHz and 20 K. 

1.5 Modelling of dielectric resonators and filters 

1.5.1 Cavity models 

With the exception of a few simple geometries such as the spherical resonator, the 

field equations of the vast majority of DR's cannot be solved analytically. Nowadays, 

various numerical methods to solve these equations exist that take advantage of the 

ever increasing capacity of modern computers. Previously, solutions were restricted 

to simpler approximation methods, which can still be used today as a starting point 
for a more rigorous analysis. 

The first and most simple approximation consists in considering all dielectric to 

air interfaces as PMW's [34,1111. Tangential magnetic and normal electric fields are 
forced to vanish at the interfaces. Resonant frequencies of E modes are approximated 
to within a few percent. However, the error for H modes, which include the TEo16, 

can be as large as 20%. The accuracy of the model improves with the order of the 

mode. 

Better results are obtained by using a second order approximation, first described 

by Okaya [34]. It is also referred to as the magnetic wall model, or the Cohn model, 

as it was used by Cohn [39] for one of the first TEola filter designs. In the case of a 

cylindrical resonator, the air region around the periphery of the disc is replaced by a 

magnetic wall. But, by contrast with the first approximation model, the air regions 

on each side of the end faces are retained. The radial dependence of the fields in 

the dielectric region is fixed by the PMW condition. As the transverse fields need 

to be continuous over the two flat end interfaces, the same radial dependence is 

used in the air regions. Equating the transverse fields at the interfaces then leads 
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to a transcendental equation to solve for w. In the longitudinal direction, the fields 

are propagating in the dielectric region and evanescent in the air regions. The 

longitudinal field variation within the dielectric is no longer an integer number of 

half wavelengths. In the case of the TE01d, the variation is only a fraction of half 

a wavelength 5, where 5= L-y/7r with y the propagation constant in the dielectric 

region. The TE01a mode has been extensively studied by the Cohn model [1121, with 

errors on the resonant frequency between 5 and 10%. The effect of the cavity ends 

can be partially simulated by making the air regions on each side of the resonator 

of finite length [113). The Cohn model has also been used successfully in [58] to 

approximate the resonant frequency of the HE115 mode, with a similar accuracy. A 

dual of the Cohn model also exists for E modes and consists in considering the end 

faces of the resonator as PMW's and equating the fields over the periphery of the 

dielectric cylinder. 

The accuracy of the Cohn model can be improved, sometimes down to 1%, by 

using the variational or the perturbation method. In both cases, some field is allowed 

to exist outside the PMW boundary, of surface S. In the variational method, the 

magnetic wall impedance is varied from infinity and the change in resonant frequency 

is obtained by applying the stationary condition on S [114]. In the perturbation 

method, it is deduced from the perturbation principle [115]. Even though, in the 

case of the TE018, the longitudinal magnetic field has to be forced to zero outside 

the boundary to prevent any discontinuity, this method gives very good results, 

especially for isolated resonators. 

An extension of the Cohn model is the dielectric waveguide model. It is also called 

the Itoh and Rudokas model [116] although first described by Chow in 1966 [117]. It 

only differs from the Cohn model in that the dielectric waveguide section is replaced 
by a dielectric-loaded waveguide section, thus taking into account the air region 

surrounding the periphery of the resonator. However, the air regions on each side of 

the flat ends of the resonator are still considered to be of diameter D. As a result, 

the dielectric waveguide model works best for shielded resonators. For isolated 

resonators, the error on the resonant frequency of TE015 DR's can deteriorate from 

1 to 7%. 

Other techniques based on the previous models include the effective dielectric 

constant method [118]. In this method, the radial wave number of the dielectric 
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region is deduced from the characteristic equation for an infinite dielectric-loaded 

waveguide of equivalent relative permittivity. Another method [119] uses successive 

approximations of first order models, the Cohn model and the dielectric waveguide 

model. Effective dimensions for the resonator, calculated by alternative use of both 

first methods, give a lower bound for the resonant frequency when used in the first 

order approximation model. Then, the dielectric waveguide model is applied, using 

the actual resonator dimensions, to give a higher bound. The approximated resonant 
frequency is then taken as the average of both frequencies and is accurate to 1% for 

isolated resonators. 

1.5.2 Rigorous numerical methods 

Many numerical methods developed for the general study of RF structures have been 

applied to the analysis of dielectric resonators. All have in common an extremely 

good accuracy provided CPU time and large storage capacity are available. The field 

simulation packages used in several instances in this thesis are based on some of these 

methods. This is also the case of the programs written to study the resonators of 

Chapter 3 to 5. The most commonly used techniques will be briefly described here. 

The problem to solve is an eigenvalue problem, set by the Helmholtz equations 

and the boundary conditions of the structure. One approach is to apply the moment 

method [120] directly to the eigenvalue equation. The eigenfunctions of the problem, 

i. e. the electric and magnetic vector fields, are expanded into a linear combination 

of basis functions. By taking the innerproducts of the equations with carefully 

chosen test functions, the equation is discretised into an infinite matrix eigenvalue 

equation, which only has solutions for the eigenvalues, i. e. the resonant frequencies, 

of the problem. Basis and test functions are commonly chosen to be the same. 

The method is then called Galerkin's method. Obvious functions for the study of 

DR cavities are the electric and magnetic vector fields of empty or dielectric post 

cavities. This is a somewhat crude use of the moment method, which generally 

exhibits fairly slow convergence rates. To improve the convergence, more adequate 
basis functions need to be used, which is challenging for complex structures. To 

overcome this problem, several methods limit the fields expansions over a number 

of smaller and simpler regions, as will be described next. 
When the DR geometry is separable into a succession of homogeneous waveg- 
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uides, the transversal fields of each mode in each waveguide section can be chosen as 

the basis functions. The equations to solve then become the continuity equations of 

the transverse fields at each interface between waveguides. This is the fundamental 

idea of the mode-matching method [121]. This method is very well adapted to the 

case of shielded DR's of simple shapes and will be considered in more detail in the 

next section. 

Other methods are more versatile and adapted to irregular geometries. One 

example is the finite element method (FEM), where the basis functions are defined 

as polynomials over small and simple shaped (often triangular or tetrahedrical) 

elements [122]. Field continuity is enforced by an adequate choice of polynomials. 
The Helmholtz equation can then once again be solved by a method similar to the 

moment method, the weighted-residual method [19]. Another formulation of the 

finite element method is based on the variational method. The basis functions are 

substituted into a stationary form of the problem and the Rayleigh-Ritz conditions 

are applied to lead to a set of equations equivalent to the one obtained by Galerkin- 

weighted residual method. In the following chapters, numerous simulations will be 

realised using two different FEM softwares: MicroWaveLabTM and HFSSTM, both 

from Ansoft. 

A method related to the finite element method and sharing the same versatility 

is the finite difference method [49]. In this method, the derivative operators of the 

differential (Helmholtz) equation are discretised. The field is defined at discrete 

points on a rectangular grid and the equation is rewritten at each point as a linear 

function of the fields at neighboring points. The resulting matrix eigenvalue problem 

is then solved as in the previously described methods. 

The unknowns in the Helmholtz equation (i. e. the resonant frequencies and 

the field expression) can be expanded in terms of ascending powers of 1/N/" The 

Helmholtz equation is then split into a series of equations solved iteratively by the 

finite element method. Each iteration increases the accuracy of the results. This is 

known as the perturbational method and also as Van Bladel's method [19). 

In a different approach, the DR problem can also be solved from one of two 

integral equation formulations. The first one, the volume integral method, requires 

knowledge of the Green's functions for the entire structure and, as a result, is eas- 

ier to use in the case of open DR's. A variant of the volume integral method, the 
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spectral domain analysis method deals with both the determination of the Green's 

functions and the resolution of the equation in the spectral domain [122). For com- 

plex structures, the second formulation, called the surface integral method, simplifies 

the Green's functions expressions by using the equivalence principle [19). The mate- 

rial properties of partial regions of the structure are replaced by equivalent magnetic 

and electric surface currents on the boundaries of these regions. Imposing continuity 

of tangential fields on these boundaries then leads to a simplified integral equation 

which can be solved by method moment for the unknown currents. 

Other numerical methods set out to solve the Maxwell's equations in the time 

domain. The transmission-line matrix method models the resonator structure by 

a transmission line network where the voltages and currents of three-dimensional 

cells represent the six field components at equidistant points of the structure [123). 

The distance between cells induces a certain propagation time of the signal from 

one cell to the next. The network response to an impulse stimulus is computed over 

many time units (or iterations) as the signals are scattered between the cells. The 

response to any waveform is then available from the impulse response by convolving 

the two. The frequency response of the structure can then be deduced by Fourier 

transform. This method is very versatile and is said to require less CPU time than 

the finite element and the finite difference methods. With no matrix equations to 

solve, it avoids the problems of convergence and spurious responses. 
Further CPU time savings can be made by using the finite-difference time-domain 

(or FD-TD) method [124). Here, finite difference equations are used to relate the 

field components at interlaced points of the structure. Maxwell's equations are also 
discretised in time so that the steady state response of the structure to an adequately 

chosen excitation can be computed iteratively. The spectrum of this steady state 

solution is then extracted by a discrete Fourier transform. 

1.5.3 Mode-matching method 

The mode-matching technique has often been used to solve waveguide discontinuity 

problems for which the analytical methods such as the static [125], variational [125], 

residue calculus [126,127] and Wiener-Hopf [126] methods were not adapted. The 

method was pioneered by Wexler [121] and Clarricoats et al. [128]. It has been used 

to study bifurcations [121], irises [129,127,130], steps in rectangular and cylindrical 
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waveguides [128,131,132], steps in dielectric-loaded circular waveguides [128,133], 

coplanar waveguide discontinuities [134], finline discontinuities [135], microstrip dis- 

continuites [136] and waveguide T junctions [137]. 

For this method [121,128,133,138], the structure under study is divided in 

sections of waveguides, all directed along the same axis of propagation. In each 

waveguide, the fields are expanded as an infinite series of the fields of the waveguide 

modes. The transverse fields at both sides of each interface between sections are 
then equated. This results in 2n doubly infinite equations, with n the number of 
interfaces. Next, the fields variations across each interface section are eliminated 
by realising cross-products of the electric (magnetic) fields at the interface with the 

magnetic (electric) fields of one of the two waveguides. By choosing the appropriate 
fields, and because all modes within each waveguide are orthogonal, many products 
disappear and each equation results in a infinite set of equations retaining only 

one infinite summation. These equations can then be put in the form of a matrix 

equation. The unknowns of this equation are the coefficients of the modes in each 

waveguide section. The mode-matching technique relies on the fact that the higher 

modes of each waveguide, modes with high y2, have less and less effect on the 

behaviour of the structure as they get attenuated very fast after being generated 

at a discontinuity. This means that the matrix equation can be truncated and still 
be a meaningful representation of the structure [122,128]. Provided the number of 

modes in each region is chosen carefully, the coefficients deduced from this truncated 

equation will converge towards the exact solution as the size of the matrix tends to 

infinity [127,131]. The matrix equation then takes the form 

[M] [A) = [B) (1.9) 

with Ma square matrix. The column vector A composed of the mode coefficients 
is retrieved by Gaussian inversion. 

The S matrix or the T matrix [139,72,531 of each waveguide interface can also 
be extracted. This is particularly interesting for more complex geometries since, 

as the number of interfaces is increased, so is the number of unknowns, which dra- 

matically increases the computation time. Rather than directly cascade successive 
discontinuities, the characteristic matrix of each interface can be independently com- 

puted and later cascaded through waveguide sections. Structures such as dielectric- 
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loaded [140,141), corrugated [141) and smooth-walled conical horns [140], DR TE 

mode filters [105] and E-plane filters [72] have been studied in this manner. 
If boundary conditions are added at each extremity of the cascade of waveguides, 

the matrix equation becomes: 

[M] [B) =0 (1.10) 

with M again a square matrix. Non-trivial solutions for the mode coefficients B in 

Eq. 1.10 only exist when the determinant of the matrix is zero. This will happen 

at the resonant frequencies of the now closed structure. A wide range of resonators 

were studied this way including combline [93,142,143], conductor-loaded [142,75], 

dielectric combline [80], multilayered cylindrical [144] and suspended dielectric [145, 

146,147,52,38,21,148,20,86] resonators. 

1.6 Scope of present work 

The purpose of this work is to investigate new dielectric resonators and filters for use 
in cellular base-station applications. Three types of resonators will be studied, which 

are promising structures for different ranges of Q,, and thus adequate for different 

types of applications. The main aim of this work is to present data which gives a 
thorough understanding of the first resonant modes of the resonators, and allow the 

design of the optimum resonators for any given filter specification. The most critical 

parameters for the suitability of a resonator are its Qu, Qu/volume and spurious 

performance. Other filter design related criteria, such as the maximum coupling to 

adjacent resonators and the frequency tuning available, also need to be considered. 
In the case of very high Q. filter applications, the single-mode TEo16 resonator 

filter technology has been extensively proven. Dual-mode HE11a and EH118 resonator 
filters are also becoming more common. With triple-mode resonators, the extra 

complexity added to the filter design means that only a few examples have been 

published. The majority of them combine a dual-mode and a single-mode [70,69,68], 

which means that different frequency tuning behaviours coexist within the same 

cavity. The only exception is the resonator made of three TEols ring resonators [65), 

which has an unpractical shape. The first resonator which will be studied in the 

present work is the cubic triple-mode TE016 resonator. As for the previous resonator, 
its fundamental mode is a triply degenerate H mode. This should make it optimal 
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for applications requiring very high Q. and large volume reduction. In Chapter 2, 

the performance of the cubic TE016 resonator will be examined and the performances 

of the two triple-mode TE016 resonators will be compared. 

A complication of multi-mode resonator filters is the multiplicity of inter-cavity 

couplings which have to occur through the same physical wall. The second part of 
Chapter 2 will present the theory for the design of a novel type of filter, the even- 

odd mode hybrid reflection filter, which eliminates the need for any cross-coupling 
in the case of symmetrical filter responses. Advantage will be taken of the triple 
degeneracy of the cubic TEola resonator to design a sixth degree elliptic bandstop 

filter for the receive notch application described in Section 1.1. The last part of 
Chapter 2 will be concerned with the use of triple-mode TEo16 cubic resonators for 

the design of conventional bandpass transmission mode filters with the most general 
frequency response. The suitability of the resonator for small bandwidth (0.25% 

fractional bandwidth), selective filters will be assessed at 2 GHz. 

For medium and low Qu applications, the technology which is currently widely 

used is the combline resonator. Several dielectric resonator structures have been 

reported previously in this chapter, which present significant improvement over this 

technology. In the case of macrocell base-station filters, the Q. 's required are still 

sufficiently large for multimode resonators to offer attractive volume reductions in 

spite of their added aligning complexity. E modes are then the best option, com- 
bining good Qu. /volume with compactness. The second resonator studied in this 

work will be the dual-mode conductor-loaded DR. The aim of Chapters 3 and 4 is 

to study this new resonator at approximately 900 MHz, so that the variations of 
its electrical performance with respect to the various geometrical parameters of the 

structure can be understood and the geometry optimised. 
In Chapter 3, approximate and mode-matching modelling of the dual-mode 

conductor-loaded resonator will be investigated. The accuracy of the modelling 

methods and the problem of the convergence of the mode-matching results will be 

discussed. The results of the resonator study will be presented in Chapter 4. They 

will include the optimisation of the geometry for best Q. and best Fr. 

The third resonator to be studied will be the TEoil dielectric-loaded waveguide 

resonator (TMo1O in cylindrical coordinates). It will be investigated for the lower 

Qti, range of base station filter applications. For these applications in particular, the 
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accent is put on a small filter volume but also on ease of manufacture and low cost. 
The single-mode TEoll resonator, with very good spurious separation, then presents 

an advantage compared to the more compact but also more complex dual and triple- 

mode resonators such as the multimode TMolo resonators and the conductor-loaded 
dual-mode DR. The aim of Chapter 5 is to complement the data available in the 

litterature in the case of microcell base-station filters at 2 GHz. In particular, the 

influence of filter requirements such as bandwidth, spurious performance or the need 
for cross-couplings on the performance of the resonator will be considered. Other 

aspects of the filter design, such as frequency tuning and the resonator mounting, 

will also be studied to be best adapted to the manufacturing of a wide bandwidth, 

low-cost filter. 

1.7 Original work 

The original contributions of this work are listed below. Concerning the novel hybrid 

reflection mode filter, they are: 

" The synthesis of the filter and the study of its limitations. 

" In the case of a sixth degree filter, the study of the realisation of the two third 

degree networks with the presence of spurious cross-couplings. 

Concerning the triple mode TEoia cubic resonator, they are: 

" The evaluation of the performance of the resonator. 

" The study of the suitability of the resonator for selective narrowband filters, 

including the optimisation of the tuning and coupling mechanisms, and more 

particularly the location of inter-cavity irises to limit the effects of spurious 

couplings on the response of transmission mode bandpass filters. 

Concerning the dual-mode conductor loaded resonator, they are: 

9 The investigation of simple models and explanation of their limited accuracy. 

" The evaluation of the axial mode-matching technique for resonant frequency 

and Q simulations. The study determines the number of modes to use in the 

geometry and evaluates the convergence and accuracy of the results. 
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"A thorough study of the variations of resonant frequencies and Q with all 

the geometry parameters, which sets key parameters for optimisation of the 

resonator at 900 MHz. 

"A more systematic study of these variations resulting in optimum geometries 
for Qu and spurious performance at 900 MHz. 

" The evaluation of the performance of the resonator and comparison with ex- 

isting geometries. 

Concerning the dielectric-loaded waveguide resonator, they are: 

" The first study of the feasibility of wide (80 MHz) bandpass cross-coupled 
filters at 2 GHz using this resonator. This considers: 

- The effect of offset cavities and dielectric slabs on the coupling bandwidth, 

studied by mode-matching. 

- The trade-off between coupling bandwidth and performance of the res- 

onator itself (spurious separation and Q,, /volume). 
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Chapter 2 

Triple-Mode TEoid Filters 

2.1 Introduction 

As explained in Chapter 1, some of the most demanding filtering applications in 

base station systems require very high Q,, resonators. This is usually to meet low 

insertion loss and small insertion loss variation requirements over their passband. 
In a few cases, as for the receive notch filter mentioned in Section 1.1, the absolute 

level of insertion loss is not critical. Using the absorptive reflection mode filter 

synthesis technique [149], it is then possible to design a filter network which has the 

same passband insertion loss variation as a filter of infinite Q, but has some constant 
level of insertion loss. This absorptive filter consists of a cascade of resistors and 

coupled resonators of finite Q. If the tolerable insertion loss level is high enough, 

this finite Q will be significantly lower than the Q required from a conventional 
filter with the equivalent performance in terms of selectivity and passband insertion 

loss variation. However, in most cases, an extra constant level of insertion loss is 

not acceptable. The use of very high Q. DR is then the only available option, and 

minimising the size of the resonators is desirable. 

2.2 The triple-mode TEols cubic resonator 

The most intuitive way of realising a high Q. triple-mode resonator is to intersect 

three TEO, & ring resonators together [65). The resulting resonator supports three 

degenerate modes of Q. similar to that of the single-mode TEols resonator in a 

volume less than 1.5 times that of the single-mode cavity. However, the spurious 

separation of the single-mode is not retained. Fr, the ratio of the first spurious 
frequency to the fundamental frequency, decreases from 1.5 to values close to 1.3 as 
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the two added rings are optimally located to bring one of the dual HE216 modes down 

in frequency. A second drawback of this resonator is its complicated shape, which, 
if realised by joining simpler separate parts together, tends to create significant 

variations between the resonant frequencies of the three modes. These are not 

acceptable as the resonator only has a very limited amount of frequency tuning. 

Indeed, single-mode TE016 resonators are conventionally tuned either by a dielectric 

plunger partly inserted in the resonator hole, or by a dielectric tuning disc brought 

at proximity of one of the flat faces of the resonator. Because of the presence of the 

two other rings, neither of these methods is possible. 

Considering the previous points, it was felt that the triple-mode cubic resonator 

presented a better alternative. Flat square resonators have previously been used as 

single-mode resonators [41]. The fundamental mode of such resonators is a pertur- 
bation of the TE016 mode of the cylindrical resonator. Following the notation derived 

from the Cohn model field expressions in rectangular coordinates, this mode is the 
TE116 mode. However, to avoid confusion when referring to other resonator studies 
in the literature, especially when considering higher order modes, the cylindrical 

coordinates and the denomination TE018 will be used in the rest of this chapter. 

The first resonant modes of the square resonator have been studied by FEM 

simulations. Plotting the resonant frequencies of the TEola and the first spurious 

modes with respect to the resonator height, as in Fig. 2.1, shows how the funda- 

mental triple-mode of the cubic resonator appears as the single TEo18 and the dual 

HElla modes become degenerate. Fig. 2.2 illustrates the spurious separation of the 

triple-mode TEola cubic resonator as the ratio of the cavity length to the dielectric 

length, or dielectric filling ratio, is increased. The dielectric constant of the res- 

onator is chosen to be 44. The optimum occurs for a 38% filling ratio after which 
the normalised resonant frequency of the triple TMo16 mode decreases to eventually 

cross over the TE016 mode and become the fundamental resonant frequency. With 

a filling ratio of 38%, Fr is equal to 1.3, which is comparable with the spurious 

separation obtainable from the intersecting discs triple-mode resonator. Fig. 2.3 

shows the cavity volume reduction and the decrease in Q. at 2 GHz as the filling 

ratio is increased. The cavity is considered silver plated and the loss tangent of the 

ceramic material is estimated at 5.55 x 10-5. A 38% filling ratio appears adequate 
for high Q applications as the Qu is still 95% of that of the ceramic material. The 
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Figure 2.1: Frequency variation of the first resonant modes of a square resonator 

with resonator height. Cubic cavity of length 50 mm. Resonator of length 19 mm 

and dielectric constant 44. 
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Figure 2.2: Variation of the first resonant frequencies of the cubic resonator nor- 

malised to the TEols mode resonant frequency with the dielectric filling ratio. Res- 

onator of dielectric constant 44. 



Chapter 2 46 Section 2.2 

20 )104 

N 
O jp 

15 ....................... .......................... ............ ............. ............ 1.5 

L° ö 

öc 
m 

10 .............. .......... ........ 
'................... ....... .... ......... fj 

¬. ___" 

äS 
ö 

E5............; ....... ...... ........ :............ ...... 0.56 
0 

Üf 
---------------r------------------- 

S0 
40 50 60 70 80 90 10 

Dielectric filling ratio (%) 

Figure 2.3: Variation with dielectric filling ratio of cavity volume and Q,, at 2 GHz 

for the TE016 mode cubic resonator. Resonator of dielectric constant 44 and loss 

tangent 5.55 x 10-5. Silver plated cavity. 

volume reduction compared to a single-mode TEola resonator is then significant. A 

Qu/volume of 217 cm-3 has been quoted [2] for a single-mode TEola resonator with 
a Q. of 18,500 at 2 GHz. FEM simulations give Qu's/volume around 450 CM-3 for 

the triple-mode TEola with similar Q., or a volume reduction of 50%. 

Even more so than its single-mode counterpart, the triple-mode TE015 cubic 

resonator is best adapted for very high Q applications. Indeed, for high Q. factors 

(i. e. large cavity dimensions), the triple-mode TEols has the double advantage of 

good spurious performance and low dielectric filling ratio over the next modes of 
higher resonant frequencies, in particular the triple-mode TMols. For example, at 
2 GHz and in a 63 mm cubic cavity, the ceramic material occupies 6.4% of the cavity 

volume in the case of the TMo1a, and 1.5% in the case of the TE01a. For smaller 
Q. values, these advantages disappear as the resonant frequencies and resonator 
dimensions for the two modes converge rapidly. While for a single-mode TEola, it 

is possible to keep good spurious separation down to Q. values of 8,000 at 2 GHz, 

TEola and TM018 modes are degenerate for a triple-mode DR of similar Q. Also, 

it is to be remembered that TMo1a mode resonators usually have higher Q. than 
TE016 mode resonators, particularly when the loss tangent of the dielectric material 
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used is not too low (as here with 5.55 x 10-5) [52,49,54]. The difference is not too 

significant for large cavities (16% for 63 mm cavities at 2 GHz), but increases rapidly 
for smaller cavities (72% for 28 mm cavities at 2 GHz). It is then more interesting 

to use the TMo15 mode for smaller Q applications (smaller than 10,000) and devise a 

resonator shape which gives good spurious performance. The combined dual-mode 

TMoia (or EHllb), single-mode TE016 resonator [70] is a very good illustration of 
this. 

The main field variations of the TE01b mode are plotted in Fig. 2.4 to 2.6. The 

axis origin and directions are shown in Fig. 2.7. The typical variations of the TEo16 

cylindrical resonator can be recognised. The maximum intensity of the electric field 

on the top and bottom faces of the resonator (z = ±c in Fig. 2.6) is 71% of that of 
the electric field on the same faces of a conventional single-mode TE016 resonator 

with Ld/D = 0.4. Significant frequency tuning should then still be achievable from 

a tuning element placed in proximity to one of the faces of the triple resonator. 
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Figure 2.4: Hz field magnitude across the cubic resonator at y=0 
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Figure 2.5: Hx field magnitude across the cubic resonator at y=0 
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Figure 2.6: EE field magnitude across the cubic resonator at y=0 
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Figure 2.7: Definition of axis origin and orientations for plots of fields of the cubic 

resonator 

2.3 Triple-mode even-odd mode TEols hybrid reflection fil- 

ters 

2.3.1 Hybrid reflection filter theory 

It is known that a bandstop filter response can be obtained by connecting a sym- 

metrical bandpass filter across the outputs of a 90° hybrid, as in Fig. 2.8 [150]. The 

scattering parameters of the bandpass filter, Sli(p) and S12 (p), are related to its odd 

and even mode admittances, oA and YA by 

SA_ 
1-YA oA 

ii = (1 + YA)(1 + YA) 

and 

(2.1) 

_ 
YA - YA 

SIA 
(1+ YA)(1+ YA) 

(2.2) 

As the network in Fig. 2.8 also has a line of symmetry, its scattering coefficients, 
SB(p) and Sr2(p), can be defined in a similar manner in terms of YB and Y. B. 
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Figure 2.8: Reflection mode hybrid filter 
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Expressing oB and YB in terms of Y,, A and YA and after manipulations, it is shown 

that 

Sü = -jS1 (2.3) 

Sä= -fist (2.4) 

The scattering parameters are interchanged except for a constant phase shift of 

-90°. With this method, bandstop filters can be realised without the need for a/4 

or 3)x/4 lines between resonators. 
Moreover, one can connect the odd and even mode networks of the bandpass 

filter, rather than the filter itself, across the outputs of the hybrid as shown in 

Fig. 2.9. To find the new expressions for SB(p) and S12(p), let us consider the 

scattering matrix of the hybrid: 

0j10 

5hybrid] 
j001 (2.5) 
100j 

01j0 

A signal incoming on port 1 of the hybrid will split equally between ports 2 and 3. 

The transmission coefficients are -j/V2- to port 2 and -1/V to port 3. The signals 

are then reflected by the even and odd mode networks of reflection coefficients re 

and r° respectively. Each of these are in turn split between ports 1 and 4. The 

signal transmitted to port 4 is the transmission coefficient of the network S1ä: 

'r° +? re 1(r° + r. ) (2.6) S2= -11 72= ý -; 72 ý2 
2 

from port 2 from port 3 

Figure 2.9: Odd and even mode alternative for the reflection mode hybrid filter 
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and the reflection coefficient SB is: 

SE 
V2- +1 72= 

I'e 

vf2- 

1 (r - I'o) (2.7) 

from port 2 from port 3 

As 

and 

rA-i re=YA+1 (2.8) 

YA-1 
ro. 

YA+1 
(2.9) 

it follows that 

_ -1-I- YAYA 
__ s2-i(1+YA)(1+YA) iS1 (2.10) 

YA-YA 
SB 

(Z + YA)(1 + YA) _ Si (2.11) 

So the basic behaviour of the network of Fig. 2.8 is retained, except for the phase 

shift of S. 

If the odd and even networks are interchanged, the previous results still hold but 

SB incurs a 180° phase shift. If a bandpass response is wanted from the network, 

an extra inverter can be added between the hybrid and either the even or the odd 

mode network. In the former case, the new network parameters are 

S'S2 ° -jS12 (2.12) 

SB = S11 (2.13) 

In the latter case, 

Sie = 3612 (2.14) 

sB _ _s i (2.15) 

The even and odd mode admittances of the symmetrical filters considered here 

are reactance functions. They can be synthesised as ladder networks of the form 

shown in Fig. 2.10. Over a narrow bandwidth, which is usually the case for high 

Qu resonator filters, the frequency invariant susceptances can be absorbed by the 

capacitors and inductors, effectively changing the resonant frequency and impedance 

of each resonator. With the exception of the first frequency invariant susceptance, 
these networks can thus be realised as a cascade of coupled resonators. In the case 

of a degree six filter, both the even and odd mode networks are readily realisable 
by the three resonators of a triple-mode DR cavity. This eliminates the need for 

couplings between cavities to realise symmetrical cross-coupled filters responses. 
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section 1 section n/2 

Ba KO, C'ý o Lj B1 
... Kn-i, 

n 
°2 Bn 

L 

ý, - - 7T, 

Figure 2.10: Odd and even mode network of symmetrical degree n bandpass filter 

2.3.2 Design example: degree 6 elliptic bandstop filter 

Network synthesis 

The reflection mode filter method combined with the triple-mode TEola cubic res- 

onator technology is particularly interesting in the case of the receive bandstop filter 

presented in Section 1.1. The specifications for this filter are repeated in Table 2.1. 

Table 2.1: Specifications for receive notch filter 

Frequency (MHz) Insertion loss relative to passband (dB) 

845 -1.5 
845.2 -20.0 
846.3 -20.0 
846.5 -1.5 

They are met by an elliptic filter with the following characteristics: 

- Degree :6 

-3 dB bandwidth : 1.31 MHz 

-Q factor : 30,000 

- Stopband insertion loss ripple level : 22 dB 

- Passband return loss ripple level : 22 dB 

Because both ripple levels are equal, we have: 

ISii(jw)I2 = IS12(jIw)12 (2.16) 
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The expression for the insertion loss is then 

)sii(jw)12 (2.17) 
1+ Fn (w) 

with 
(w2 - wl)(w2 - w2)(w2 _ W3) 

Fn 
(1 - w2wi)(1 - w2w2)(1 - w2w3) 

(2.18) 

The transmission zeros are located at wl, w2 and w3. The poles of 'S12 (jw)12 

are at 1/wl, 1/w2 and 1/w3. wl, w2 and w3 are the zeros of F, and are calculated 
from the equations derived in [151,9]. We obtain wl = 0.9484, w2 = 0.8155 and 

w3 = 0.3649. Retaining the left half-plane poles of IS11(jw)J2 as poles of S11(p) yields 

sll _ -0.9968p6 - 1.6922p4 - 0.8039p2 - 0.0794 (2.19) pý 
p6 + 1.9920p5 + 3.734p4 + 4.0252p3 + 3.7347p2 + 1.9920p +1 

= 
0.0794p6 + 0.8039p4 + 1.6922p2 + 0.9968 s12 (p) 

pfi + 1.9920p5 + 3.734p4 + 4.0252p3 + 3.7347p2 + 1.9920p +1 
(2.20) 

Y. and Ye follow from S11(p) and S12 (p) since 

Ye(p) -1+ Sii(P) - 812(p) 
(Z. Z1ý 

and 

Y0(p) -1- 
Sii(p) - S12(P) (2.22) 

1+ Sll(p) + S12 (P) 
The even and odd admittances of symmetrical cross-coupled ladder networks have 

to be complex conjugates. Considering Eq. 2.21, Eq. 2.22 and the fact that the 

numerator of S12(p) is an even polynomial, this is achieved by multiplying S12(p) by 

j. Then, 

ý, e(p) - 
25.1499jp3 - 15.6939p2 + 29.2789jp - 18.4900 (2.23) 

p3 + 25.7127jp2 - 7.0843p + 17.0766j 

and 

Y0(p) - 
-25.1499jp3 - 15.6939p2 - 29.2789jp - 18.4900 (2.24) 

p3 - 25.7127jp2 - 7.0843p - 17.0766j 
Finally, continued fraction expansion of Ye(p) and Y0(p) yields the component 

values of the even and odd mode networks in Table 2.2. At a later stage of the 

network synthesis, the frequency invariant susceptances Bi to B3 will be absorbed in 

the resonators. However, Bo cannot be associated with any resonator. Rather than 

realising it separately, for example by approximating it to a short or open-circuited 

stub at the filter frequency, it is more convenient to modify the first part of each 

network as shown in Fig. 2.11. The first susceptance Bo and first admittance inverter 
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Table 2.2: Element values for the even and odd mode networks. Network layout as 
in Fig. 2.10 

Element Even mode network Odd mode network 

Bo (f2-') 25.1499 -25.1499 
Kol (SI-1) 25.1193 25.1193 

Cj (F) 1 1 

Bi (52-1) 25.3839 -25.3839 
K, 2 (Q-1) 0.780961 0.780961 

C2 (F) 1 1 

B2 (Q-1) -0.561404 0.561404 

K23 (11-1) 0.389350 0.389350 

C3 (F) 1 1 

B3 (52-1) 0.890178 -0.890178 

Ko+ Ko+ Ba 

Figure 2.11: Substitution for the first two elements of the even and odd networks 

Kol are substituted by a phase shifter of impedance 1 SZ followed by an inverter of 

admittance Kol and a shunt frequency invariant susceptance Ba. The latter will 
be absorbed into the first resonator together with B1. The transfer matrices of the 

original network is: 

[Ti] =100 
j/Kol 

=0 
jIKoi 

(2.25) 
jBo 1 jKoi 0 jKoi -BolKoi 

The transfer matrix of the substitute network is: 

cosh jsinq 0 j/Kol 10 
[T2} _ 

j sind cosq j Kol 0 jBa 1 

Ell, gofj 
of (2.26) = 

sm 
_ 

ein jKoicos. - jBa, KO', Koi 
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Equating the two gives the expressions for Kol, B,, and 0: 

0, = 
K01 

(2.27) 
1+Bo 

2 K1 
+1 Bö 

B 
(2.28) 

i1 = K01 
(2.29) 

(KBo\ 

Table 2.3 shows the new element values for the networks of Table 2.2. 

The lowpass networks are then customised as described in Section 1.2. The ca- 

pacitors are transformed into bandpass LC resonators at 845.75 MHz, in which the 

frequency invariant susceptances are absorbed using the reactance slope parameter 

method [9]. The LC resonators are then converted into short circuited stub res- 

onators, by equating the resonant frequency and the slope of the admittance of the 

two resonators at this frequency (see Section 1.2). Finally, both networks are nor- 

malised to 50 Sl. The final filter network and its frequency response are shown in 

Figs. 2.12 and 2.13. Here, the transformation from LC resonators to short circuited 

stubs is accurate because all the susceptances absorbed by the resonators were rela- 

tively small. As a result, none of the resonant frequencies was differing significantly 
from the centre frequency of the filter passband. Had the substitution of Fig. 2.11 

not happened, Bo would have not cancelled most of B1. The susceptances associated 

with the first resonator of each subnetwork would have been very large, resulting in 

resonant frequencies of 862.6 MHz and 829.3 MHz. In this case, the transformation 

into stub resonators should have been executed differently, by equating the absolute 

value and the slope of the resonator reactances at the centre of the filter passband 
frequency. 

Table 2.3: Modified first element values for the even and odd mode networks. Net- 

work layout as in Fig. 2.10 

Element Even mode network Odd mode network 

0(11) 87.66 -87.66 
K1 (12-1) 0.997993 0.997993 

Ba (52-1) -25.0491 25.0491 
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Z=35.350 IIII Z=35.35 S1 

Z=50 0 
Z=500 Z=50(1 

5a=87,66' (0=-87.66' 

Z=0,0608f) 2=50,10 (1 Z=0,06080 
fo=845,53 MHz fo=845.97 MHz 

z=0,06080 Z=6402 Z=ooboan 
f=846.12 MHz fp=a45.38 MHz 

Z=0 Z=0.06080 
FO=945.17 

608M 
Hz 

1 2=I2ß, 42 {I II 
0=846.33 MHz 

Figure 2.12: Final equivalent network for the degree 6 reflection mode hybrid elliptic 
filter 
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Figure 2.13: Simulated response of the degree 6 elliptic hybrid reflection mode cubic 

resonator filter 
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Cancellation of spurious couplings 

An advantage of the hybrid even-odd mode layout is its immunity to unwanted 

couplings. These are very difficult to eliminate in conventional multimode cavity 
filters. They can be due to misalignment of the resonator and its support. Also, as 

the tuning elements and the coupling mechanisms are inserted in the cavity, some 

spurious couplings appear, although careful design usually keeps them at a limited 

level. In the case of a triple-mode resonator, a first spurious coupling can occur 
between modes 1 and 3. One could add an extra coupling tuning element in the 

cavity in order to cancel this coupling. However, this is unnecessary as the effect of 

this coupling can be counteracted by modifying the values of the existing couplings 

as follows. 

The coupling matrices [152] of both the odd or even mode lowpass networks 

synthesised previously in this section have the following form: 

Bo Kol 00 

K01 Bi K12 0 (2.30) 
c0 K12 B2 K23 

00 K23 B3 

Let us suppose that a spurious coupling between modes 1 and 3 of value IC13 ex- 

ists when the network is effectively tuned. The other couplings can be modified 

accordingly to a new value B; or Kj by applying a rotation to the coupling matrix 

[MCI [152]. In this case, a rotation of angle B of its second row and column with 

respect to its third row and column is used. The coupling matrix [Me) is post- and 

pre-multiplied by the rotation matrix [R23] and its transpose [R23] respectively to 

give the coupling matrix of the new network [MC]. 

[M'I = [R 3][M, ][R23) (2.31) 

with 
[BKIcl 00 

Köl Bi Kia Ki3 (2.32) 
0 K12 B2 KK3 
0 K13 K23 B3 
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and 
1000 

[R231 =0100 (2.33) 
00 cos(O) sin(O) 

00 -sin(O) cos(O) 

The expression for K13 can be found after expanding the right hand side of Eq. 2.31: 

K13 = sin(O) K12 

This yields the value for 0: 

0 

0= sin-' 
(K2) 

(2.35) 

Substituting for 0 in Eq. 2.31, expressions for all B% and Kj are derived as a function 

of Bi, K=; and K13. Solutions for 0 only exists for values of JKi31 less than JK121. In 

practice, this does not represent a restriction as the spurious coupling should only 
be a fraction of an intentional coupling such as K12. 

Other spurious couplings in the triple-mode cavity can exist when the input 

coupling loop also couples into modes 2 and 3. In these cases, two successive rotations 

are necessary to recover the initial coupling matrix. For a coupling between input 

and mode 2, a rotation of angle 01 of row and column 2 with respect to row and 

column 3 is applied to [Mc) as before. It is then followed by a rotation of angle 02 

of row and column 1 with respect to row and column 2: 

[Mý) _ (R2} [R2s] [Mo] [R23] [RI2] 

with 
Bö K1 K02 

IM` 
K1 Bi K112 

Kö2 Kit B2 

00 K23 

Expanding the right hand side of Eq. 2.36 gives 

KO2 = sin(02) Kol 

or 

oa 02 = sin-' Koi 

0 

(2.34) 

(2.36) 

(2.37) 
K23 

B13 

(2.38) 

(2.39) 
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Also, because of the first rotation, the expression for K13 has to be forced to zero, 

giving 01 as the solution of the Eq. 2.40, which can be solved numerically. 

with 

z4 + 
2(sinü2(B2 - B3) + cosO2K12) z3 - 6z2 

sinO2K23 
2(sin02(B3 -- B2) + cosO2K12) + Z+1=0 (2.40) 

sinO2K23 

z=tan21 (2.41) 

Values of KO2 that can be cancelled are restricted by Eq. 2.39, as JK02) needs to 

be less than lK011. This would normally be the case and, as such, does not present 

a real limitation. It can also be shown that Eq. 2.40 does not present any further 

restriction as it always has a solution. Rearranging Eq. 2.40 yields: 

tanO2 = 
sinO1K12 (2.42) 

0.5sin2Ol(B2 - B3) + cos201K23 
As K02 ranges from -K01 to Kol, the left hand side of Eq. 2.42 ranges from -oo 
to +oc. However, so does the right hand side as 01 is varied from 2 tan-1 to 

'tan-' BB+ 7T, so that a solution can always be found. 

Couplings from the input to mode 3 are dealt with by a rotation of angle 01 of 

row and column 2 with respect to row and column 3 followed by a rotation of angle 

02 of row and column 1 with respect to row and column 3: 

MCI = [Ri3l [R23] [MC][R23] [R13] (2.43) 

with 
Bö Köi 0 K03 

Köi Bi K12 
[Mý} _ (2.44) 

0 K12 B2 K123 
K03 0 K23 B3 

The same procedure as above gives 

02 = sin-1 
( 

oa) (2.45) 

and 

cosO2sinO2(B3 - Bl) + (2(cosO2 - sinO2)Ki2 + 4cosO2sinO2K23)z3 

-2cosO2sinO2((Bl + B3) + 2B2)z2 + (2(cosO2 - sin022)K12 

-4cosO2sinO2K23)z + cos02sin©2(B3 - Bi) =0 (2.4G) 
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with 
z=tan2l (2.47) 

as the system of equations yielding 01 and 02. Similarly to the previous restrictions, 
IKösJ should be smaller than JKo1I. However, this time, Eq. 2.46 cannot always be 

solved for 01 real and imposes a further restriction on KO3. For the filter example 

considered previously, IK031 has to be inferior to 0.755412 ', which represents about 
3% of the intentional input coupling K01. 

This demonstrates that, in most cases and with a careful design, the exact filter 

response will be obtainable in spite of the existence of some spurious couplings. 

Physical realisation 

Two triple-mode cubic resonators were used to realise the odd and even mode net- 

works. The resonators consist of 100 mm cubic cavities in the centre of which are 
located 46 mm cubes of ceramic with relative dielectric constant 44. The alumina 

supports, of large diameter, decrease the resonant frequencies of the three modes by 

the same amount (see Section 2.4.1). Each network is tuned separately by setting 
the reflected delay to have the right frequency response. The resonant frequency 

of each mode is tuned by conventional dielectric tuning discs perpendicular to the 

symmetry axis of the mode. However, these only provide a differential tuning. As a 

given mode is intentionally tuned down by the corresponding tuning disc, the reso- 

nant frequencies of two other modes decrease even more rapidly. With tuning discs 

of permittivity 44 and diameter 28 mm, 1.9 MHz of differential tuning is achieved. A 

more detailed study of the frequency tuning of the triple-mode resonator is presented 
in Section 2.4.1. As for single-mode TEola filters, the different couplings are realised 
through the magnetic fields of the modes, as the electric fields are almost entirely 

concentrated in the dielectric. The input coupling into the first mode is realised by 

a grounded metal loop. The coupling between modes 1 and 2 and modes 2 and 3 

are created by conductive loops, isolated on a plastic screw and located on the side 

opposite the third mode frequency tuning disc. The resonator layout is illustrated 

in Fig. 2.14. The modes are represented according to the notation in Fig. 2.15. 

The hybrid is realised as coaxial air transmission lines with a ground plane spac- 
ing of 10 mm, contributing an extra 0.03 dB to the bandedge loss if silver plated. 
The photograph in Fig. 2.16 pictures the filter and hybrid assembly. An extra 
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Figure 2.14: Triple-mode resonator layout for the even and odd networks 
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Figure 2.15: (a) Symbolic representation for the three modes of the cubic resonator. 
(b) Fields and representation for mode C. 

length of line at the even mode output port of the hybrid provides the necessary 

2x0=2x 87.66° = 175.32° of phase shift. The measured difference in phase be- 

tween the two outputs is 267.29° instead of the theoretical 175.32° + 90° = 265.32°, 

corresponding to a 0.7% inaccuracy. Fig. 2.17 and Fig. 2.18 show the measured 
hybrid response at the even mode output port. 

The filter response, shown in Fig. 2.19, has a centre frequency of 835 MHz. This 

lower frequency is due to the combined effect of the dielectric tuners and the alumina 

supports. It is also more lossy than the simulated response for a filter with unplated 

cavities and hybrid. After correction for the difference in stopband bandwidth, the 

extra loss is calculated to be 0.5 dB, which corresponds to an average Q� of only 

16,000. It is believed to be due mainly to contamination of the resonators. However, 

swDw 
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Figure 2.16: Filter and hybrid assembly 
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Figure 2.17: Hybrid response at the even mode output port. Input on port diago- 

nally opposite. Magnitude. 
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Figure 2.18: Hybrid response at the even mode output port. Input on port diago- 

nally opposite. Phase. 
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Figure 2.19: Measured transmission response of the degree 6 elliptic hybrid reflec- 

tion mode cubic resonator notch filter. Both cavities and hybrid unplated. 
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the object of this section was primarily to demonstrate the principle of the even-odd 

mode reflection filter. 

2.3.3 Limitations of the even-odd mode hybrid reflection 

filter 

The simulated wideband filter response (Fig. 2.20) shows that, because of the finite 

bandwidth of the hybrid, the passbands of the bandstop filter are actually lim- 

ited [150]. With a perfectly matched hybrid, reflection levels greater than 40 dB 

are possible only over a 5% bandwidth. This also means that, if the bandstop filter 

is converted back to a bandpass filter by means of an extra inverter, its rejection 
levels will suffer from the same limitations. Even within the bandwidth of the hy- 

brid, manufacturing accuracy will limit the rejection levels of the bandstop (and the 

reflection levels of the bandpass) to 20 or 30 dB. 

Another drawback of the even-odd mode reflection filter is the sensitivity of 
its response to the resonators resonant frequencies. Because the cross-couplings 
inverters are incorporated in the adjacent resonators, their values are modified as the 
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Figure 2.20: Simulated wideband frequency response of the degree 6 elliptic hybrid 

reflection mode cubic resonator filter 
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resonant frequencies of the latter are changed. Relative detuning of the resonators 

will happen when the filter is subject to a temperature change. In the case of 
the triple-mode cubic resonator, the thermal expansion of the geometry will not 
be symmetrical due to the presence of the alumina support in one direction only, 

which will potentially create further drift between the resonant frequencies. Fig. 2.21 

illustrates the change of the response of the degree six elliptic filter when the first 

resonator is detuned by 10 ppm, or 85 kHz. The response is plotted for both a 

conventional cross-coupled filter and a even-odd mode reflection filter. For the latter, 

a model with LC resonators and input shunt reactances is used as a change of the first 

resonator characteristics would otherwise also induce changes to the input coupling 

and the input-output cross-coupling due to the substitution of Fig. 2.11. It can be 

seen that the locations of the transmission zeros are significantly changed for the 

even-odd mode reflection filter, thus making difficult the realisation of very selective 

and high rejection filter responses. 
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Figure 2.21: Simulated frequency response of conventional cross-coupled (in black) 

and even-odd mode reflection (in blue) bandpass filters with detuning of one input 

resonator by 0.01%. Model is with LC resonators and input shunt reactances instead 

of phase shifter of Fig. 2.11 
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Finally, the hybrid even-odd mode reflection filters are limited to symmetrical 
frequency responses. 

2.4 Triple-mode TE018 transmission filters 

With the hybrid reflection filters subject to the limitations explained above, it is 

necessary to investigate the filter design of conventional transmission triple-mode 

TEo16 bandpass filters. The study is made at 2 GHz, with a dielectric filling ratio 

optimum for spurious separation. The resonator is a 19 x 19 x 19 mm cube of dielec- 

tric constant 44 ceramic. The cavity is 50 x 50 x 50 mm. A small alumina support of 

outside diameter 10 nun and wall thickness 1 mm is chosen to maximise the space 

available for tuning elements. Unfortunately, this also creates a difference in fre- 

quency of 2.6 MHz between the three modes. As a result, extra frequency tuning 

is required. A silver plated test cavity exhibited a triple-mode resonance with one 

mode at 2.0056 GHz and of Q,, 18,800, very close to the 18,910 simulated by FEM 

analysis. The two other modes were at 2.0030 GHz. 

2.4.1 Frequency tuning 

The need is for a frequency tuning mechanism which provides as much independent 

tuning as possible, without inducing much spurious coupling between the different 

modes. It is known that a dielectric tuning disc positioned as in Fig. 2.22 decreases 

the frequency of mode 2 as for the single-mode TE018. However, it also tunes sig- 

nificantly modes 1 and 3. From Fig. 2.6, it can be seen that the maximum electric 

Figure 2.22: Frequency tuning of mode 2 
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fields of mode 2 at the top of the resonator (z = c) are around the edges of the 

cube. The fields of mode 1 and 3 on the same face can be deduced from the same 
figure by interchanging the x and z axis. They are strongest at the centre of the 

cube face. As a result, to tune mode 2 further than modes 1 and 3, tuning discs 

with large diameters will be needed. The top left graph of Fig. 2.23 shows the effect 

of a 25 mm diameter disc of dielectric constant 44. Mode 2 is tuned by the largest 

amount, and up to 12 MHz of differential tuning is achievable. Further differential 

tuning is expected to be achievable by using a doughnut-shaped disc, as the effect 

on mode 1 and 3 should be minimised. Unfortunately, large tuning discs will also 

generate large spurious coupling levels compared with the coupling bandwidths re- 

quired for narrowband filters. For example, a FEM analysis shows that two tuning 

discs positioned 6.5 mm away from the cavity walls (each giving 11 MHz of differen- 

tial tuning) create 2 MHz of coupling between the modes they predominantly tune. 

With smaller tuning discs, these couplings become negligeable and some differential 

tuning could still be possible, this time by predominantly tuning modes 1 and 3 

rather than mode 2. However, in practice, the tuning of modes 1 and 3 only pre- 
dominates when the tuning disc is less than 2 mm from the resonator. The effect of 

small discs is illustrated for diameters of 15 and 10 mm in Fig. 2.23. 

This frequency behaviour with different tuning discs qualitatively explains the 

effect of different alumina support diameters. The smaller supports used in this 

section pulled the frequencies of mode 1 and 3 down relative to mode 2, similarly to 

a small tuning disc. In the previous section at 850 MHz, a larger diameter support 
had just as much effect on mode 2 as mode 1 and 3, behaving more like a large 

tuning disc. 

Metal tuning discs were found to be the only alternative to dielectric ones. They 

were mounted on an insulating plastic screw so as not to perturb the TMola modes. 
13 MHz of independent tuning is achievable, creating a maximum of 0.6 MHz of 

spurious coupling, when simulated by FEM analysis with 17 mm diameter discs 

8 mm away from the cavity walls. However, this is accompanied by a decrease of 

the Q,, of the tuned mode by 9%. The effect of a 17 mm metal tuning disc on the 

three resonant frequencies is shown in Fig. 2.23. 
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Figure 2.23: Variation of the resonant frequencies with displacement of tuning disc 

from cavity wall. Modes numbered as in Fig. 2.22. Dielectric cube: er 44, length 

19 mm. Cavity: length 50 mm. Dielectric tuning disc: e,. 44. Total travel varies 
because of differing tuning element thickness and mounting. 

2.4.2 Intra-cavity couplings 

In the hybrid triple-mode filter of the previous section, the couplings between modes 

of the same cavity were realised by conducting loops located opposite the frequency 

tuning discs. This is not possible in the case of multi-cavity filters, where at least 

two walls of each cavity are required for external couplings. No other location is 

adequate for a metal or dielectric insert to create the values of coupling necessary 
for filters wider than a few megahertzs. As a result, most of the coupling needs to be 

created by discontinuities on the dielectric cube itself, such as chamfers, as shown in 

Fig. 2.24 [71). The variation of the coupling with respect to the chamfer dimension, 

calculated by even-odd mode analysis with the FEM simulation software, is shown 
in Fig. 2.25. 

Additional fine tuning up to 1 MHz is achieved by conductive loops positioned 

as in Fig. 2.24. a. Fig. 2.26 illustrates the magnetic coupling happening for different 

positions of the loop. The numerical values were obtained experimentally. These 
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FINE TUNING OF 1-3 COUPLING 

(a) (b) 

Figure 2.24: Intra-cavity coupling mechanism 

coupling values are to be added to the coupling created by a chamfer situated next 
to the loop, as chamfer A of Fig. 2.24, or at 1800 from it. They should be subtracted 
if the chamfer is situated as chamfer B. Overall, 1 MHz of tuning is available. 

However, these conductive loops were found to be difficult to make in a repeat- 

able manner and were replaced by 1/4" metal screws parallel to the chamfer as in 

Fig. 2.24. b. 1 MHz of tuning is also available. The screw in Fig. 2.24. b decreases the 

coupling created by the chamfer A and increases that of chamfer B. Tuning screws 
in similar positions can also be used without being associated to a chamfer to can- 
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Figure 2.25: Coupling variation with chamfer size 
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Figure 2.26: Coupling of magnetic fields through conductive loop 

cel any spurious coupling which could exist between modes. For example, a tuning 

screw inserted in between two metal frequency tuning discs will tend to cancel the 

spurious coupling created by the discs themselves. 

2.4.3 Inter-cavity couplings 

Within each cavity, a cross-coupling of any sign between modes 1 and 3 is readily 

obtainable by machining chamfers along all three axis of the dielectric cube. This 

allows the realisation of some asymmetrical filter responses. Further cross-couplings 

require the existence of multiple inter-cavity couplings though the same cavity wall. 
Traditionally independent couplings through the same wall, both in air and DR 

multimode filters, are obtained by opening apertures that each predominantly couple 

one set of modes [68,153]. The key point is then to identify the optimum location for 

these irises, by considering the distribution of the transversal fields of the three TEois 

modes at the wall interface. The directions of the magnetic fields are illustrated in 

Fig. 2.27. 

As a first step, the optimum iris location for the coupling of modes A in Fig. 2.27 

is investigated in order to minimise the couplings of the two other set of modes. The 

first obvious choice for a coupling aperture is a long and narrow iris, parallel to the 

magnetic fields, and located at the centre of the wall. Such a iris is conventionally 

used in single-mode TEoia filters. However, it is difficult to machine. As a result, 

the coupling through a similar shaped iris, but running along one edge of the wall 

was considered. Such an iris is also easy to access and convenient to tune: a metal 
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Mode A Mode B ModsC 

Figure 2.27: Directions of magnetic fields for the three modes at a cavity wall 

screw inserted across it increases the iris coupling, thus limiting the necessary iris 

size and, as a result, the amount of spurious couplings. A FEM simulation predicts 

a coupling of 2.5 MHz through a 30 mmx 10 mm iris in a4 mm thick wall. The 

couplings for the two other set of modes are much weaker: 0.0 ±0.1 MHz for modes 

B and 0.1 ±0.1 MHz for modes C. Although these values are very small, they could 

still cause a significant change of the filter response, as they introduce cross-couplings 
between distant nodes of the network. To better evaluate the amount of spurious 

couplings, a filter was designed and built. The case of a degree 6,5 MHz wide 

Chebyshev filter was considered. Its equivalent circuit, as well as the ones of all 

subsequent filters in this chapter, was derived by the Filtronic in-house filter design 

software using the same synthesis method as in Section 1.2. The "short-circuit stub 

resonator-inverter coupling" network model, recalled in Fig. 2.28 was chosen. The 

filter coupling bandwidths are listed in Table 2.4. 

In the absence of cross-couplings, the signs of the main path couplings would 

not matter and the chamfers could be located in any of the appropriate positions 

described in Section 2.4.2. However, spurious couplings occur through the iris and 

have a sign that cannot be chosen. As a result, the signs of the main path couplings 

relative to those of the spurious cross-couplings will dictate the overall response of 

the filter. The couplings through the iris are inductive. The inverters representing 

them in the model then have a positive impedance, in order to create the same sign of 

phase shift as an inductor. As a result, an inductive coupling will also be called here 

a positive coupling. Let us represent such a positive coupling by drawing the fields 

of the two modes with opposite orientations on each side of the iris, as illustrated in 

Fig. 2.29. a [2]. Also, let us suppose that a coupling created by a chamfer is positive 

when the chamfer is located between the two heads of the mode symbolic arrows, 
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Table 2.4: Chebyshev filter coupling bandwidths. Equiripple bandwidth: 5 MHz, 

return loss: 25 dB. 

Nodes Coupling BW (MHz) 

input-1 6.09 

1-2 4.70 

2-3 3.24 

3-4 3.06 

4-5 3.24 

5-6 4.70 

6-output 6.09 

/75 -; 
ý; 7 

Figure 2.28: General filter equivalent circuit network 



Chapter 2 73 Section 2.4 

1Ii 11 J 

magnetic fields 

(a) (b) 

Figure 2.29: Sign conventions for iris couplings (a) and chamfer couplings (b). (a) 

is taken from [2]. 
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Figure 2.30: Layout of Chebyshev filter with top iris 

as in Fig. 2.29. b, or at 1801 from them. The relative sign of each coupling can then 

be deduced, by setting all chamfer couplings but one as positive and deducing the 

sign of the last coupling from the field orientations. The convention in Fig. 2.29. b 

is arbitrary. However, this is not restrictive at this stage as the filter studied here 

is symmetrical: any sign change (180° phase shift) occurring for a given chamfer in 

one cavity is reproduced symmetrically in the other cavity, and the overall response 

remains the same. For asymmetrical filters, the knowledge of the correct absolute 

sign would however be useful. It will be deduced later on in this section. 

The filter was tuned for both signs of the 5-6 coupling. The filter layout is shown 
in Fig. 2.30. TEM transformers resonating above the passband couple into mode 1 

and out of mode 6. Intra-cavity couplings are tuned by 1/4" metal tuning screws, 
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increasing the coupling already created by the chamfers. The filter responses are 

shown in Fig. 2.32 to 2.34. As expected, rotating the 5-6 coupling chamfer trans- 

forms the delay equalisation present in Fig. 2.32 into real frequency axis transmission 

zeros in Fig. 2.34. These are correctly predicted from the coupling signs in Fig. 2.30 

deduced from Fig. 2.29. The plots also put in evidence the significant effect of the 

1-6 coupling on the response. The latter can be deduced from the shoulder levels of 

Fig. 2.32 and 2.34. 

The filter responses in both Fig. 2.32 and 2.34 exhibit some degree of asym- 

metry in their rejection levels below and above the passband. As with more con- 

ventional filters (combline, single-mode TE018), some asymmetry is expected due 

to the frequency dependence of the coupling mechanisms and the proximity of the 

closest spurious modes. Other contributions to the asymmetry come from spurious 

couplings between odd numbers of nodes in the filter network. The 1-3 and 4-6 

couplings, mainly due to the presence of the frequency tuning elements and mis- 

alignement of the dielectric resonators, can be cancelled entirely by tuning screws 

inserted between the discs. Small amounts of input-2 and 5-output couplings also 

exist, but their effect on the response is much more limited. Finally, if the iris is 

offset relative to the symmetry lines of the field distributions at the wall interface, as 

it is the case for the top iris for example, couplings between different set of modes, 

e. g. 1-5 coupling, will also occur [1541. However, their effect is expected to be less 

significant than that of the inter-cavity and the 1-6 couplings. The modelling of the 

asymmetry is restricted to the use of impedance inverters which have impedances 

that vary linearly with frequency around the centre frequency of the filter. These 

provide a good model for the higher selectivity present at lower frequencies, which is 

believed to be mainly due to the frequency dependence of the coupling mechanisms 

and the proximity of spurious modes. The tuning elements only have a secondary 

effect. Indeed, the change of asymmetry of the response when changing the sign of 

the 5-6 coupling was only small, and could be explained by a spurious 4-6 coupling of 

+0.3 MHz, for example through the tuning discs. Also, both 1-3 and 4-6 couplings 
due to the tuning discs should, according to the models of Fig. 2.29, both be positive 

and increase the selectivity on the high side of the passband, which means that it 

is actually partly cancelling other more important effects. In any case, the way the 

asymmetry is modelled is not critical for the following evaluation of the spurious 
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Figure 2.31: Picture of the Chebyshev filter with top iris. Central iris dimensions 

modified. 
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Figure 2.32: Measured narrowband frequency response of the Che'l>yshe'v filter wit lº 

top iris and 5-6 chamfer in A 
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Figure 2.33: Measured wideband frequency response of the Chebyshev filter with 
top iris and 5-6 chamfer in A 
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couplings occurring through the iris. 

The fact that some 2-5 spurious coupling occurs through the iris only creates a 

small uncertainty on the estimation accuracy of the 1-6 coupling. The former was 

simulated to be between -0.1 MHz and +0.1 MHz by the FEM simulation, but 

in fact is restricted to positive values. Supposing 0 MHz of 2-5 spurious coupling, 
+0.105 MHz and +0.100 MHz of 1-6 coupling is estimated from Fig. 2.32 and 2.34 

respectively. With 0.1 MHz of 2-5 coupling, these values change to +0.095 MHz and 

+0.113 MHz respectively. As the value for both spurious couplings should be the 

same in both experiments, and assuming a linear variation in the interval between 

the two measured cases, their values are deduced as +0.103 MHz for the 1-6 coupling 

and +0.022 MHz for the 2-5 coupling, or 3.36% and 0.72% of the main path coupling 

respectively. These values are slightly influenced by the positioning of the dielectric 

resonators. When accurate positioning is realised using a jig, the previous results 

are repeatable with less than 15% variation. Also, input-3 and 4-output spurious 

couplings might affect the measurements although their effect is equal to that of a 
2-5 coupling with a sixth of the magnitude. 

By inserting a metal tuning screw from the lid in C in Fig. 2.30, a negative 1-3 

coupling should be created. That is because the tuning screw introduces a coupling 

of opposite sign to that of a chamfer in the same location. The measured response 

of the filter in Fig. 2.35 shows that the lower band edge of the filter becomes more 

selective. This is in agreement with the filter model. On the other hand, if all 

chamfers had created the opposite sign of coupling (negative for the same arrow 

orientations), then the 1-3 coupling would have been negative and the higher band 

edge should have become more selective. This demonstrates that the conventions 

used in Fig. 2.29 were correct. 

To maximise the flexibility of the new triple-mode filter, the spurious couplings 

across both four and six nodes should not influence the response significantly. With 

the top iris in the previous layout, the 1-6 coupling is too large. To minimise its 

effect on the response, modes 1 and 6 would need to be interchanged with modes 
2 and 5 respectively, which restricts the layout possibilities. On the other hand, 

the 1-6 coupling might be minimised by an iris in a different location. With this in 

mind, the central iris previously mentioned was again considered. The filter layout is 

shown in Fig. 2.36. The 3-4 coupling is this time decreased by inserting a 1/4" metal 
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Figure 2.35: Measured response of filter with top iris, ('IDIIiifer in B and t iillilih 

screw in C 

tuning screw along its length. A FEM simulation predicted a coupling through a 

30 inm x7 inns iris in a4 nnn thick wall of 3.1 MHz for inodc's A, (1.1 ±0.1 N 111 z 
for modes B and 0.2 ±0.1 MHz for modes C. A filter with a central aperture was 

built and its response is shown in Fig. 2.37. The deduced 1-6 coupling is between 

0.16 MHz (or 5.2% of the main path coupling) and 0.193 MHz (or 6.3% of the luaiu 

path coupling). This is considering a 2-5 spurious coupling between 0 and (1.2 MI 1,., 

as given by FEM simulation. 

This result is worse than with the top iris. As previously, modes 2 and 5 iniglit 

couple less than 1 and 6 through the central iris, as suggested by the FEM süiºuha. t iuii. 

This was checked by retuning the filter after swapping modes 1 and 5 wit Ii modes 2 

and 6 respectively, although, as already explained, this would restrict the 1>oti, il, iliti('s 

of realisable filter layouts. The layout of the new filter is slioýwu iii Fig. 2.38 anal its 

response in Fig. 2.39. The new 1-6 spurious coupling is (estimated at 5.2`% and 3.7% 

of the main coupling, considering 0.1 and 0.3 MHz of 2-5 coupling respectively. '1'liis 

is less than before the anodes were swal)1)NI, although the shoulder lex, eIs are similar 

to those in Fig. 2.37. This is due to the fact that, in the latter case, the ('II r(ts of, 

1-3 coupling 
SPAN 15 MHz 
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Figure 2.36: Layout of the Chebyshev filter with central iris 
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the two spurious couplings are adding up while they were previously cancelling. In 

any case, the 1-6 coupling level once again is worse than for the top iris. 

It was felt that, in the general case, no iris will provide the amount needed for 

the main line coupling without introducing a significant amount of spurious cross- 

coupling. As a result, if this cross-coupling needs to be cancelled to achieve the 
desired frequency response, an additional coupling path has to be created. 

For some filter networks, the 1-6 coupling, considered up to now as a spurious 

coupling, is actually needed. In this case, independent control of its level is necessary 

to easily tune the filter to the right response. Although the magnetic fields of the 

three modes are significantly different at the irises previously considered, very little 

independent tuning can be achieved. For example, the fields of modes A at the top 

iris of Fig. 2.30 are predominantly directed along the iris length where they have 

half a cosine variation. The fields of modes C are also significantly oriented along 

the iris length, although less so than modes A, but exhibit a full sine variation. As 

a result, a tuning screw across the centre of the iris should proportionally increase 

the coupling of modes A with respect to modes C, compared to tuning screws offset 

on each side of the centre. However, this effect is very limited, as the offset screws 

are not located in a null for the fields of modes 3 and 4 and still predominantly 
increase the 3-4 coupling. As an example, Fig. 2.40 shows the response of the filter 

in Fig. 2.30, first tuned with a tuning screw at the centre of the iris, as in Fig. 2.34, 

and secondly with tuning screws offset by 10 mm from each side of the centre. As 

expected, the second response shows an increase of the 1-6 coupling, even though 

this increase is estimated at only 10.6 %. As a result, a separate path is necessary 

to tune the spurious coupling. This will be discussed in the next section. 

2.4.4 Cross-coupled filter with separate path to control the 

1-6 coupling 

In the general case, a fully cross-coupled filter response might be required. As a first 

step, a degree 6 filter with 2-5 iris cross-coupling is designed. The control of the 1-6 

cross-coupling is then investigated. 

Table 2.5 lists the coupling bandwidths for a5 MHz wide, degree 6 filter with 
30 dB rejection 1 MHz either side of the passband. The layout in Fig. 2.41 shows the 
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Figure 2.40: Measured frequency response of the Cliehysliev filter with central 

tuning (in blue) and offset tuning (in re(l) of the top iris. 

Table 2.5: Cross-coupled filter coupling bandwidths. Egniripplc bandwidth.: 5NI IIz, 

return loss: 25 (113,30 dB shoulder level. 

Nodes Coupling BW 

(MHz) 

Nodes Coupling BW 

(MHz) 

input-1 6.03 

1-2 4.55 

2-3 2.95 

3-4 3.75 2-5 0.93 

4-5 2.95 

5-6 4.55 

6-output 6.03 
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locations of the chamfers so that both the wanted the 2-5 and spurious 1-6 couplings 

create transmission zeros on the real frequency axis. The measured narrowband and 

wideband responses are shown in Fig. 2.43 and 2.44. From Eq. 1.5, the overall Q of 
the filter is estimated at 15 700, equivalent to a reduction of 15.3% over the simulated 
Qu of an aluminium cavity. The 1-6 spurious coupling now happens through both 

irises. From the experimental response, we deduce that the 1-6 coupling is 0.19 MHz, 

or 5.0% of the 3-4 coupling, which is slightly less than twice that of the single iris 

coupling of Fig. 2.31. 

In order to cancel some of the existing 1-6 coupling, an iris would have to in- 

troduce a coupling of the opposite phase to the existing coupling, i. e. an electric 

coupling. However, electric coupling occurs through the field component normal to 

the iris plane, which modes 1 and 6 do not have [154]. As a result, in the general 

case, an extra coupling path, other than an iris, needs to be created. The con- 
figuration presented in Fig. 2.45 was used. To achieve selective coupling of modes 
1 and 6, probes parallel to the electric field were inserted opposite the input and 

output transformers, and connected externally by means of a length of transmission 

line. The determination of the different circuit parameters in order to achieve the 

required change in 1-6 coupling level is described below. 

The two capacitive probes are inserted and one is connected to a 50 Q line. The 

measured reflected delay and phase shift at the end of the line are used to deduce 

the coupling, with an equivalent capacitance value C, and the phase shift 01 created 
by the probe. These values can then be used in the filter network model. As the 
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Figure 2.41: Layout of cross-coupled filter 
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capacitance is difficult to tune without physically changing the length of position of 
the probe, it was decided to keep a fixed capacitor value and study the possibility 

of creating the new coupling by adequately choosing the other circuit parameter 

values: impedance and length of the connecting line. These are linked to the desired 

inverter impedance K16 by equating the transfer matrix of the latter with that of 
the network in Fig. 2.46. 

1101 
ýýw cosh jZosino 1 ýCý, 10110 jK 

jB 101 Zo cosh 01 jB 1K0 
(2.48) 

This can be re-written as 

11 1 cosq5 j Zosino 1, 

01 zo cosO 01 

1Q0 jK 10 
(2.49) [.. 

jB 1K0 -jB 1 

which yields 

coso + ZF- 
- KB =0 (2.50) 

si o-1 
+B2K=0 (2.51) 

and 
coso sino K+ 

2Cw 
+ ZoC wz - Zosino =0 (2.52) 

Choosing a value for Zo, Eq. 2.52 is solved numerically for 0. Not all values of Zo 

give a solution. cio is then deduced from 0 to give the length of external line. B 

is calculated from Eq. 2.51. Eq. 2.50 is automatically satisfied as the terms of the 

reciprocal network transfer matrices satisfy AD - BC = 1. 

CC 
transm, mlon fine 

to I 
M76 

B8 

Figure 2.46: External cross-coupling equivalent network 
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As an example, the spurious 1-6 coupling is cancelled completely. The measured 

response of Fig. 2.43 is reproduced with an equivalent circuit model as in Fig. 2.28. 

The impedance of the stub resonators is set to 0.12 Q. This is entirely arbitrary: 
if a different impedance is chosen, new values of C and cal are extracted from the 

measured reflected signal and the external line length calculated from Eq. 2.51 and 
Eq. 2.52 remains the same. The inverter value to synthesise is -K16 = -1811.6 Q. 

C is evaluated at 0.277 pF and 01 at 29°. A solution to Eq. 2.51 and Eq. 2.52 

exists for ZO = 46.8 Q. It is B= -3.391 mf2-1 and 0= 72° or 432°. Choosing 

the longer length, the external line then needs to be 0- 201 = 374° in air or 
97 mm of microstrip line on 30 thou Taclam. Fig. 2.47 shows the simulated response 
before and after cancelling. A resonance below passband is visible on the simulated 

wideband response in Fig. 2.48, which is due to the long electrical length of the 

external line. The filter hardware is shown in Fig. 2.49. The measured responses are 

shown in Fig. 2.50 and Fig. 2.51. This shows that this technique works as a method 

of cancelling the 1-6 coupling. 
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Figure 2.47: Simulated response of the cross-coupled filter before (A) and after (B) 

cancelling of the 1-6 coupling 
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Figure 2.49: Picture of the cross-coupled filter with cancelling of the 1-6 coupling 
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2.5 Conclusion 

In this chapter, the good performance of the new triple-mode TEola was demon- 

strated. Its simple shape and small size while retaining a good spurious performance 

makes it an attractive alternative to the single-mode TEola. This resonator is best 

adapted for narrowband low loss applications, where high Q. are needed and the 

coupling bandwidths required are limited. Reductions of 50% of the cavity volume 

over single-mode TEola are achievable. 
It was shown that conventional narrowband transmission filters can be designed 

and tuned, with only restricted and simple modifications to the basic cubic shape 

of the resonator. Different methods for frequency tuning and coupling of the modes 

were investigated. A wide range of filter responses is achievable through the choice 

of the coupling signs created by the chamfers and the realisation of inter-cavity 

cross-couplings. The sign of each coupling can be predicted. However, it was con- 

cluded that the realisation of three independent iris couplings between cavities was 

not possible, which somewhat restricts the ease of use of the new filters. A method 

for cancelling spurious couplings between modes in adjacent cavities was demon- 

strated. Q. /volume improvements of 67% compared with single-mode TEola filters 

were demonstrated from the passband insertion loss of the measured filters. 

Also, the triple-mode TEois cubic resonator was used to demonstrate a new 

type of filter: the reflection mode even-odd mode hybrid filter. Symmetrical cross- 

coupled filter responses can be realised in this manner with the double advantage 

of consisting only of two ladder networks (no physical cross-couplings required) and 

little sensitivity to most spurious couplings. However, drawbacks such as sensitivity 

to detuning with temperature and limited hybrid bandwidth restrict the use of this 

new filter realisation. 
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Chapter 3 

Modelling of Dual-Mode Conductor-Loaded 

Dielectric Resonators 

3.1 Introduction 

In Section 2.2 of Chapter 2, it was shown that the TM016 modes become the funda- 

mental modes of the suspended dielectric resonator as the dielectric filling ratio is 

increased. Being E modes, or electric dipole modes, their electric fields can termi- 

nate on two opposite conducting walls and their field distribution is little affected 
by the proximity of these walls to the ceramic. As the was normal to the electric 
fields get closer to the ceramic, the amount of variation of the fields magnitude along 
the E field direction is decreased. When the metal is in contact with the ceramic, 
the resonator is in fact a dielectric-loaded waveguide resonator (TMolo) and the 

fields are uniform along one direction. This resonator will be studied extensively in 

Chapter 5. 

Rather than terminating the fields on two opposite ends as for the TMolo mode, 

two degenerate E modes can be forced to be the two fundamental modes by lowering 

the dielectric resonator down to the bottom of the cavity. These two modes are, to 

start with, two of the three TMo1a modes of the suspended DR. As the resonator 
is lowered, they decrease in frequency and cross over with the TEO, $ mode. When 

the resonator is in contact with the cavity, their electric field is terminated on the 

surface where the dielectric and metal contact. The two modes are then similar 
to half-cut TEola resonators. As the contact between ceramic and the housing is 

only on one plane, the temperature behaviour of the resonator is easily controllable. 
However, a drawback of the resonator is its fairly poor spurious performance, with 
the TE016 mode resonant frequency around 1.3 times that of the fundamental mode. 
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To improve this, the frequency of the fundamental can be decreased by placing a 

conducting disc on the top of the resonator. Finite element field simulations have 

shown that this eliminates most of the field variations of both electric and magnetic 
fields along the axis normal to the disc and cavity base (as for the TMolo resonator). 
The TEols mode resonant frequency increases, as the metallic boundary is created 

parallel to its electric field. The spurii of other E modes come down in frequency, 

as their electric fields can now, like that of the fundamental mode, terminate on the 

two parallel metallic planes. The new first spurii are the EH116+1 and the TM015 

modes. Overall, however, Fr is improved. 

3.2 Approximate models of the resonator 

3.2.1 Description of the resonator structure 

conducting 
enclosure 

conducting disc 

digjetdc 
cylinder 

x 

z 

Figure 3.1: Dual-mode conductor-loaded dielectric resonator geometry 

In order to simplify the calculations both in the following approximate studies 

and in the more detailed modelling of Section 3.3, the dielectric resonator, metal 
disc and cavity are considered to be of cylindrical shape and concentric. Fig. 3.1 

shows such a resonator. However, resonators with the same basic structure but with 
different cross-sections, e. g. square, for the dielectric, disc or cavity in the x-y 

plane would have very similar characteristics. This is provided the geometry has a 

rotational symmetry through 90° around the z axis. 
The running time of exact models such as finite element analysis or mode- 

matching models can be very important. Approximate models that give a reasonable 

accuracy of the resonant frequencies of the first resonant modes are then valuable. 
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Figure 3.2: Approximation models of the dual-mode conductor-loaded dielectric 

resonator 

The two simple models considered here are shown in Fig. 3.2. First, the basic cavity 

model, where only the dielectric region is retained, is considered. As mentioned in 

Section 1.5.1, this is a good first approximation as most of the fields of the modes 

are concentrated within this region. The top and bottom of the dielectric resonator 

are approximated to perfect electric conductors. Because of the large value of the 

ceramic permittivity, the periphery of the resonator is approximated to a perfect 

magnetic conductor. In the second model, the air region surrounding the dielectric 

is kept. The model then consists of a piece of dielectric-loaded waveguide termi- 

nated at both extremities by a perfect electric conductor. Of course, these models 

will be more accurate if the metal disc is relatively large with respect to the dielectric 

cylinder. 

A resonator with the following dimensions is considered: 

Cavity : Diameter : 65 mm Height : 40 mm 
Resonator : Diameter : 38 mm Height : 23 mm Cr : 44 

Disc : Diameter : 30 mm Height :3 mm 

In order to assess the accuracy of the models, the resonant frequencies of the first 

five resonant modes, obtained by finite element analysis with HFSSTM, are listed in 

Table 3.1. Fig. 3.3 shows the field patterns of the modes. 

Cavity model Dlelechic loaded 
wavegulde model 
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Table 3.1: Simulated resonant frequencies of the five first modes of the dual-mode 

conductor-loaded DR with HFSSTM. 8705 nodes, 1810 elements (quarter of geom- 

etry only) 

Mode HE116 EHiis+i TMoia HE215 TEoia 

Simulated fo (GHz) 0.9201 1.299 1.340 1.449 1.473 

E field H field 

Dwoonel "eciton Section A-A 

HEua 
TýlýýT 

II 

EH11 1 
T :ý 

HEzla 
63 6) 

OW -+. TMoia 
rv 

, ý, 
I 

T .ý ý-' ti T is i 

--. ý CO TE913 

T ''®"°ý T 

Figure 3.3: Field patterns of the first five resonant modes of the dual-mode 

conductor-loaded dielectric resonator 
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3.2.2 Hybrid modes 

Cavity model 

As the fields of the HElla mode vary very little along the z axis, the corresponding 

mode in the cavity model is the TM11o. Let us consider a waveguide homogeneously 

filled with dielectric. The field expression of the TM1I in this waveguide can be 

deduced from the general expressions for homogeneous cylindrical waveguides listed 

in Section A. 3. Ensuring a perfect magnetic wall at the periphery of the dielectric 

region r= r2 yields: 
2 

Ho =k Jl (er2) cos B=0 (3.1) 
jwµo 

where J,, is the Bessel function of the first kind of order n and 

= k2 ßy2 (3.2) 

All the notations are introduced in Appendix A. ßr2 is then root of JJ(x). The 

first root of JJ(x) is 1.8412. is then deduced and the resonant frequency fo of the 

TM1IO mode is found as the frequency which verifies: 

y =2 - k2 =0 (3.3) 

For the resonator diameter given above, 6= 96.9 m-I and fo = 697.04 MHz, 

which is 24.2% below the finite element field simulation result. This can be partially 

explained by the fact that some field variation along the z axis actually exist for the 

HElla mode. However, the main reason for this discrepancy is thought to be the 

presence of the PMW which forces a null for HB and a maximum for E, z and II, at 

the edge of the resonator. In the actual resonator, these points are located inside 

the dielectric region, which results in the fields being concentrated over a smaller 

region. It is especially critical in the case of E., as the whole of the electric field is 

shifted towards the inside of the dielectric region. 
In the case of the EH11a+1 mode, Eq. 3.3 becomes 

y=V k2- hA (3.4) 

with hA the height of the dielectric resonator. We find fo = 1.2046 GHz, which is 

7.3% below the actual EH116+1 resonant frequency. Indeed, for this mode, a bigger 

part of the RF energy is situated at the centre of the puck, around the region of 
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radial electric field which is maximum at r=0. As a result, the outward shift due 

to the PMW of the cavity model is less critical. This is not the case for the HE21S 

mode, which can then also be expected to be significantly underestimated by the 

cavity model. Referring to Section A. 3, the PMW imposes the following condition 
to the magnetic field of the HE218 mode: 

2 
HB =k J2(6r2) cos 20 =0 (3.5) 

jwpoý 

or Cr2 first root of J2(x). From Eqs. 3.5 and 3.3, fo for the TM21o mode is estimated 
at 1.167 GHz, which corresponds to an underestimation of 20.2%. 

Dielectric-loaded waveguide model 

The field expressions and characteristic equation of a dielectric-loaded circular waveg- 

uide are given in Section A. 1. They are listed for both a wave propagating and 

attenuating radially in the air region. In the first case, the wave number in the 

air region e2 is real and the radial variations are described by J, and Y, a, Bessel 

functions of the first and second kind. In the second case, ý2 is imaginary and is 

replaced by (2 = jet =j k2 -{- 72 in modified field expressions using I,, and K, 

the modified Bessel functions [115,30]. The resonant frequency is found by solving 
Eq. A. 22 or Eq. A. 31 with Eq. A. 6 numerically. The value for ry is replaced by 0 for 

the HE116 and HE218 modes, and hA for the EH116+1 mode. As for the cavity model, 
the estimation of the EHlla+l mode is the most accurate, with an error of -0.7%. As 

before, the number of axial half sine variations is forced to 1 rather than 6+ 1, which 

can explain that the resonant frequency is underestimated. On the other hand, the 

resonant frequencies of the HEII5 and HE21J modes are overestimated by 12.6% and 
3.1% respectively. In the case of the EH116+1 mode, the electric field terminating on 
the disc is forced to enter the dielectric region by crossing it radially. This is not 
the case for the two other hybrid modes. For these two modes, the electric fields are 
located at the fringe of the dielectric and terminated on the bottom of the cavity. 
As a result, part of the electric field can easily be shifted out of the dielectric region 

as the metal disc becomes larger than the dielectric resonator. The limiting case is 

that of the dielectric-loaded waveguide model. This explains why the resonant fre- 

quencies of the HElla and HE216 modes were overestimated by the dielectric-loaded 

waveguide model. It is clear at this stage that the fields for these two modes are 
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very different from those of a classical waveguide mode, and that a more complex 

model will need to be build to predict their resonant frequencies and Q,, 's with a 

good accuracy. 

3.2.3 TEola mode 

Cavity model 

This time H, z needs to be forced to 0 at r= r2. Thus, from Eq. A. 3, 

Hz =7 Jo(ýr2) =0 (3.6) 
9Wµo 

or ßn first root of J0(x). Using Eq. 3.4, the resonant frequency of the TEO,, is esti- 

mated at 1.340 GHz, which is underestimated by 9.0%. As previously for the hybrid 

modes, the PMW is forcing a slower radial variation than in the actual resonator. 
In the latter, the axial magnetic field changes sign in the dielectric region rather 
than just vanishing at the resonator periphery, which explains the low calculated 
frequency. 

Dielectric-loaded waveguide model 

The fields of the TE018 mode are highly concentrated in the dielectric region. As 

a result, the metal disc will have a effect similar to a cavity lid sandwiching the 

dielectric material, particularly in the case of resonators with metal discs and dielec- 

tric resonators of comparable diameter. As a result, the dielectric-loaded waveguide 

model is expected to give an accurate approximation of the TEola mode resonant fre- 

quency. The characteristic equations A. 39 or A. 43 are solved, substituting the wave 

numbers ý for each region with Eq. A. 6 and considering that ry = -M . The result is 

1.501 GHz, 1.9% above the frequency obtained by finite element field simulation. 

3.2.4 TM015 mode 

Cavity model 

Similarly to the hybrid case, the PMW boundary condition at r= r2 yields: 

2 
He= 

k 
Jof(r2)=0 (3.7) 

jW11oý 



Chapter 3 98 Section 3.3 

or ßr2 first root of J. Considering the TMolo mode as the most adequate model 
for the TMola mode, Eq. 3.3 has to be verified, which gives a resonant frequency of 
1.452 GHz. The overestimation (8.3%) is explained by the fact that Eq. 3.7 forces 

some extra radial variation on the fields. For example, the axial electric field Ez of 
the actual resonator changes sign just before r= r2, by opposition to r=0.63 x r2 
for the cavity model. 

Dielectric-loaded waveguide model 

This model is less accurate than the cavity model. Indeed, this second model does 

not allow any change of sign of E., along the radial direction at all. The region of 

maximum fields is then extended towards the outside of the dielectric region and the 

resonant frequency is significantly underestimated. From Eqs. A. 50, A. 54 and A. 6 

and with -y = 0, the resonant frequency is estimated at 606 MHz, 54.8% below the 

actual resonant frequency. The change in sign of Ez in the actual resonator happens 

as the radial fields in the region outside the disc extend to the air region around the 

dielectric region. The electric field in this air region is then tilted vertically, but in 

the opposite direction to that of the Ez in the centre of the dielectric region, as seen 
in Fig. 3.3. 

3.2.5 Conclusion on the models' accuracy 

Even though the dielectric-loaded waveguide model does predict the resonant fre- 

quencies of the TEola, EH116+i and HE216 modes within a few percent, both the 

fundamental frequency and the TMo1a modes are badly estimated. For these, the 

use of an exact model, considering the whole of the geometry, is needed. 

3.3 Mode-matching model of the resonator 

In order to realise a systematic study of the resonator, it was decided to write 

a program based on the mode-matching technique. Such a program would allow 
the determination of the resonant frequencies, the Q. 's and the field distributions 

of resonator modes. This program will provide more detailed information than a 

commercially available software package. For example, the field magnitudes can 
be plotted individually for each waveguide mode, giving a better understanding of 
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their contribution to the overall resonant mode. The mode-matching technique was 
thought to be an efficient method for the study of the present resonator: it is a 
shielded resonator, for which the method is best adapted [19], as suggested by the 

numerous mode-matching studies of DR's already available. It is composed of a 
cascade of simple waveguides and its shape is unlikely to change drastically, and as 
such does not necessitate the use of the more versatile FEM [155]. 

3.3.1 Description of the modelled structure 

The mode-matching technique has been extensively used for the past fifteen years to 

model cylindrical DR's. These studies are using either the radial technique [75,38, 

138,156], where the waveguide sections consist of tubular parallel plate waveguides 

matched along the r direction, or the longitudinal mode-matching technique (52,145, 

146,148,138] where the matching is done along z. The former has in most cases 
the advantage of a shorter computing time, as no computation of Bessel functions 

are necessary for the calculation of the propagation constants of the waveguides 

normal modes [138]. However, it was also reported to offer slower convergence rates 
for modes having a large axial electric field (Ex) [38]. This is because this field 

component has a singularity near the edges of the dielectric resonator. It is then 
difficult to model with the waveguide modes in the tubular air region surrounding 
the dielectric, which have continuous variations in the z direction. It was suggested 
[19] that the axial technique would similarly have difficulties modelling modes with 
high radial electric fields. The mode that primarily needs to be matched here is the 
fundamental mode. Its first approximation is the TMllo mode, for which the electric 
fields are entirely longitudinal. In the general case, because of the proximity of the 
disc, many modes will contain high levels of E, z in the regions near the dielectric edge. 
However, as pictured in Fig. 3.3, the radial electric fields of these modes around the 

perimeter of the disc are also large, making it difficult to choose between the two 

methods. 

Both methods divide the geometry into three waveguides. One future change to 
the geometry, which would improve the spurious ratio of the resonator, might be 

to change the solid resonator into a ring shape [157]. With the radial technique, 

this introduces a fourth waveguide region. With the axial technique, the number of 
regions is kept to three, but the resolution of the dielectric-loaded region characteris- 
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tic equation, in Appendix A, is made significantly more difficult. Another situation 

arises if the disc diameter is made larger than that of the dielectric resonator. In 

the case of the axial technique, the only changes necessary are the expression of a 

cross-coupling integral and a few of the Q,, analytical formulas. In the radial case 
however, the changes are more important as the metal then exists over two regions. 

The axial technique was chosen and the resonator was split into three cylindrical 

waveguide sections as shown in Fig. 3.4. The structure can then be identified as a 

special case of the geometry studied in Section B. 1. 

x 

REGION C 

REGION B 

-- -- ------- REGION A 

REGION C 

REGION B 

REGION A 

-l, 

r 0 r, r, r, 

Figure 3.4: Subdivision of the resonator structure for mode-matching modelling 

3.3.2 Computation of the waveguide modes propagation char- 

acteristics 

All the mode characteristics (wave numbers ý and propagation constants ry) follow 

from the resolutions of the characteristic equations detailed in Section A. The 

6 

z 

t, 

1, 
0 

Bra 

IErö 

Fry. 

notations are essentially those introduced by [146], and used in their modelling work 

of cylindrical DR's. 
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Air waveguide (section C) 

Such a circular waveguide supports TE and TM modes [158]. The resolution of their 

respective characteristic equations, A. 75 and A. 81, is an iterative process which 

could take a significant amount of CPU time, as it requires many evaluations of 

bessel functions. However, it only requires solving once for all frequencies and all 

waveguide dimensions. Noting x= cri, the equations 

J. (x) =0 (3.8) 

and 

Jn(x) =0 (3.9) 

with 
Jn(x) = --Jn(x) - Jn+l(x) (3.10) 

are solved with a simple routine using the Bessel evaluation functions of 

MatlabTM. The characteristics of mode i in region C are then deduced from the 

ith value of x, xi, as: 
Li /3.11) 

1 Si = 
r3 

Ya= ý, - ,2 
(3.12) 

with k, the vacuum wave number in region C. As the routine is not used repeatedly, 

it is kept as a simple and relatively slow routine, evaluating the value of the left-hand 

side of Eq. 3.8 or Eq. 3.9 at equidistant and increasing values of x>0, and searching 

for a zero by the bisection method when two consecutive evaluations are of opposite 

signs. This is possible as both functions are continuous over the interval of interest. 

Coaxial waveguide (section B) 

A coaxial waveguide supports TE, TM and TEM modes [158). A similar method to 

that used for the air circular waveguide is applied here for the study of the TE and 

TM modes. Noting x= ßr3 and r0 = rl/r3i their respective characteristic equations, 

Eqs. A. 60 and A. 66, simplify to 

YY(xrc)J, (x) - J. (xrc)Y, (x) =0 (3.13) 

and 

Y,, (xr, )JJ(x) - JJ(xr., )YY(x) =0 (3.14) 
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Note that Eq. 3.10 also holds for Y� and Y, '. 

Here again, the values for x are independent of the frequency and the absolute 

values of the outer diameter r3 and inner diameter rl = rar, of the waveguide. 
They only depend on the inner to outer diameter ratio r,. As a result, a new set 

of solutions for x will need to be extracted for every different value of r,. This 

extraction presents no difficulty as the left-hand side of Eq. 3.13 and Eq. 3.14 are 

continuous for x>0. Then, 
Xi (3.15) 
r3 

rys =2 - kb (3.16) 

are deduced at any frequency and for any value of r3. 
The case of the TEM mode is trivial as it is fully defined by its characteristic 

equation, Eq. A. 69: 

'y = jka (3.17) 

Partially loaded dielectric waveguide (section A) 

This waveguide supports hybrid modes (HE modes) except in the case of modes 

which are uniform along the 0 direction, for which they split into two independent 

sets of TE and TM modes [159]. The characteristic equations for the HE, TE and 
TM modes are given in Eqs. A. 22-A. 31, A. 39-A. 43 and A. 50-A. 54 respectively. Let 

us call G, (y2) the left-hand side of these equations. The choice of y2 as the variable 
is arbitrary as all parameters of the mode (rye, i1, and e2 or (2) are inter-related in 

a unique manner. In the literature, the variable (ß'1r2) is more often used [160). As 

ýi, and e2 (or (2), are related through 

(3.18) 2=i (2 = Wf2Q/2reO(erl -4 2) 

it is not possible to find the zeros of G, as a function of any variable independently 

of the frequency, as was done for the two previous waveguides. As a result, Gß(72) 

will have to be scanned for its first zeros for each frequency of the study. Also, the 

extraction of the zeros is more difficult because G, (y2) has discontinuities, in the 

vicinity of which its gradient varies very rapidly. However, the relationships between 

the discontinuities and zeros of G, (7y2) have been studied by Da Silva [160]. The 

study states that, in each interval between two consecutive discontinuities, Gý(ry2) 
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Cc Cc Cc 

000 
YZ YZ ' 

I real zero 2 real zeros 2 complex conjugate zeros 

Note: Cc Is Infinite at Interval limits except for y2= - k?, for which CC =0 

Figure 3.5: Possible variations of G, (-y') over each interval 

has either one real, two real or two complex conjugate zeros. Fig. 3.5 shows the 

variations of Gc('y2) in each case. As a result, the search for the zeros is greatly 

simplified. The first step consists of computing the discontinuities of G, (y2). For 

TM modes, they are -k2, and the values of y2 verifying Eq. 3.9 with x= ý1r2 and 
Eq. 3.14 with x= C2r3 and rd = r2/r3. The latter two sets are available directly 

from the values of x previously computed for the two other waveguides. For the TE 

modes, they are -k2, and the values of rye verifying Eq. 3.9 with x= elr2 and the 
following equation with x= e2r3 and rd = r2/r3. 

Yn(xrd)Jn(x) 
- Jn(xrd)Yn(x) 0 (3.19) 

For the HE modes, all the previously listed zeros are combined. 
The zeros of G, (-y') can then be computed on each interval. A real zero is 

extracted by the bisection method when the sign of G, (y2) is different at both 

limits of each interval. When the sign is the same, the minimum of IG(y2)1 is 

computed with the minimum finding routine of MatlabTM. In the case of real zeros, 
the bisection method is applied twice to extract the two zeros. Because of the 

rapid variations of G, (ry2), it was found to converge more reliably and sometimes 
faster than interpolation methods of higher degree, such as the secant method. For 

complex modes, y2 assumes complex values, which are extracted using Miller's 

method [138,160]. It converges by successive parabolic interpolations of Gc(72) [161]. 

As y is complex, so are 'j and 6, and the Bessel functions of the first and second kind 

are used to represent the variations of a localised propagating wave [115]. Miller's 
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method will converge on a value of y2, leading to two values of y, yl =a+ jb and 

--ti = -a -- jb. Two other values, y2 =a- jb and -y2 = -a + jb are also solutions 

of the characteristic equation, giving a total of four complex waves. The existence 

of complex modes in the circular dielectric-loaded waveguide was first demonstrated 

by Clarricoats et al. [31]. They have been reported in many other types of guiding 

structures with inhomogeneous dielectric filling, such as finlines [135,139], shielded 
dielectric image guides [162] and microstrip lines [163]. General constraints for 

the existence of complex modes have been established, first by Chorney, and more 

recently in the case of reciprocal inhomogeneous isotropic waveguides in [159,164, 

165]. Their properties have been derived from these constraints, showing that a 
complex mode, of propagation constant yl =a+ jb, does not carry by itself any 

real nor reactive power. That is because its electric field does not couple to its 

magnetic field. However, it does couple to the magnetic field of the complex wave 

with y2 =a- jb. As a result, these two modes cannot exist independently and 

should always be considered together. A pair of complex modes (yl, y2) then carries 

only reactive power (as do evanescent waves) and represent an attenuated standing 

wave, localised near the point where it has been generated, e. g. at a discontinuity 

[166]. The vanishing of the real, or time-averaged, power has been explained by the 
fact that the power flowing in the dielectric and air regions are of equal magnitude 
but in opposite directions in the dielectric image guide [162] and the dielectric-loaded 

circular waveguide studied here [166]. 

In the case of the mode-matching technique, the necessity of considering the 

complex modes to obtain convergence has been shown [133,167]. It is especially 
important to always consider the two modes of a pair together as, otherwise, the 

conservation of complex power across the discontinuity will not be ensured [135]. 

3.3.3 Self-coupling integrals 

The expression for the self-coupling integrals is defined in Appendix B by Eq. 8.19. 

In cylindrical coordinates, the integral for mode p in waveguide x becomes 

Pyp =f (er xp x he p- hr zp x'jg xp)rdrdO (3.20) 

with S the cross-section of the waveguide. As mentioned previously, the complex 

modes have to be considered simultaneously when power orthogonality are consid- 
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ered because, for them, 

jxp 
x pdS =0 

fs U. p x h; mdS = Qx Pm if pm (3.21) 

However, the two complex modes are still orthogonal in the sense defined by Eq. B. 19, 

i. e: 
fs kp x hxpdS = Pip fxp 

x h,, mdS =0 if p#m (3.22) 

and can be considered separately. 
All self-coupling integrals can be evaluated analytically. In the case where e2 is 

purely imaginary, the alternative field expressions using the modified Bessel func- 

tions would lead to slightly different expressions for the Psp than the ones using 
the first and second kind functions. The two expressions are however equivalent. 
With the view to minimise the number of alternative expressions used in the mode- 

matching program, it was decided to keep the general expression using J� and Y� 

and a complex wave number ý2. Indeed, using different expressions at this stage 

would create different expressions for the cross-coupling products, but also for all 
further processing using the matrix elements (e. g.: Q. calculations, plot of field 

distributions). The results of the coupling integrals are listed in Appendix C. 

3.3.4 Cross-coupling integrals 

Their expression in cylindrical coordinates, derived from Eq. B. 20, is 

Pxyr. _ 
ýx (fir xp x %a ,- hr ym x Ve xp)rdrdOdz (3.23) 

for modes p and m in waveguides x and y respectively, and with Sx as the cross- 

section of waveguide x. These can also be evaluated analytically and are listed in 

Appendix D. 

The cross-coupling coefficient Py p,,, is a measure of the correlation between 

modes p and m of waveguides x and y respectively. If the two modes are orthogonal 
(if they do not couple together), then Px,,,,,,, = 0. The modes in the three waveguides 

can be sorted into separate sets, in between which all Pxyp,,, =0 are null. As a result, 
the analysis can be realised independently for the separate sets of modes, each time 
leading to a separate set of resonances of the structure. This greatly reduces the 

size of the matrix M to solve in Eq. B. 25. The orthogonality relations between the 

modes in adjacent waveguides are as follows: 
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- Modes with different numbers of variations n along the 0 axis will not couple 

together. 

- For n=0, TE and TM modes are orthogonal. 

- The TEM mode in the coaxial waveguide is orthogonal to TE modes in adjacent 

waveguides. 

- For n 0, only the TM modes in the coaxial waveguide and the TE modes in 

the air waveguide are orthogonal. 

As a result, the analysis can be run separately for each value of n. For each n, 

all types of modes need to be considered simultaneously, except when n=0, for 

which TE modes on one hand, and TM and TEM modes on the other, form two 

independent sets. 

3.3.5 Convergence study of the HElla mode 

The resonator with dimensions listed in Section 3.2.1 was analysed. It was found 

that, as the number of modes was increased, very poor conditioning of the matrix 

could lead to inaccurate determinant calculations. This is due to the fact that high 

order hybrid modes in waveguide A can have very different field amplitudes due to 

large disparities of the n variable (see Eq. A. 21 in Appendix A). The conditioning 

of the matrix was then improved by normalising all modes by forcing: 

Pxp=1 (3.24) 

for any mode p in any waveguide x. As a result, the field coefficients of mode p 

in waveguide x need to be divided by JPxpj. Fig. 3.6 shows how the calculated 

resonant frequency of the HE118 mode varies as the matrix size is increased. The 

results are plotted for three different values for the ratios of number of modes between 

regions A and B (Na/Nb) and between regions C and B (Nc/Nb). It can be seen 

that the speed of the convergence is highly dependent on the mode ratios. A first 

criterion used to quantify the level of convergence is the rate of change of the resonant 
frequency' f/ fo each time the matrix size is increased [145,146]. Another criterion, 

giving an absolute evaluation of the convergence consists in calculating the degree of 

matching of the transverse fields at each interface. This method is commonly used to 
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Figure 3.6: Resonant frequency variation with matrix size for the HE116 mode. 
Parameter: (Na/Nb, Nc/Nb). 

assess the accuracy of the modelling of waveguide discontinuities [168,169,170,133]. 

Let us define 

CE(AB) 
fSB IEtA - EtB12 dS 

EH(AB 
ffB IHtA - HtBJ2 dS 

(3.25) _ 
JSB IEtAI dS )^ fsB IHtA1 dS 

where SB is the section of the waveguide B. Et. and Ht., are the transverse electric 

and magnetic fields of waveguide x at the dielectric to coaxial interface. Similarly, 

the field errors at the coaxial to empty interface are defined as 

CE(BC) 
fsB IEta - EtB12 dS 

Ex(Bc 
fsa IHtc - HtBJ2 dS 

(3.26) - fSB IEtcj dS ) fsB IHtc1 dS 

Fig. 3.7 and Fig. 3.8 show the variations of Af / fo and the field errors for the HEI is 

mode. The values of Af/ fo are averaged over five samples as including different 

types of modes (e. g. TE, TM) at successive iterations result in a very variable 

Af/ fo. The ratios giving best frequency convergence also show best matching of 

the electric fields at the dielectric to coaxial interface. The three other field errors 

all show similar level of convergence for the three mode ratios. However, only with 

the 3 to 1 ratio does eE(AB) reach a similar level, i. e. inferior to 2% for when the 

matrix size exceeds 160. Figs. 3.9 to 3.11 are plots of the radial electric fields on each 

side of the dielectric to coaxial interface. EB behaves in a similar manner, showing 

an oscillation of always larger amplitude in the air region as the ratios of modes are 
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Figure 3.7: Af/fo over last iteration (Nb -1 Nb) versus matrix size for the 

HE11 mode. Absolute value of Af/ fo is averaged over five samples (from Nb -2 

to Nb + 2). Parameter: (Na/Nb, N1Nb). 
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Figure 3.9: Real part of the radial electric field of the HE, 16 mode at the interface 

between regions A and B. Na = 120, Nb = 40, Nc = 120. f= 922 MHz. Region A 

in blue, region B in red. 
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Figure 3.10: Real part of the radial electric field of the HE, 16 nioýde at the interface 

between regions A and B. Na = 120, Nb = 60, Nc = 120. f= 922 MHz. lie-ion A 

in ]blue. region B in red. 
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Figure 3.11: Real part of the radial electric field of the HE 116 mode at the interface 

between regions A and B. ATe = 120, Nb = 120, Nc = 120. f= 922 MHz. Region 

A in blue, region B in red. 

decreased. The increasingly poor match of the fields its the relative number of modes 

in the region of smaller cross-section is increased was also observed iii the case of 

the modelling of an infinitely thin inductive iris in it parallel plate waveguide [127]. 

It was linked to the relative convergence phenoiiien0n, occurring iii malty caties 

during the resolution of waveguide discontinuities by mode-Iiiat("liing or iiioiiient 

method applied to an integral equation [127]-[131]. Iii these problems, the solution 

to which the system converged was seen to depend oii the ratios of liºodes Wised in 

each region of the structure. It has been demonstrated [171] that this l)lieno xenon 

will not occur provided the linear system to solve is well comlitioned. Ill the c ouse 

of an infinitely thin iris, it was suggested that the modes <"oxisidered iii the larger 

waveguides should include those with similar field Variations to) that of the illodes 

in the smaller waveguide. In order to achieve this, the c orrelatiooil betweeli I1i(ules is 

studied. The correlation between modes p and iii in wavegIiides .r and y respect ivel. v 

is defined is 

II/))lfl 71 1.2 
. rp 

ý 
yin 

Fig. 3.12 and Fig. 3.13 show the ("ººrrelýitiuºi 1)1Ots ººf twºº ººº(ººiº's ººf witwg iiº1º' B with 

t Inndes iii waveguides C and A rVtilx'ctivº1y. One ()f tile twO ººuulº; ti ººf wave; ºiºlc B is 
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Figure 3.12: Correlation C,. y�. r of 20"' (a) and 21`x' (h) iiiodes of waveguide B with 

modes of waveguide C. n=1, f= 922 MHz. 
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a TM mode (20th mode) and the other is a TE mode (21st mode). In waveguides B 

and C, modes are pure TE and TM modes. TM modes in waveguide B only couple to 

TM modes in waveguide C. This explains the fact that every second value of Cxyp�, 

is zero in Fig. 3.12. a. TE modes in waveguide B do couple to the TM modes in 

waveguide C, but much less so than to TE modes, because of the relative amplitude 

of the different fields. As a result, Fig. 3.12. b looks very similar to Fig. 3.12. a. 

Maximum coupling is achieved when the fields have the same number of vari- 

ations across the interface, i. e. between the edge of the disc (r = r2) and the 

cavity wall (r = r3). The correlation then decreases quickly as the difference be- 

tween the number of variations increases. However, the decrease in not monotonous. 

Some modes of waveguide C have a particularly small correlation (e. g. mode 44 in 

Fig. 3.12. a). These fast variations happen as the fields of the modes on each side of 

the interface go in and out of phase. 

Fig. 3.13 shows that a larger number of modes of waveguide A couples to a given 
TM mode than to a TE mode in waveguide B. Even though modes in waveguide A 

are hybrids, most of them have predominantly the characteristics of either TE (large 

values of n in Appendix A) or TM modes (small values of ic). As a result, TE and 
TM modes in waveguide B will predominantly couple to the TE-like and TM-like 

modes respectively. Also, the field variations of the TE-like modes are very similar to 

those of the TE modes in waveguide C. As a result, Fig. 3.13. b and 3.12. b look very 

similar. By opposition, the variations of the TM-like modes can be very different to 

those of the corresponding modes in waveguide C. In the air region of waveguide A 

in particular, the amplitudes of Er and H9 can differ significantly between TM-like 

modes. The values of Pap and Pbap,,, then vary greatly from mode to mode and result 
in the large spread of the Cz�pn plot in Fig. 3.13. a. 

At this stage, it is necessary to choose the minimum Na/Nb and Ne/Nb that 

will ensure good convergence of the results. Using more modes than necessary in 

waveguide A and C does not improve the accuracy of the frequency calculation. 
However, it does not degrade it either [130,129]. The only drawback is the unneces- 

sary size of the system to solve. One could choose the ratios so that all modes with 

a correlation above a certain percentage of the maximum correlation are included. 

Only the ratios for TM modes need to be calculated because they have a larger 

correlation spread with the modes in waveguide A. 
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In the case of the test cavity studied here (ri/r3 = 0.4615 and r2/r3 = 0.5846), 

the 10% and 20% correlations for the TM modes are achieved for Na/Nb = 113/20 = 
5.65 and Na/Nb = 55/20 = 2.75 respectively. In the former case, ignoring mode 

112 of waveguide A drops Na/Nb to 85/20 = 4.25. For Nc/Nb, the ratios become 

47/20 = 2.35 and 43/20 = 2.15 respectively. The variations of the resonant fre- 

quency of the HE118 mode with Nb is plotted for different ratios of Na/Nb and 

Nc/Nb in Figs. 3.14 and 3.15. For large values of Nb, choosing Na/Nb larger than 

3 does not change the resulting frequency significantly. Even more clearly, increas- 

ing Nc/Nb above 2 does not bring any improvement. As a result, in the case of 

Nb = 20, the 20% criterion appears to be sufficient. 

However, one needs to know how these ratios vary with other parameters such 

as frequency, the resonator dimensions, the number of angular variations n, and the 

number of modes Nb used in the resolution. Only minute changes in the correlation 

plots appeared when run at very different frequencies or for different values of n>0. 

The study of the optimum Na/Nb and Nc/Nb depending on the radial dimensions 

of the resonator is more complex. Fig. 3.16 shows the variations of Na/Nb with the 

disc radius to cavity radius ratio rl/r3i in the case of a TE mode in waveguide B. 

Three of the curves correspond to different criteria: the first one plots the value of 

Na/Nb for which the maximum correlation happens. The second and third curves 

plot the minimal value of Na/Nb which needs to be used to ensure that all modes 

with a correlation above 20% and 10% of the maximum correlation respectively are 

included. These curves are independent of the dielectric cylinder to cavity radius 

ratio r2/r3, and are almost identical for Nc/Nb in both cases of a TE or a TM 

mode in waveguide B. All curves are closely approximated by the ratio of the linear 

dimensions of the two waveguides Rti,, = r3/(r3 -- r1). This ratio can be compared 

to the ratio of waveguide widths which was used to define the ratio of modes in [129] 

and [127]. In a general manner a Na/Nb of Rjin x 1.11 and Rii� x 1.20 will include 

all modes with more than 20% and 10% of the maximum correlation respectively. In 

the case of a TM mode in waveguide B, Na/Nb is similar to Rjin for the maximum 

correlation case only. The case of Na/Nb for 10% and 20% correlations are shown 

in Fig. 3.17. The Rii,, variations are only followed for rl > r2. Otherwise, Na/Nb 

needs to be increased up to 6 above the value of R1i, 1 required for 10% correlation 

and 4 above that required for 20% correlation. The worst case always happens when 
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TE modes (a) and TM modes (b) in wavegi isle B are considered separately. 

the dielectric cylinder diameter is slightly larger than that of the metal disc, lxec"aus' 

several fields singularities then exist very close to each oilier, its explained later in 

this section. 

Finally, an example of variations of Na/Nb with Nb is shown in Fig. 3.18 for 

the three criteria defined above. The variations for Nc/Nb are virtually identical 

to those of Fig. 3.18. a. As expected, Na/Nb coirverges faster for the TE modes in 

waveguide B than for the T1\1 modes. In both cases, all curves seem to converge 

towards a ratio close to Rim. As Nb is increased, the 10 and 20% curves are on the 

whole decreasing which means that the relative correlation spread is reduced. As it 

result, it will be safe to choose the Na/Nb and Nc/Nb ratios assuming the nºininunn 

value for Nb likely to be used and to increase Nb later if more accuracy is needed. 

Once the ratios are chosen through the correlation plots, once has to decide mi 

the ininimuni Nb to use, for example by using time 0. l/ fn and error blots for the 

chosen ratios. The latter approach necessitates inorº' º"onºlnºting time. In the case 

of the HE, 16, let us consider Nca/Nb =3 and Nc/Nb =2 (Fig. 3.19). For Nb 15, 

A. f/. %u is only marginally worse than for Nb 20. with 0.022`% instead of 0-011(/c- 

11.1, (, 11i) increases frans 3 to 51/c.. Results would he ol)tairºa. lºlº' 11111(11 ºuoºre ºlttickly with 

Nb =5 and would still give a reasonable alºprºoxiiiºation of' time resºoºaººt frequency 
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Figure 3.19: Change of resonant frequency over last iteration (Nb -1 -> Nb) versus 

Nb for the HE, 16 mode. (Na/Nb, Nc/Nb) = (3,2). 

(0 f/ fo = 0.202%). However, the field distributions are still very approximate as 

EE(AB) is larger than 30%. 

Studying the variations of the fields at the interface, like those of I; 
r 

in Fig. 3.9 

to 3.11, one can see the difficulties encountered wlieii trying to create the fields of 

the HE, 16 mode from a superposition of waveguide modes. The field variations for 

180,60 and 120 modes in region A, B and C respectively is shown in Appendix E. 

First, F, is singular at the approach of the edge of the metal disc (r = 15 miii). This 

is in agreement with the edge condition, which predicts that /E, 'r and P should tend 

to infinity as r decreases and approaches ri at the ti =O and z= 12 plaices [172]. 

The matching is all the more difficult for F, as the metal disc forces its value to O 

for r< r1. Also, a similar singularity exists for Er acid h', at (lielec"tric edge (v = r, 

z= 0) [173]. In [38], this was presented its the reason why the TIPI and EH modes of* 

suspended DR's converge cinch more slowly by radial mode-matching than TE and 

HE modes. At r= rz too, the values for E,. mimst go through a huge discontinuity 

as Er(T = 'ri ='rz) = 44/1. Similaarly, /'%z(-- = O1 -O -) _ 44/1 for 

ri <r< r2. The uiatchiut; of l'] in Appendix E is in fact still very ill)l)IoxiIImat(' ill 

this region. 

Unlike the electric field, /l,. and IIw are only singular at the iiietallic edges [173]. 

As a result, their match is as good at ti =0 as at z= 12. Finally, I, n and //o reiiiain 
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finite at both edges and are potentially less difficult to snatch [172,1731. 

All this above agrees with the error plots of Fig. 3.8: the electric fields at the 

interface between region A and B are the slower to converge. 

3.3.6 Convergence study of the EH116+1 and HE216 modes 

All the difficulties mentioned in the previous section will also exist for the riiatchiiig 

of the HE216 and EH116+1 modes. The correlation distributions look almost identical 

at higher frequencies such as around 1.3 GHz where the EH 116 t I mode resonates. 

As a result, the same choice of mode ratios should be adequate. This is also true for 

the HE216 mode, as the correlations look again very similar for f=1.45 GHz and 

n=2. This can be verified in Figs. 3.20 to 3.23, which show the convergence of the 

EH 116 -1 and HE216 modes for different Na/Nb and Ne/Nb ratios. It can be seen in 

Fig. 3.24 that all modes converge at very similar speeds with Nb. The HE, 16 and 

HE216 modes especially are extremely similar, which could be expected as the only 

important difference in their field patterns is the number of angular variations. All 

the field singularities are however the same. The EH11664 I anode converges somewhat 

faster. This can be explained by the fact that there is a smaller proportion of /; 'r 

around the dielectric edge as shown in Fig. 3.25 (see also Section 4.3) as well as ll,. 

along the top edge of the disc (see Figs. 3.37 and 3.40 in Section 3.3.9). 
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3.3.7 Convergence study of the TM0ý16 and TE, ý1ý modes 

The convergence of the Th10ia iiiode is expected toi be ('asier toi achieve gis only 

the electric fields can have singularities. The correlation (listrilnttious are shown in 

Figs. 3.26 and 3.27. For the same reason as previously with the lrvl)ricl modes, the 

correlation distributions with waveguide A suffer from it similar, laut iii( re limited 

spread than that of Fig. 3.13. a. Fig. 3.28 shows the variation of the Na/Nb ratios 

with rl /r3 for different values of r2/r;;. Their behaviour is similar toi that iii Fig. 3.17, 

although the worst case here only goes over Rig,, by a maximum Of 4 for 10X ((irre- 

lation and 2 for 20%. As in the Hybrid iiiode case, the coaxial toi circular interface is 

well behaved and the ratios for Nc/Nb are similar (less than 10(/c smaller) to those 

in the previous section. For the test cavity, the correlations fair Nca/Nb and Nc"/Nb 

become 60/20 = 3.00 and 43/20 = 2.15 for the l0% criterion and 44/20 = 2.20 and 

39/20 = 1.95 for the 20Ycc; criterion. Figs. 3.29 and 3.30 illustrate the c(mvergence 

for various ratios in waveguide A and C respectively. It is interesting toi slot(' Hint, 

provided Nct/Nh is chosen large ells ugli, the resonant frequency converges by steps 

as Nb is increased. As these steps always happen for the same values Of Nb, inde- 

pendently of the Na. /Nb and Nc/Nb ratios, it iiºeaiis that the uºox1(5 of waveguide 
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Figure 3.26: Correlation C,. y,,, p of 20"' TM mode of waveguide B with TM iiiodes 

of waveguide A. n=0, f=1.342 GHz. 
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Figure 3.27: Corrclatioxi (. ',.,,,,,. J, of 20`f' TIPI iii(xi(' of waveglli(l(' B with TNI miºo des 

of waveegui(i(' C. rt = 0, f=1.342 GHz. 
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Figure 3.28: Na/Nb ratio variation with the disc to cavity radius ratio ri /r3 for 

different dielectric cylinder to cavity radius r2/r3 for the TM modes and rr = 0. 

Nb = 20, f=1.33 GHz. (a) 10% correlation, (b) 20% correlation. 

B included in the model at these points are to a large extent the ones contributing 

to the TN1016 mode. So, during the later studies, it will be uiore efficient to chose a 

value of Nb just after one of these steps, for example Nb = 17. Fig. 3.31 is it plot of 

the 0f/ fo for (Nt/Nb, N(. -/Nh) = (3,2). After Nb = 16, Af/ f() is, for all but one 

point, always below 0.01%. 

Filially, the convergence of the TE0 1,, mode is achieved with it mininial number 

of modes. It presents the least difficulty as its (»le(tri< field will have no singularity 

at all. No fields iii the dielectric wavegui(ie present a step ill amplitude lx'tw('ell 

the air and the dielectric regions, which means that the spreads of the correlation 
distributions is very limited. The Na/Nb and Nc/Nb ratios are the sande as for 

Nc/Nb in the TNl01 disc,. Figs. 3.32 and 3.33 show that the ("orrelati(nis have 

decreased to 10h of the iilaxiimiin value with Na/Nb and Ne/Nb as small as 2. 

The convergences are shown in Figs. 3.34 and 3.35. 
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Figure 3.29: Resonant frequency variation with Nb for the TMM 015 iiiodc for various 

Na/Nb. Nc/Nb = 4. 
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Figure 3.31: Change of resonant frequency over last iteration (Nb-1 - Nb) versus 
Nb for the TM01 diode. (Na/Nb, Nc/Nb) = (3,2). 
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Figure 3.33: Correlation G1y�gyp of 20th TE mode of waveguide B with TE modes of 

waveguide C. n=0, f=1.4735 GHz. 
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Figure 3.35: Resonant frequency variation with Nb for the TE01 anode for various 
Nc/Nb. Na/Nb = 4. 
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3.3.8 Comparison of modelled and measured resonant fre- 

quencies 

Table 3.2 shows that the measured resonant frequencies of the five first modes of the 

test cavity agree within less than 3.5% with the mode-matching results. The discrep- 

ancies are believed to be due to machining tolerances and above all imperfections 

such as air gaps between metal and ceramic. 

Table 3.2: Simulated and measured resonant frequencies of the five first modes of the 

dual-mode conductor-loaded DR. Finite element simulation as in Table 3.1. Mode- 

matching simulation: Na = 120 (80 for TEola), Nb = 40, Ne = 80. dfo is the 

variation from the mode-matching results. 

Mode HE116 EH115+1 TMola HE215 TEoia 

Mode matching fo (GHz) 0.9220 1.300 1.341 1.452 1.473 

HFSSTM fo (GHz) 0.9201 1.299 1.340 1.449 1.473 

dfo (%) -0.21 -0.08 -0.07 -0.21 < ±0.01 

Measurement fo (GHz) 0.9388 1.312 1.295 1.481 1.461 
1 dfo (%) +1.82 +0.92 -3.43 +2.00 -0.81 

3.3.9 Q. calculations 

The Q� of each resonant mode can be calculated analytically from Eq. 1.3 and the 

amplitude coefficients of the waveguide modes. The latter are obtained at the reso- 

nant frequencies by inverting the linear system of Eq. 1.10 by Gaussian elimination 

with MatlabTM after arbitrarily choosing one of the coefficient. The Q. is then 

calculated from commonly used expressions [138,174]: 

1_1+1_ PP 
+ 

Pd 
- 

is R. IHt I2 dS 
+ 

fvd c" IE12 dV 
(3.28) 

Qu Qý Qd woW woW wo fv µo IHt dV fv eoc' IE1 dV 

where Q, and Qd are the quality factors due to conductor and dielectric losses re- 

spectively, related to the respective average powers dissipated P. and Pd and the 

total stored energy. R, is the surface resistivity of the conductor surfaces, Ht the 

magnetic field tangential to the conductor surface, e= E' - je" the complex per- 

mittivity at any point in the resonator volume, S the conductor surface area, V the 
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resonator volume and Vd the dielectric volume. The integrals are similar to those 

solved for the cross-product calculations. As their expressions are lenghty, they are 

not included here. 

Table 3.3 lists the Q,, 's of the five first modes of the test cavity obtained with 

the mode-matching program, with HFSSTM and by experiment. For Nb = 40, the 

mode-matching results for Qd agree within 10% with those of HFSSTM. The reason 
for these discrepancies is not understood. Indeed, the convergences of all five Qd's 

modelled by mode-matching are very good: as Nb is doubled from 20 to 40, they 

all vary by less than 0.06%. Also, if the mode-matching results were inaccurate, 

one would expect the discrepancies between modes with similar field distributions 

(e. g. HElla and HE218) to be similar. Here, they are quite different and of opposite 

Table 3.3: Q. factor simulations and measurements for the test cavity. Mode- 

matching is with Nb = 40 and (Na/Nb, Nc/Nb) = (3,2) for all modes except TE015 

with (2,2). Finite element simulations (HFSSTM) are with 8831 tetrahedra. 

Mode Mode-matching HFSSTM Experimental 

HElla Q, 9428 8550 

Qd 41,676 41,017 

Q. 7689 7075 7230 

EH116+1 QC 7063 6843 

Qd 29,028 30,971 

Q. 5681 5605 5540 

TMo15 QC 13,857 13,760 

Qd 38,397 42,649 

Q. 10,182 10,403 11,000 

HE218 QC 12,889 11,348 

Qd 26,165 28,150 

Q. 8635 8088 9390 

TEola QC 13,294 12,551 

Qd 25,587 27,345 

Q. 8749 8602 8630 
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sign. Finally, the TMola mode only disagrees by 3% more than the HE216 mode, 

even though only 72.8% of the electric energy of the former is concentrated within 

the dielectric region for the TMola, compared to more than 97% for all other modes. 
One would expect the difference of energy distribution to induce different accuracies 

in the case of an erroneous calculation. 

As far as QC is concerned, the cases of the HE11s and HE21a modes represent 

the major discrepancies between mode-matching and HFSSTM results. Table 3.4 

shows that the larger the difference between the two numerical methods, the slower 

the convergence of Qc as Nb is increased. In brackets are the variations in Qc each 

time Nb is doubled. It has to be noted that, in all cases, the Q, value modelled 

by mode-matching converges towards the HFSSTM value. The speed of the Q's 

convergences do not appear to be linked to those of the resonant frequencies. The 

EHlls+i and especially the TMola modes behave much better than in the previous 

section. On the other hand, the TEola mode convergence is almost comparable to 

those of the HE115 and HE218 modes. The reason for this behaviour is difficult to 

pinpoint as quality factors are the ratios of variables which can themselves converge 

in different ways. However, the fact that Qd has converged for all modes, irrespective 

of their energy distribution, leads to the conclusion that all the energy integrals have 

also converged. The problem is then believed to be due to the modelling of the 

conductor loss, primarily in the metal disc, possibly because of the field singularities 

present at its edges. Figs. 3.37 to 3.45 show the amplitude of each component of the 

Table 3.4: Q, for the first five modes of the test cavity as Nb is increased. Mode 

number ratios as in Table 3.3. In brackets, the percentage variation of Q, obtained 

by doubling Nb. 

Nb 5 10 20 40 

HE115 10,303 9992 (-3.02) 9673 (-3.19) 9428 (-2.53) 

EH115+1 7342 7237 (-1.43) 7133 (-1.44) 7063 (-0.98) 

TMojj 13,754 13,837 (+0.60) 13,847 (+0.07) 13,857 (+0.07) 

HE216 14,244 13,762 (-3.38) 13,243 (-3.77) 12,888 (-2.68) 

TEola 14,354 13,937 (-2.91) 13,580 (-2.56) 13,294 (-2.11) 
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magnetic field on the r-z plane for the different anodes, at the value for 0 for which 

the magnitudes are maximum. The fields for the HE216 mode are not pictured, 

as they are very similar to those of the HE116 mode. In the case of the HE1 i6 

mode, the Hr and fl,, fields at both edges of the metal disc have large magnitudes. 

The discontinuity created by the fact that the fields Haust tend to infinity while 

approaching the edge of the disc, but also vanish when tangent to the metal surfaces 

is clear. For the TE0i6 and EH11 1 modes, the fields are less excited around the top 

edge of the disc, which coincides with the faster convergence of those two anodes. 

As the TE01 mode converges relatively slower than the EH 116 ji mode, one can 

assume that the modelling of the Hr field component around the top edge of the 

disc, extremely small in the TEoia case, is not as critical as the il field component 

at the same location. This could be due to the chosen method of mode-matching 

with interfaces in the r-0 plane. Finally, the TM01 mode, with no 'Jr and ll. 

fields, behaves best. 

H in r-z plane (Nm). 0= n/2 
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Figure 3.37- /l, of the HE, 16 inude. Na = 120, Nb . 10, Nr hll. 
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H. in r-z plane (A/m). 8=0 

E 
E 
N 

Figure 3.38: 110 of the HE11 mode. Na = 120, Nh = 40, Nc = 80. 
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Figure 3.40: Hr of the 116 ji mode. Na = 120, Nb = 40, Nc = 80. 
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Figure 3.42: Hz of the EH11 1 anode. Na = 120, Nh = 40, Nc = 80. 
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Figure 3.44: H, of the TE01 mode. Na = 80, Nh = 40, Nc = 80. 
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Table 3.5: Variations of Q, and percentage of PC3 compared to total conductor power 
dissipation for the first five modes of the test cavity as Nb is increased from 20 to 

40. Mode number ratios as in Table 3.3. 

Mode OQ, 1Qv (°ý) OQlQc (%) 

no loss on 

edge of disc 

, 
IQC (%) OQc 

no loss on 
disc 

P, 
,, 

/PC (%) 

(%) 

HE116 -2.5 -1.2 -0.22 9.2 

EHlls+1 -0.98 -0.46 -0.13 1.8 

TMois +0.07 +0.072 +0.10 0.002 

HE215 -2.7 -1.2 -0.73 9.3 

TEO15 -2.1 -1.1 +0.0045 6.9 

In Table 3.5, it can be seen that the modes with slowest convergence are also those 

with high PC,,, power dissipation on the side of the metal disc, which is the region 

that would be the most influenced by the metal edge singularities. As expected, the 

convergence is significantly improved by ignoring the losses primarily around the 

edge of the disc, or on the entire disc. One final remark is that the quality factors 

change little when Na/Nb and Ne/Nb are chosen as 1: results with Na = Nb = 
Nc = 40 (Q, = 9482, Qd = 41,593, Qt, = 7721) do not differ much from those 

with Na = 120, Nb = 40 and Nc = 80 and represent an improvement over those of 
Na = 60, Nb = 20 and Ne = 40. This choice of ratio, not optimum for frequency 

accuracy, could then be considered for a faster calculation of Qu. 

In Table 3.3 are also the measured Q.. 's, which all agree within 9.0% with the 

mode-matching results. The latter are expected to be less accurate for modes with 
the large magnetic field densities on the disc. Indeed, the method used here is an 

approximation valid only when the losses do not significantly disturb the field in the 

resonator. As a result, the results might not converge to the exact value. However, 

in the case of the HE116 and HE216 modes, which have very similar characteristics, 
this convergence is expected to behave in a similar manner. The fact that the Q. 

of the former is overestimated (+6.3%) and the latter underestimated (-8.0%) is 

not explained. Also, the TM016 mode should be one of the most accurate modes. 
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A large part of the discrepancies is thus believed to be due to imperfections at the 

regions where the dielectric and metal contact. Indeed, no fixation of the dielectric 

resonator and metal disc was provided and the variations in Qu created by air gaps 

and localised currents are believed to be greater than those due to the measurement 

accuracy or incertainties in the metal conductivity and loss tangent of the ceramic 

material. 

3.4 Conclusions 

The mode-matching method has proved to be very accurate for the determination of 

the resonant frequencies of the first modes of the dual-mode conductor-loaded DR. 

It is in good agreement with the finite element simulation and measured results. 

The optimum number of modes to consider has been identified to trade-off speed 

and accuracy of the modelling. The Q calculations are in good agreement with other 

simulated results, although the convergence of Q, can be very slow. However, these 

values still provide a useful approximation of the experimental results. 
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Chapter 4 

Optimisation of Dual-Mode Conductor-Loaded 

Dielectric Resonator Filters 

In order to gain a better understanding of the new resonator, the variations of the 

first resonant frequencies and the Q factor of the HE116 mode are studied. These re- 

sults are obtained by using the mode-matching program described in Chapter 3. The 

aim is to isolate the main parameters governing absolute frequency, spurious sepa- 

ration and Q,,, evaluate the performance of the resonator and optimise its geometry 
for best Q,, and F,.. 

4.1 HElla mode variations 

As shown in Fig. 4.1, dl, d2 and d3 are defined as the diameters of the metal disc, 

the dielectric resonator and the cavity respectively. Also, hA, hB and hC are defined 

d3 

REGION C he 

------ -- ------ REGION B .. 
hs ' 

REGION A d2 h,, 

d3-d2 
2 

Figure 4.1: Parameters for the study of the dual-mode conductor-loaded DIt 
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respectively as the height of the dielectric resonator, the height of the disc and the 

gap between the disc and the cavity lid. Figs. 4.2 to 4.7 present the variations of 

the five first modes with each of these six variables, starting from the dimensions of 

the test cavity defined in Section 3.2.1. Also in Appendix F the distributions of the 

electric and magnetic energies are plotted in the different parts of the structure as 
the parameters are varied. 

4.1.1 Variations with dielectric resonator height 

As mentioned in Section 3.2.2, the fields of the HE116 mode only vary very little along 

the height of the dielectric cylinder. As hA is increased, the resonant frequency, 

shown in Fig. 4.2, increases slowly and in an almost linear manner. Fig. F. 1 in 

Appendix F shows that the proportion of electric energy in the air part of region 
A increases for values of hA up to 32 mm. At the same time, the electric energy 

in the dielectric region and, to a second degree in region D, decreases. The energy 
in the air part of region A becomes mainly contained by the transverse components 

of the fields, E, and E0, as hA is increased. This is illustrated in Table 4.1 for 

dielectric cylinder heights of 10 and 30 mm. This explains the increase in resonant 

frequency. As more electric field terminates on the side wall of the cavity, the field 

pattern of the mode changes away from that of the TMII0 mode. Figs. 4.8 to 4.11 

illustrate the distributions of Er and Es at their r-z plane of maximum intensity. 

The increase of E, in the air region surrounding the edge of the metal disc can be 

seen. Also, as hA is increased, the fields in the top part of the dielectric region are 

unchanged. The Er distribution remains close to the metal disc while Es still extends 

Table 4.1: Distribution of electric energy in region A for different hA. IVEZ is the 

energy contained in E. WEt is the energy contained in Er and E9. 

hA = 10 mm hA = 30 mm 

dielectric region air region dielectric region air region 

WE. (%) 92.31 0.44 95.18 0.69 

WEt (%) 7.00 0.26 3.14 0.98 

Total 99.31 0.70 98.32 1.67 
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Figure 4.8: Radial electric field of the HE, 16 mode for hA = 10 mni. h. l; =3 inn, 

he = 14 mm, di = 30 min, d2 = 38 inm, d3 = 65 mm. 
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Figure 4.10: Axial electric field of the HE, 16 mode for h, 4 = 10 min. h� =3 inn', 

hc,, = 14 inm, di = 30 nim, d2 = 38 imii, d3 = 65 mm. 

E in r-z plane (V/m). 0=0. 

1I 

1c 

5 

0 

E 
-5 E 

N 10 

-15 

-20 

-25 

-30 

8 

7 

6 

5 

4 

3 

2 

0 

-2 

-3 

-4 

-5 

-6 

Figure 4.11: Axial electric field of the HE, A mode ffr ii" : 30 tuiu. hp -3 him, 

1zc = 14 iiim, di = 30 imil, rll = 38 iiii1, d3 = 65 miii. 

-10 5 10 15 20 25 30 
r (mm) 

5 10 15 20 25 30 
r (mm) 



Chapter 4 145 Section 4.1 

along the whole length of the resonator, which explains why the proportion of WEt 

(energy contained by Er and E9) decreased in the dielectric region of Table 4.1. 

In Fig. 4.12, the variations of Q, Qd and Q, l are plotted. These, and all further 

quality factor calculations in this chapter, are realised with Nb = 20 unless otherwise 

stated. The loss tangent used for the ceramic material is tan b=f /3.7504 x 1013 

and the conductivity of the metal is or = 6.17 x 101 S/m. The decrease of Qd 

follows closely that of the quality factor of the ceramic as the resonant frequency 

of the HElls mode increases. This is due to the fact that the proportion of electric 

energy in the dielectric region is overall very constant, only varying by 2% as hA 

is increased from 5 to 40 mm. For the same variation in hA, Qd drops by a factor 

1.08 while the Q of the ceramic drops by a factor 1.09. However, the overall Q" 

of the HE118 mode still increases due to an increase of Q. The variations of Q, ý 
are mainly governed by those of the losses in region A. When hA is very small, the 

conductor loss is logically almost equally shared between the base of the cavity and 

the base of the metal disc (Fig. 4.13). As hA is increased, the percentage of loss on 

these two surfaces at first decreases, at about a similar rate. Their corresponding 

partial Q's, shown in Fig. 4.14, increase by 108 and 101% respectively when hA is 

doubled from 10 to 20 mm, compared to 100% for the dielectric-loaded waveguide 
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Figure 4.12: Variation of quality factors of the HElia mode with hA. hB =3 mm, 
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TM110 mode resonator. The partial Q, corresponding to the loss around the metal 

disc perimeter also increases, but at a smaller rate. All other partial Q, 's start by 

decreasing, indicating that some of the magnetic field also moves away from the 

dielectric region into some of the air regions. In Fig. F. 2, the increase in proportion 

of the magnetic energy in region C, but especially in the air region of A, is significant: 

+86% for the latter as hA changes from 10 to 20 mm. As a result, the percentage 

of loss in the cavity side wall in region A increases by 360% for the same change in 

height. This increase is much faster than for the waveguide TM110 mode resonator 

of identical cross-section, with only 82%. As a result, the decrease of the partial Q, 

due to the cavity side in region A is dramatic, while the corresponding Q, in the 

waveguide cavity does not change. 

Also, the partial Q, in the cavity side wall in region A continues to decrease for 

larger values of hA, when all other partial Q's have started increasing again. At 

the same time, its loss percentage in Fig. 4.13 continues to increase. In fact, for 

values of hA larger than 25 mm, only the proportions of the loss in the cavity side 

in region A, the cavity base and the disc base significantly change. All others are 

relatively constant and their corresponding partial Q, 's uniformly increase with hA. 

This could be explained by the fact that more energy is stored in region A as the 

resonator gets larger, with not much of an increase of the losses in region B and C. 

For hA larger than 25 mm, most of the variation in Fig. 4.13 occurs from loss being 

shifted from the cavity base to the disc base and cavity side in region A. Fig. 4.15 

and Fig. 4.16 show how the transverse magnetic fields decrease by a larger amount 

at the base of the cavity than at the base of the disc when hA is changed from 10 

to 30 mm. As a result, the partial Q, for the cavity side, and eventually the disc 

base, deteriorates, while that of the cavity base improves at a faster rate than any 

other partial Q. For hA = 40 mm, 45% of the conductor loss is generated in the 

disc base. The three other main contributions come from the disc top surface, the 

cavity base and its side wall in region A. 

To conclude, it can be said that, in the first approximation, hA is proportional 

to the Q� of the HElla mode, but keeps its resonant frequency constant. As for 

the TMoll mode, the partial Q. 's of the cavity base and disc base both increase 

significantly as hA is increased. This leads the overall Qu to increase, even though 

the losses in the side walls of the cavity become more important. For large values 
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of hA, the process is changed as the losses increase on the disc base but diiiºinisli 

everywhere else. This does not overturn the variation of the, overall Q, which 

continues to increase. The losses in parts other than region A never play a major 

part in the overall variations, except those on the disc side wlºich have a steady 

increase as the dielectric resonator is made taller. 

4.1.2 Variations with dielectric resonator diameter 

The HE11 mode resonant frequency, as that of all other modes, drops (ui('kly as (I1 is 

increased (Fig. 4.4). This is because most of the radial variation of their fields occurs 

over this distance. It will soon appear that it is the main parameter determining 

the resonant frequency of the dual-mode resonator. 

4.1.3 Variations with disc height 

The HE, ]6 mode resonant frequency is almost constant with It ß, only in("reasüig I)V 

0.43% as hg changes from 0.5 to 10 nim. The changes in the proportions of electric 

energy between the dielectric region and the other regions, shown in Fig. F. 3 are 

very small. As a result, Qd in Fig. 4.17 is almost constant. In Fig. 4.1 3, it can 
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Figure 4.17: Variation of quality factors of the HE, 16 mode with 11 p. li;, = 23 Hail, 

hc« = 14 mill, di = 30 min, (12 = 38 niºii, (13 = 65 iiiiii. 
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be seen that the majority of this loss always remains in region A. The percentage 

of loss in this region stays overall constant although the respective proportions due 

to the cavity base and metal disc base vary by 6% between hB =1 and 10 mm. In 

region C however, the percentage of loss decreases, particularly in the top surface 

of the disc, and seems to be shifted to region B, mainly on the disc perimeter. The 

magnetic energies of Fig. F. 4 follow the same trends: 8% of the magnetic energy 
is transferred from region C to region B, but no real change happens for region A. 

Overall, the amount of loss generated in the resonator for a given stored energy does 

not change: Q, in region A varies very little. Also, the variations of the partial Q, 's 

of regions B and C in Fig. 4.17 cancel out as some of the loss is shifted, mainly 
from the top to the side of the metal disc, and the total Q, for these two regions is 

approximately constant. 

4.1.4 Variations with disc diameter 

The disc diameter (dl) is a much more critical parameter for the choice of the 

optimum resonator geometry. Its effect on the resonant frequency of the HE118 mode 
is significant. As it is increased, it allows the electric fields in the dielectric to be 

terminated, reducing the longitudinal variations of both electric and magnetic fields 

and reducing the resonant frequency. In Table 4.2, it can be seen that the proportion 

of WEt in region A, stored mainly in the top part of the dielectric region, is reduced 

and that of WEx increased. However, this decrease of the resonant frequency stops 

once a certain disc diameter is reached. Indeed, in parallel to the previous effect, 

Table 4.2: Distribution of electric energy in region A for different di. WEZ is the 

energy contained in E. WEt is the energy contained in E, and E0. 

dl = 26 mm dl = 34 mm dl = 42 mm 

dielectric 

region 

air 

region 

dielectric 

region 

air 

region 

dielectric 

region 

air 

region 
WEz (%) 90.81 0.61 97.08 0.77 97.94 1.06 

WEt (%) 7.84 0.74 1.18 0.97 0.12 0.89 

Total 98.65 1.35 98.26 1.74 98.05 1.95 
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the percentage of electric energy contained in the dielectric region also decreases, 

as shown in Table 4.2 and Fig. F. 5. This has the opposite effect of increasing the 

resonant frequency. In Figs. 4.20 to 4.25, it is observed that, because the point of 

maximum amplitude of the transverse fields is located almost directly below the edge 

of the metal disc, WEt is shifted outwards when dl is increased. However, as the 

metal disc diameter is increased beyond the dielectric resonator diameter, it is the 

longitudinal electric field that becomes predominant in the air part of region A. The 

transverse electric energy in the air region around the dielectric resonator decreases 

in Table 4.2 when di is changed from 34 to 42 mm. This agrees with the radial 

fields shown in Figs. 4.22 and 4.24. Note that, in the limit, as the disc tends towards 

making contact with the cavity side wall, the HE11a mode becomes the TM110. As 

dl reaches values close to d3, the proximity of the two metal boundaries could start 

having a significant effect. To quantify this, the frequency variations of each mode 

are plotted again in Fig. 4.26, with a cavity diameter of 138 mm. the influence of the 

disc on the dielectric resonator region can then be separated from that on the cavity. 

The proximity of metal disc and cavity was expected to load the HE116 mode and 

decrease its resonant frequency, as illustrated in [75] for the conductor disc HElla 

mode resonator. However, in the latter case, the fields are concentrated around the 

disc edge, instead of being confined below it. As a result, the HE116 mode resonant 

frequency of Fig. 4.26 does not increase any slower than that in Fig. 4.5 for large disc 

diameters. In fact, the increase of the resonant frequency for large disc diameters is 

greater. 

The Qd variation with dl in Fig. 4.27 follows closely that of the ceramic quality 
factor, as they increase by 20% and 18% respectively when dl is increased from 

1 to 18 mm, and then decrease by 2.3% and 2.2% from 18 to 25 mm. Q, also 
initially increases with dl. This is due to an increase of the partial Q, of the cavity 
base (Fig. 4.29) because the magnetic fields decrease dramatically on this surface as 

shown in Figs. 4.30 and 4.31. However, by the time the disc reaches diameters around 
20 mm, the partial Q,:: due to the loss in the disc base have decreased dramatically 

and the overall Q, deteriorates. This happens while the resonant frequency of the 

HE118 mode is still decreasing. In fact, the Q, variation is not influenced significantly 
by the change in frequency: in Appendix G, the normalised Q, S/Ao is plotted and 

shows the same variation. For dl above 30 mm, the percentages of the losses stay 
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Figure 4.22: Radial electric field of the HE, 16 mode for r11 = 34 iniii. hA = 23 mill, 

hB=3min, hc=14mm, d2=38min, d:; = 65nim. 
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Figure 4.23: Axial ekcctric field of the HE, 16 mode for (11 = 34 mm. h; i - 23 uiui, 
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Figure 4.24: Radial electric field of the HE, 16 mode for d1 = 32 inm. 114 = 23 iiiin, 

hB =3 mm, hr = 14 nein, d2 = 38 min, (l3 = 65 mm. 
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overall constant except for those around the perimeter of the disc and in the lid of 

the cavity which decrease. Overall, the proportion of the losses in the cavity side 

walls is fairly constant, never increasing above 10%. Their partial Q, 's, in Fig. 4.29, 

decrease but stay significantly larger than the two main contributors to the overall 
Qu, which are the metal surfaces directly in contact with the dielectric. 

To conclude, the benefits brought by the metal disc, i. e. the decrease of the 

HElla mode resonant frequency and the improvement in Fr can be compromised by 

the significant deterioration of the Q. it is creating. This is due to the loss created 
in the metal disc. In the case of the test cavity, the presence of the 30 mm diameter 

metal disc degrades the Q. by 7.5% and decreases the resonant frequency of the 

HEus mode by 14.1%. The losses in the cavity base and disc base are then almost 

equal, accounting for 33.7% and 34.7% of the total loss respectively. Losses in the 

side and top surfaces of the metal disc are comparable to those in the rest of the 

cavity walls, with 15.1% and 16.6% respectively. 

4.1.5 Variations with cavity diameter 

As for the dielectric-loaded waveguide TMllo resonator, decreasing the cavity diam- 

eter d3 increases the resonant frequency of the HElla mode and, for cavity diameters 

above a certain value, the proportion of its electric energy within the dielectric re- 

gion. The latter can be seen in Fig. F. 7 for cavity diameters larger than 70 mm and 

in Table 4.3, which gives the detail of WE_. and WEt in region A. The main variations 
however happen in the air part of region A. The proportion of WEz there decreases 

Table 4.3: Distribution of electric energy in region A for different d3. WEZ is the 

energy contained in E. WEt is the energy contained in E, and E9. 

d3 = 100 mm d3 = 65 mm d3 = 48 mm 

dielectric 

region 

air 

region 

dielectric 

region 

air 

region 

dielectric 

region 

air 

region 

WEz (%) 94.601 1.43 94.81 0.67 93.19 0.20 

WEt (%) 3.42 0.55 3.67 0.84 4.68 1.93 

Total 98.02 1.98 98.48 1.52 97.87 2.13 
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sharply, but more importantly that of WEt increases significantly. Overall, the elec- 

tric energy in the air part of region A increases again for gaps between dielectric 

resonator and cavity smaller than 10 mm. This also contributes to the increase of 

the resonant frequency. 

Fig. 4.32 shows the variations of Qd, Q, and Q,, with the cavity diameter. When 

the gap between cavity and dielectric cylinder is reduced to very small values, the 

percentage of electric energy in the dielectric decreases, which, when it outweighs 

the effect due to the increase of the resonant frequency, results in an increase of Qd. 

Otherwise, Qd simply increases with d3 at the rate followed by the ceramic quality 
factor. Q, also increases with d3. All partial Q's corresponding to losses in the 

cavity side walls logically increase rapidly, as shown in Fig. 4.34. So do those due 

to the disc side and top surfaces, and for larger d3, the cavity top. For d3 smaller 

than 60 mm, the partial Q, of the latter actually deteriorates with increasing d3, 

as its corresponding percentage of conductor loss in Fig. 4.33 increases. However, 

by far the largest relative loss increase is that of the cavity base. For a1 mm gap 

between cavity and dielectric, only 6.3% of the loss is generated in this area. As the 

gap is increased to 50 mm, this increases to 46.4%. The fields inside the dielectric 

become more uniform in the axial direction and the intensity of the transverse 
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Figure 4.32: Variation of quality factors of the HElla mode with d3. hA = 23 mm, 

hB=3mm, hc=14mm, di =30mm, d2=38 mm. 
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magnetic fields at the base of the cavity increases, as shown in Figs. 4.35 toi 4.38. As 

a result, the partial Q, corresponding to the loss iii the cavity I)ase decreases rapidly 

(Fig. 4.34). Even though a larger proportion of the conductor los is also present 

in the disc base for increasing values of (13, this is only bc( uIsee its abs<ýltrtt' value'. 

relative to the stored energy, decreases slower than that of every other part except 

the cavity base. Indeed, its partial Q,, is actually increasing. 

To conclude, leaving a gap of 10 to 15 111111 between the dielectric resonator 

and the outside diameter of the cavity ensures that the Q,, is not degraded too 

significantly. The resonant frequency of the HE, 16 mode is lower than for smaller 

gaps, but the plot of the normalised Q,. in Fig. G. 5 of Appendix G shows that even 

when scaled down to retain the same resonant frequeiicy, the Q� of the cavity can 

be increased significantly. Indeed, the extra loss created in the base of the cavity is 

outweighed by that eliminated in the rest of the cavity and disc surfaces. 

4.1.6 Variations with cavity height 

Table 4.4: Distribution of elechic ene7gy in region A for di; frlrnt hr. IV1 is flu 

ene7gy contained in E, WEt is the energy contained in {,, ', and K0. 

11C=5m m hc =14mui 

dielectric region air region dielectric region air region 

WFz (I) 95.74 0.63 94.81 0.67 

""Et (%) 3.24 0.39 3.67 0.84 

Total 98.98 1.02 98.49 1.51 

Similarly to increasing (13i d(TIVIasiiig h(, p11M11es the electric fields back iinto) the 

dielectric region (see Fig. F. 9) but also increases the r('so"a"t f"c(I"Ciu v, ALS HIC 

proportion of transverse fields in the dielectric decreases and the fields lxe('oIll(' more 

uniform. In the limit, in the ca. sc of a very thin iw'tal disc, (I('(rcasillg h( toi zero 

should force the HE11 mode back into a TNIiiO ino de. As it result, the tr n. sverse 

Ev1ectric fields should reduce, as illustrated in Table 4.4. 

In Fig. 4.39. (eil increases at a faster rate tliaii the <"erauiic quality factor as l<<. 

is increased, because of the decrease of the percentage of electric Cii('rKv contained 
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Figure 4.37: Radial magnetic field of the HE, 1 mode for d: 3 = 46 111111.114 = 23111111, 

hB =3 mm, he = 14 min, d! = 30 min, (12 = 38 min. 
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Figure 4.38: Radial magnetic field of the HE, 16 mode fier d3 = 65 "1' '1. h; j -- 23 min, 
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Figure 4.39: Variation of quality factors of the HE, 16 mode with It(,. 114 = 23 mill, 
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Figure 4.41: Variation of partial quality factors of the HE, u mode with ii«. h; 1 = 
23 min, hR =3 nine, di = 30 nim, d2 = 38 min, d;; = 65 Winn. Q, of they cavity sidle 

in B is off scale. 

within the dielectric. As far as conductor loss is concerned, the fastest increases of 

Q, happen in Fig. 4.41 for the top of the cavity and the top of the metal disc. Iii 

Figs. 4.42 and 4.43, the intensity of the radial magnetic field in region C decrease 

significantly as hc is increased. The, large decrease in the loss proportions of the 

cavity top and disc top is responsible for some of the increase of the proportion 

of losses in some regions such as the disc base, the cavity lase and the disc sidle 

in Fig. 4.40. Indeed, the partial Q, of the cavity base is actually improving iii 

Fig. 4.41. In Fig. 4.42 to 4.45, one can see that the iiiteiisity of the traiºsveisc 

magnetic field at the centre of the cavity base decreases slightly as hr is increased 

and the corresponding partial Q, improves. Oil the other hand, the partial Q, "s of 

the disc base and side deteriorates. Indeed, the arews of large radial tuaa. glietic field 

intensity in Fig. 4.42 appear to expaiid towards the disc edge in Fig. -1.43 and the 

field becomes more uniform along the disc radius. Figs. 4.44 acid 4.45 show how 

the intensity of the angular magnetic field close to the edge of' the ceraillic region i's 

largest for the smaller value of This is in agreeinent with Fig. F. 10, where the 

ratio of magnetic energy coutaiiied in the air part of region A with respect to that 'ill 

the dielectric part is shown to decrease. As a result, the partial (2, of' the side wall 
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Figure 4.42: Radial magnetic field of the HE11 mode for hcý =3 mm. hn = 23 111111, 

hB =3 min, di = 30 min, d2 = 38 nnn, d3 = 65 min. 
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Figure 4.43: Radial magnetic field of the HE1I mode for h(. 1-1 inni. 

23 nim, IiB =3 min, d1 = 30 min, (12 = 38 lUll, (I,;; = 65 111111. 
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Figure 4.44: Angular magnetic field of the HE, 16 mode for h1. =3 mm. h;, _ 
23 inni, IIB =3 mm, di = 30 mm, d2 = 38 mm, d3 = 65 min. 
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Figure 4.45: Angular magnetic field of the HEii,, mode fair I1(" 14 mill. lr;, 

23 min, h8 =3 inne, (lt = 30 Hihi, (12 = 38 111111, (i = 65 iiº111. 
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in region A improves. In region B, it stays very large, while in region C, it de reales 

as the corresponding surface area expands with /1(,. 

The conclusion is very similar to that for d3: the resonant frequency of the HE, 16 

mode decreases and its Q� is improved by ensuring that the gap between the iºiota1 

disc and cavity lid is not too small. As previously, a gap between 10 and 15 min 

significantly reduces the losses, created in the cavity lid and the disc top. 

4.2 HE216 mode variations 

As expected, the variations of the HE216 mode in Fig. 4.2-4.7 are very similar to those 

of the HE, 16 mode. The separation between the two modes stays in the majority of 

cases between 500 and 550 MHz as, for example, when h i; or lr. 4 are varied. As far as 

hc. is concerned, reducing the gap to 1 mm does reduce the separation to 400 MHz 

as shown in Fig. 4.7. By opposition, the HE, 16 mode is puslied down slightly further 

in frequency than the HE216 mode as (11 is increased in Fig. 4.5. This is explained 

by the fact that the proportion of transversal fields in the dielectric in the absence 

of a metal disc is smaller in the case of the HE216 anode: 17.3% of the total electric 

energy is in the dielectric region instead of 35.8%. Filially. the total energy storage 

in the dielectric region is greater for the HE216 mode than for the HE, 16 anode: 

98.7% for the electric energy instead of 97.6% and 74.5% for the magnetic energy 

instead of 66.5% in the case of the test cavity. As a result, as d., is decreased, the 

separation between the two modes improves, from 400 to 670 AlHz for dielectric 

resonators of diameter 55 and 30 Hain respectively. For the same reason, reducing 

the gal) between the dielectric region and the cavity perimeters initially reduces the 

separation between the two modes. But when the gap is smaller than 4 allila, the 

resonant frequency of the HE216 mode increases faster than that of the HE, 16 modle, 

slightly improving the separation to 580 MHz. To conclude, the HE-),,, 1114(1ee is not 

prone to any fast variation relative to the HE116 anode. As it result, it should not 

prove too restrictive when optimising the resonator dimensions. 

4.3 EH116+1 mode variations 

The EHI I, ), 1 variations are m(ir(' (liffi("ttlt to ("o)iii]>are t() I11(1St' UUf the I w( mt11(1 lt0ni<1 

uiocles as their field patterns are , significantly (liffi'r('iit. As for the HEi i,, and HE21,, 
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modes, the. thickness of the metal disc has extremely little effect on the EH1161I 

mode resonant frequency. As far as the cavity height and diameter are concerned, 

the EH11 i mode varies in the same direction, but by a smaller amount than the 

two other hybrid modes, deteriorating the spurious separation of smaller cavities. 

Indeed, in the case of the test cavity, 99.34% of the electric energy and 92.26%. of the 

magnetic energy of the EHiia+i mode are concentrated within the dielectric. Also, 

the fields are less prone to expand into the air regions of the structures. Looking 

at the electric fields of the EH1i6+1 mode in the dielectric region in Figs. 4.46 and 

4.47, one can observe that the fields terminating on the two parallel metal planes 

sandwiching the resonator quickly curve to cross the resonator radially. The sign of 

the radial fields are then of opposite sign to those surrounding the edge of the disc 

and extending in the air region in the case of the HEI i(; and HE216 modes. 

As for the HE, 16 mode, the metal disc terminates the electric fields of time EHi I's ii 

mode and restricts the longitudinal variation of its fields within the dielectric. With 

no metal disc, 96.70% and 93.25% of the electric and magnetic energies respectively 

are concentrated within the dielectric region. In the case of the HE, 16 mode, these 

values actually decreased from 98.58% and 73.17% to 97.60% and 66.52%. This 

resoiiýtiiit explains why the effect of increasing di is much more important sui the 
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Figure 4.46: Radial electric field of the EHI i, ii 1I1o(1ee for tlxe test cavity. Ii 
.= 

23 nnii, lill =3 min, h(l, = 14 into, (1i = 30 iuiii. riz -- :8 111111, (L! - 65 inn!. 
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Figure 4.47: Axial electric field of the EH1i6I i inodc for the test cavity. Ih:, = 
23 111tH, )a8 =3 mm, It(,, = 14 111111, d1 = 30 inm, (12 = 38 miii, d: = 65 111111. 

frequency of the HE, 16 mode than on that of the EHi 161 i mode. Filially, with a full 

cosine variation along the longitudinal axis, the EHi 1 iiioxle is very delwii<lcnt 

011 hA, very much like the TEoi5 mode, which has a full 5itie variation. 1i; 1 is then 

the parameter which will have to be controlled to ensure that the degradation that 

the EH11 i mode causes to F. is limited. It can be foreseen that it will liiiiit time 

spurious performance of large high Q,,, resonators mainly. 

4.4 TE0ý16 mode variations 

The TE018 variations are very simple and predictable. Being aH mode, with no 

tric fields terminating on any conductor, its resonant, frequency decreases as soon 

as the volume or the overall permittivity of the iºiediiiciº in winch its fields an, dis- 

tributed increases. Because of its very high field concentratioil within the dielectric, 

variations are negligible as hp and h(, are changed. Increasing 11 decreases the 

resonant frequency, which severely reduces the separation with the ilLi, a ml o de, t. lu' 

latter moving in tlic' directioil opposite toi the TE�1, lilt nie. Like the II l' I, mode, f lit' 

TE016 in(>de resonant frequency also decreases with lar; ýýr ell 1unl cla. laut 

With cli and is the Only mode toi do so, as the fields are then foweed further drown 

into the dielectric, until the disc completely covers, the dielectric cylinder. 
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4.5 TM0ý16 mode variations 

5rrhn!! 
.5 

The TM01 anode behaves very differently to all other modes. Its, fields, like those 

of the dielectric combline resonator [80], are very reminiscent to those of the metal 

conibline resonator. As a result, the resonant frequency of the TN, lo,,, anode decreases 

with increasing hA and hB, while it increases with hG. All three variations are in 

the opposite direction to those of the HE11 anode and reduce the separation. The 

variation with hA is limited compared to that of the TEO 16 and EH i i') ,I anodes, due 

to the small longitudinal variation of the fields in the dielectric. However, the varia- 

tion with he is very rapid when small values are reached and the capacitive loading 

increases dramatically. As the resonator geometry tends towards a waveguide res- 

onator, there will always be value for he so that the HE, i6 and TM01 modes cross 

over, whatever the cross section of the resonator. 

As di tends towards d3 in Fig. 4.5, the loading also increases, but less sigiiificaiitly 

than for he, due to the smaller surface area involved. The effect is less, but still 

important, when the cavity diameter is more than doubled (see Fig. 4.26). The same 

loading is visible in Fig. 4.6 as d3 is reduced for a constant c11, for gaps between disc 

and cavity smaller than about 15 nim. For larger gals, another effect predominates: 

similarly to all the other modes, reducing the cavity diameter constraints the fields 

within a smaller volume. As a fairly large proportion of electric oiiergy is stored in 

the air region surrounding the dielectric (9.09% in the case of the TMoi6 compared to 

less than 1.5% for all other modes in the test cavity), the variation is more i1111)ortalit. 

Finally, the variation with (12 shows a region of slower decrease of the 

frequency, when the dielectric resonator diameter is slightly smaller t lia. ii t hat oft li(' 

inetal disc. This effect is not explained. 

To conclude, the separation of the TM()i, mode degrades rapidly w'lueii the cavity 

bec oiiies close to the metal disc. As a result, it will liiiiit the slniri(iits lýýýrfýýriºiýi. uý iý 

of the smaller, lower Q,, resonators. 
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4.6 Geometry optimisation for spurious separation 

4.6.1 Procedure 

In this section, a range of resonators is optimised with a view to give a general 

understanding of the spurious separation obtainable by the geometry studied iii this 

chapter. The best spurious separation h,. obtainable will depend on the volume of 

the resonator. As a result, an attempt is made to highlight the trends followed by 

the best achievable I. as the cavity volume is varied. The variations of IP,., deduced 

frone the frequency plots Figs. 4.2 to 4.7, are given in Figs. 4.48 toi 4.52. These 

show the spurious behaviour as each variable of the geometry is changed frone its 

value in the test cavity. However, these plots do not cover the full range of resonator 

geometries and a more complete study is necessary. In order to simplify the problem, 

the number of variables defining the resonator geometry is reduced. T, start with. 

there are seven variables: di, d2, d3, hA, h8, hc, and e,. Let us restrict time study 

by setting the latter to 44. Also, as Fig. 4.49 shows that P, is very insensitive to 

the metal disc height, hB can be kept constant and equal to 1 111111. Moreover, it 

was decided to keep constant the diameter of the dielectric resonator, decreatsing 

the number of variables to 4. Indeed, it was clear in the previous section that the 

resonator frequency of the HE1m mode is primarily depeixleiit oil r1,,. As it result, 

its variations are expected to be limited as all parameters other than the resonator 

diameter are varied. 

The study is made at approximately 900 MHz. The resonator diameter (I., is 

set to 38 min. Two cavity volumes are considered: 125 and 75 cm: '. It would have 

been desirable to widen the study to a larger range of cavity volumes. However, 

the computation time necessary for each optimisation made it impractical to, do 5>) 

with the current the mode-uiatching program. Also, it is believed that the geucral 

trends are still shown and that the two examples presented would cover geometries 

suitable for a wide range of requirements. For each volume, cavity diameter and 

height are linked, reducing the number of variables to :. They are (la/h'", (11 and 

hA. As the latter is the mane parameter defiiiiiig the Q� of time resonator, it was 

felt that a separate optimisation of /F, for different values of Ii would offer sohle 

valuable extra information. For three values of h (10,15 and 2t) tutu), tue two 

remaining variables are optimised for lest P. 
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Figure 4.48: Variations of resonant frequencies noriiialised to that of the HE1IA 

mode with hA/d2. hB/dz = 0.079, he/d2 = 0.368, di/dz = 0.789, d:; /dz = 1.71. 
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mode with d3/dz. hA/d2 = 0.605, hB/d2 = 0.079, h, C/(12 = 0.368. (11 /d2 = 0.789. 

Even though d2 is the main parameter determining the resonant frequency of 

the HE116 mode, the other variables also have a small effect. As a result, the final 

resonant frequency after each optimisation is not exactly 920 MHz. In order to 

better compare the different results, all the resonator dimensions are scaled for the 

HE1i6 mode to resonate at 920 MHz. The cavity volumes and dielectric resonator 

diameters then differ from each other, but it is felt that the general trends are still 

illustrated. The Q of the resonator of each optimised geometry is then calculated. In 

each case, the optimised cavity dimensions and resulting Q factors are also presented 

in a normalised manner. All cavity dimensions are norinitlised to (12. The normalised 

values of the dielectric resonator height lhA/cd2 are then 0.263,0.395 and 0.526. 

4.6.2 Results 

Results for nominal cavity volume of 125 cm: ' 

Table 4.5 presents the results for cavitices with i, volnnwe of ap)rOxiIoat 'lY 125 iuý`. 

Although all cavity volumes differ slightly When scaled, they all still have ' li/df. 

1.11. 

In the case of hA/dz = 0.526, the first spurious is the TNIois mode. Fi )111 
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Figs. 4.50 and 4.52, it can be seen that small ºitlues of it., or lie both lend to it 

rapid decretse of its separation with the 1l[tä mode. The list P.. will ltntttºrn 

for a cavity aspect ratio away from the two cxtrvin rt. To film this optimum ºnhuº, 
d1/d2 is first set to be 30/38 - 0.789. Tills is lx-cams w, in Fig. 4.51, the separation 
between the Thio1` and llEtta modes, as well as lxltwv en the 1113411 anti IIEtt3 tmxle s, 

appears optimum around this ºzºltte. d3/hr anti dº/d2 tart, then atttiºttisetl In turns 

until convergence for F, is readied. The results are shown in the first column in 

Table 4.5. For hA/d3 = 0.395 and 0.2G3, the method 6 the mart' but this time With 

the lIElts mode as lowest spurious. Indee 1, the belmviours of the Thloºf and 1iE1U 

modes with d3/hc and dl/dz are similar. 

It can be noted that, for h, t/'2 - 0.52G auf 0.395, the converged gtrttnetrIes are 

very similar In terms of cross-sections, although the first spurious munde i: 14 actually It 
different anode In ttºe two cases. For h, t/tli - 0.2G3 (tthIrtl c-tolunut of Table -1.5), th e 

optimum values for spurious separation for tlº/d2 and d3/tl2 increase' to 1.079 rail 
1.711 respcºctively. however, if dl/d2 is kept clc , to 0.8 as in the first two r anions, 

then the best F, is only slightly degraded to 1. G5G and als/d1 is rcvtucrmt bark to it 

value comparable to those of columns 1 and 2 (see fourth column). As it reult, it rail 

be concluded that, for cavities with '1 /d3 m 1.11, alt/cli anti dj/cli rillt pat, fixet to 

0.8 and 1. G r pectively and lead to a F, very clat º to optimum. Only 'e cluutt; e-s, 

to compensate for the cluuige In 1º, t. From Fig. 4.52, it is expected that tx+ttrr 

separations are possible between the IIEt11 and IIF-u modes for smaller values of 

eta/tl . Indeed, for hA/dl - 0.2G3 and d3/alt m 1.053, tilt, ratio between tilt, I IE111 and 

IIE. mochas is 1. G77. However, as (Is is dtvrewwd, so is tilt, resuuuºt frequency of the' 

TAto1s anode, which eventually becomes the first spuriot., mid quickly deteriorates 

the wparation. 

In Table 4.5, It can be mrn that, as ha/dJ Is reclurtrl, E, itatuoºiuc at first rapidly 

and then more slowly. A study for hA/tl, me 0.132 sltowitt wry little Iºnltrowmnrttt im 

the optinti. cl 1, only ittcrem4A to I. M. This general trend raut 1ºr understood by, 

looking at Fig. 4.48. For values of 1,, t/dJ itiKive 0.37, the, first spurious Is the TM0ºi 

mode. For lea er value's of hA/di, it ist repitiml by the IIE213 mntle. Time sretutration 

of the latter with the IhE113 anode luIpfM't km rapidly thn. tt ahnt of tilt, TM013 

intuit`. It call be minted that, hvcnu. w' the cavity voltttttr ill Table 4.55 is quite large', 

the variations of !, in this trail' mutet in Fig. 4, "i8 are ntttuot-+t cvtunl. TImeº fart drat 
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Table 4.5: Details of geometries optimised with respect to F, for different hAld2. 

Nominal cavity volume: 125 cm3. s V/d2 = 1.11. 

Normalised results 

hA/d2 0.526 0.395 0.263 0.263 

dl/d2 0.829 0.816 1.079 0.789 

d3/d2 1.658 1.605 1.711 1.632 

he/d2 0.503 0.705 0.702 0.800 

Fr. 1.542 1.630 1.662 1.656 

First spurious mode TMoia HE215 HE418 HE215 

Vf (m x MHz) 44.85 43.75 41.86 42.93 

QC 6/) 0.05474 0.04379 0.02844 0.03132 

Qd tan 6 1.027 1.026 1.030 1.020 

Results scaled to 920 MHz 

Volume (cm3) 115.8 107.5 94.2 101.6 

d2 (mm) 37.0 36.1 34.6 35.5 

hA (mm) 19.5 14.3 9.1 9.3 

di (mm) 30.7 29.5 37.3 28.0 

d3 (mm) 61.4 58.0 59.2 57.9 

he (mm) 18.6 25.5 24.3 28.4 

hB (mm) 0.97 0.95 0.91 0.93 

Q. 8444.4 6754.6 4387.4 4831.7 

Qd 41,874 41,825 42,008 41,560 

Q. 7027.3 5815.4 3972.5 4328.5 

Qu/vo1ume 

per mode (cm-3) 

121.3 108.2 84.3 85.2 
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the cavity volume has to be kept constant for the F,. results in Table 4.5, unlike in 

Fig. 4.48, does not influence F, considerably. Looking at the Q,, values in Table 4.5, 

it seems that, for a given volume, the crossover point between the two spurious 

modes will offer a Fr close to its maximum value for a limited drop in Q,, /volume. 

Results for nominal cavity volume of 75 cm3 

For smaller cavities, as those presented in Table 4.6 (s V /d2 = 0.90), the TMoia 

mode is the first spurious mode for a larger range of hA/d2. For both hA/d2 = 
0.526 and 0.395, its F,. can be optimised as previously with respect to cavity aspect 

ratio and disc diameter. In both cases, the optimum dl/d2 is 0.789. As hA/d2 is 

increased from 0.395 to 0.526, both d3 and hC decrease. In the case of gV /d2 = 1.11 

(Table 4.5), only hC decreased. It is assumed that this is because the effect of the 

loading of the TMo1a mode to the cavity lid is limited for 3 V/d2 = 1.11. Both d3 

and hC would decrease in Table 4.5 if hA/d2 became sufficiently large, i. e. above 

0.526. 

As hA/d2 is decreased from 0.526 to 0.395, Fr is improved, but not up to the 

value reached for the same hA/d2 in Table 4.5. However, the decrease in Qu is 

again quite limited. In fact, the Q. /volume ratio is larger for the thinner resonator, 

indicating that the proximity of the cavity to the resonator, or to the metal disc, 

was limiting the Q. significantly. By decreasing hA/d2 to smaller values still, e. g. 
0.263, F,. can be improved further, up to values close to those reached in the larger 

cavities. As the aspect ratio of the cavity is changed in order to find the best F� 

it is found that the best separation happens, for most values of di/d2i at the cross- 

over between the HE21a and TMola modes. Indeed, the separation with the former 

decreases with increasing d3/hc while that of the latter increases. Because of this, 

the optimum geometry cannot be found by successive optimisations of cavity aspect 

ratio and disc diameter. Rather, d3/hc is repeatedly optimised for various dl/d2. 

The optimum F, is located once again at d2/d2 = 0.789 and is equal to 1.646 (case 

A of Table 4.6). The resulting cavity is tall and of small diameter. d3/d2 is in fact 

decreased as hA/d2 is decreased from 0.395 to 0.263, possibly because the separation 

with the HE218 mode is less sensitive to the proximity of the cavity side than that of 

the TM015 mode. However, the Q,, /volume is by then relatively low. By increasing 

d3/d2 slightly from its value in case A, the Q. /volume can be improved significantly, 
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Table 4.6: Details of geometries optimised with respect to Fr for different hAld2. 

Nominal cavity volume: 75 cm3. 'V /d2 = 0.90. 

Normalised results 
hA/d2 0.526 0.395 0.263 (A) 0.263 (B) 0.263 (C) 

d2/d2 0.789 0.789 0.789 0.789 1.053 

d3/d2 1.368 1.447 1.211 1.368 1.658 

hC/d2 0.377 0.410 0.898 0.640 0.344 

F,. 1.447 1.573 1.646 1.642 1.628 

First spurious 

mode(s) 

TMoia TMoia TMoia 

and 
HE215 

HE215 TMoia 

and 
HE215 

gVf (mxMHz) 40.20 38.49 38.22 37.26 36.14 

Qý 6/A 0.04923 0.04245 0.02898 0.03054 0.02861 

Qd tan E 0.9109 0.9878 1.0050 1.0205 1.1225 

Results scaled to 920 MHz 

Volume (cm3) 83.40 73.25 71.70 66.43 60.62 

d2 (mm) 39.4 37.7 37.4 36.5 35.4 

hA (mm) 20.7 14.9 9.8 9.6 9.3 

dl (mm) 31.1 29.8 29.5 28.8 37.3 

d3 (mm) 53.9 54.6 45.3 49.9 58.7 

ho (mm) 14.8 15.4 33.6 23.3 12.2 

hu (mm) 1.04 0.99 0.99 0.96 0.93 

QC 7594.9 6548.3 4470.9 4710.6 4413.6 

Qd 73,134 40,266 40,969 41,600 45,759 

Q. 6305.3 5632.3 4031.0 4231.5 4025.3 

Q�/vo1ume 

per mode (cm'3) 

151.2 153.8 112.4 127.4 132.8 
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while the degradation of Fr is limited (case B). It can be noted that using a larger 

dl/d2 as in Table 4.5 is not optimum in the case of this smaller cavity volume. 
Choosing dl/d2 = 1.05 (case C), Fr is restricted to 1.628, once again because of the 

increased loading of the TM0I5 mode. However, the Q,, /volume is better than that 

of case B. 

Comparison of 125 cm3 and 75 cm3 results 

Comparing the results of Tables 4.5 and 4.6, some conclusions can be drawn. The 

best Fr obtainable with the dual-mode conductor-loaded dielectric resonator is 

around 1.67. dl/d2 is not critical, and in all cases 0.8 is close to optimum. The 

optimum choice of the d3/d2 is more complex. It will only stay relatively constant 

with respect to hA/d2 provided the cavity volume is large enough and the dielectric 

resonator height small enough. Maximum Fr's are achieved with ratios of 1.6 for 

g V/d2 = 1.11 and between 1.2 and 1.4 for 9V_/d2 = 0.90. A wider study would 
be necessary to check that the behaviour of the dl/d2 and d3/d2 ratios is similar for 

smaller and larger values of «V/d2. 

A F, higher than 1.64 can be reached at least for a range of volumes between 

66 and 104 cm3 at 920 MHz. In these two volumes, a F, of 1.64 is achieved with 
hA/d2 = 0.26 and 0.34 respectively. In the latter case, Q,, 's of around 5400 are then 

achievable. In the former, they are restricted to 4200. If the lower value of 1.54 for 

F, is sufficient for a filter application, then the respective maximum Q�'s become 

7000 in 115 cm3 and 5850 in 76 cm3. There is then a trade-off between good spurious 

and good Q. /volume. More simulations would be necessary to fully evaluate the 

performance of the resonator for larger Q applications. However, the results available 
here show that it will be necessary to use larger volumes still to combine Q,, 's 

comparable to that of the test cavity (7850 with Nb = 20) and maximum Fr. The 

Q. /volume of the resonator will then be less than 90 cm-3 per mode. However, for 

many applications, obtaining the maximum Q,, from the geometry will be critical 

and the spurious separation can be traded-off. The next section presents a study of 

the optimum geometry for Q,, and its impact on F,.. 
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4.7 Geometry optimisation for Qu 

Finding the geometry that gives the maximum Q. in a given volume also requires 

optimising all the resonator dimensions. The figures in Appendix G present the 

variations of the normalised Qd tan S and Q, 8/Ao deduced from the plots in Sec- 

tion 4.1. A study is realised at 920 MHz, initially for two cavity volumes: 75 and 
125 cm3. hB is set to 3 mm, which is small enough not to use the cavity space inef- 

ficiently, as Fig. G. 2 indicates little improvement as hB is increased. It is also thick 

enough to be reliably manufactured and to realise the very good contact needed 

with the ceramic resonator. Although Fig. G. 4 points at a ratio of 0.4 for dl/d2 for 

maximum Q, a value of 0.8 was chosen. This is because the spurious separation 

proved optimum with this ratio and that a much smaller ratio would tend towards 

the case of a dielectric resonator sitting on the cavity floor. Some results are already 

available for this geometry, which is a limiting case of the shielded dielectric cylinder 

resonator on a grounded substrate [175,174,86]. If a particular application calls for 

a smaller metal disc diameter, the study which follows can be repeated. Given these 

two constraints, the absolute best Q,, is found by optimising hA, he and d3. The 

ratios he/hA, hA/d3 and he/d3 are optimised in turn, while each time d2 is adjusted 
to retain a frequency of 920 MHz. Because Qd is much larger than Q,, the difference 

between the optimum dimensions for Q, and Q. is smaller than the steps, of about 
1 mm, used for converging towards the final geometry. The optimisation is realised 

with Nb = 10, and the final quality factors are then calculated again with Nb = 20 

for more precision. It was checked in several cases that the optimum ratios were the 

same for both values of Nb. 

In the case of 125 cm3, the maximum Q, is 7,983 and is found for hA = 29.5 mm 

and, noticeably, equal gaps of 10.4 mm above the disc (ho) and around the dielectric 

resonator ((d3-d2)/2). If hA is reduced to 10 mm, ho is then larger than (d3-d2)/2, 

but only by 1.8 mm or 10%. In the case of 75 cm3, the maximum Q. is 5,988 and 
happens for hA of 19 mm. hC and (d3 - d2)/2 are 10 and 7.3 mm respectively. 

However, using the same value for hA and equal gaps only drops the Q. by 0.7%. 

As a result, it is felt that equal gaps can be used to simplify the study and still 

lead to values very close to the maximum achievable Q,,. This simplification might 

not be valid for cavity volumes much larger than 125 em3. As the cavity volume is 
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increased, the maximum Q� happens for larger values of hA. The loss in the cavity 

side wall then increases dramatically, as explained in Section 4.1.1, and (d3 - d2)/2 

might become more critical. However, this will only happen for cavity volumes 

too large to offer a very attractive Q,, /volume as shown later in this section. In 

Fig. 4.53, Q. is plotted against hA for volumes between 50 and 150 cm3 and equal 

gaps. The Q,, 's initially increase almost linearly as in Fig. 4.12, before slowing down 

and finally decrease as the loss in the cavity walls becomes more important. The 

case of hA = 20 mm in 50 cm3 is not plotted because a resonant frequency as low 

as 920 MHz cannot be realised in such a small volume. In Table 4.7 the spurious 

separation of the geometries of Fig. 4.53 are given. They show the deterioration of 
Fr as the distances between the dielectric resonator and the cavity are reduced. 

From the turning points in Fig. 4.53, the maximum Q. 's (Fig. 4.54) and the 

corresponding resonator heights and gaps' dimensions (Fig. 4.55) can be plotted 

against cavity volume. All have very similar variations, which is an almost linear 

increase slowing down as the cavity volume becomes large. Doubling the volume 

does not double the Q,,,, which means that the Q. /volume (Fig. 4.56) deteriorates 

for larger cavity volumes. 

... ..:.. 1.50 

125 cm" 

4000 F.. . 
k"', 

- 
50. cm' 

............;. 

100 cm° 

M3- .......: . .................. . 

:......... . :............ 3000 .................. ....:............ ..... ..... 

200%L 
10 15 20 25 30 35 40 

Dielectric resonator height, hA (mm) 

Figure 4.53: Variations of Q. with hA for different cavity volumes and equal gaps 

at 920 MHz. The two markers indicate the maximum Q. (within the constraints 

imposed on the metal disc) for 75 and 125 cm3. 
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Table 4.7: F. for the geometries in Fig. 4.53. 

hA Cavity volume (cm3) 

(mm) 50 75 100 125 150 

5 1.642 1.657 1.662 1.666 1.668 

HE215 HE215 HE215 HE215 HE215 

10 1.586 1.621 1.636 1.644 1.651 

HE215 HE215 HE215 HE215 HE215 

15 1.380 1.533 1.585 1.612 1.626 

TMoia TMoia TMois TMoia HE215 

20 1.382 1.467 1.506 1.529 

TMoia TMoia TMoia TMoia 

25 1.180 1.321 1.335 1.346 

TMoia EHiia+i EHiia+1 EH11&+1 

30 1.180 1.202 1.215 

EH115+1 EH118+i EH116+1 

35 1.111 1.127 

EHiia+i EHiia+i 

40 1.068 

EHlls+l 

The spurious separations of the geometries with maximum Q. for the different 

volumes are listed in Table 4.8. It can be seen that the maximum Q. achievable in 

a given volume cannot be obtained at the same time as the maximum F,., at least 

for cavity volumes well below 50 cm3. In a 75 cm3 cavity, hA has to be decreased 

by about 9 mm, or 48% of its value for maximum Q. Assuming that the the best 

geometry for Q,, is closely approximated by using equal gaps he and (d3 -- d2) /2, the 

degradation of the Qu is then of 25%, from 5988 to 4500. In the case of a 125 cm3 

cavity, IAA is reduced by 16.5 mm, or 56% of hA for maximum Q, and degrades the 
Qu from 7980 to 5800, which represents a 27% decrease. 

It is clear that the large cavities optimised for Q. have the poorest spurious 

separation. However, as the first spurious is then the EHlla+l mode or the TMoia 

mode, one can trade-off a small percentage of the Q,, for a significant improvement in 
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Table 4.8: F, for the geometries for maximum Q. 

Cavity volume (cm3) 

50 75 100 125 150 

Fr 1.474 

TM015 

1.421 

TMoia 

1.352 

EHiia+i 

1.233 

EH, 16+i 

1.166 

EH115+1 

Fr. This is simply done by choosing a dielectric resonator height up to 15% smaller 
than the optimum height for a given cavity volume, given in Fig. 4.55. Taking the 

example of a 125 cm3 cavity, reducing hA from 29.5 mm to 25 mm improves Fr from 

1.233 to 1.335, but only degrades the Q,, by 1.5%. After having chosen hA, one may 

also improve Fr slightly by readjusting he and (d3 - d2)/2. Comparing the data for 

a 15 mm tall dielectric resonator in a 75 cm3 cavity, the geometry for best F, in 

Table 4.6 has a Fr of 1.573 compared to 1.533 for the geometry with equal gaps (see 

Table 4.7). However, their Q,, 's are very close. 

Figure 4.54: Variations of Q. with cavity volume for the maximum Q. geometries 

at 920 MHz. 
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Figure 4.55: Variations of hA and (d3 -- d2)/2 with cavity volume for the maximum 
Qu geometries at 920 MHz. 
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4.8 Conclusion 

In this chapter, the dual-mode conductor-loaded DR, using the HE116 mode, was 

studied using the mode-matching program developed in Chapter 3. All the param- 

eters of the resonator geometry were varied in order to understand their effect on 

the resonant frequency, Q and field distributions of the HE11a mode. It was verified 

that the unloaded Q is always mainly determined by conductor losses rather than 

dielectric losses. It also appears that the resonant frequency and Qu are primarily 

governed by the dimensions of the dielectric cylinder. Changing its height has a 
direct effect on the Q. while retaining the resonant frequency relatively constant. 
The latter is instead strongly affected by the diameter of the dielectric resonator. 
The role of the metal disc, which is to improve the spurious separation, is entirely 
determined by its diameter. Neither the resonant frequencies of the first modes, nor 

the Q. of the HElla mode are strongly influenced by its thickness. The diameter 

of the disc also reduces the resonant frequency of the HE,, & mode, until it reaches 

a diameter comparable to that of the dielectric resonator. Unfortunately, the Q. 

is also degraded. Finally, increasing the cavity diameter to create an adequate gap 

around the dielectric cylinder ensures that the Q,, is not significantly degraded. This 

also decreases the resonant frequency of the HElla mode. The effect of the cavity 
lid is similar on both frequency and Q. 

The resonant frequencies and field distributions of the first four spurious modes 

were also investigated and a range of cavities were optimised for maximum spurious 

separation using the mode matching program. The best separation achievable is ap- 

proximately 1.6 and happens for small dielectric resonator heights in large enough 

cavities, where the first spurious is the HE215 mode. As the dielectric cylinder height 

is increased, the separation of the HE11a mode with two other spurious modes de- 

grades, thus imposing a trade-off between Qu and spurious separation. The EH118+i 

mode is likely to be the lowest spurious in the case of large high Q. cavities, while 
the TMo1a mode is the lowest in the case of smaller cavities. If the separation with 

the TMola mode is limited, care has to be taken when designing the frequency and 

coupling tuning mechanisms which will be inserted in the cavity as this mode is 

easily capacitively loaded and its frequency could drift down further. 

The resonator was also optimised for best Qu for a range of cavity volumes. 
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As expected, the spurious separation of the resulting geometries were significantly 

degraded from the case where the geometries were optimised for spurious separation. 

As an example, a F, of 1.64 was obtained in 66 cm3 with a Q,, of 4200. In the same 

volume, optimising the geometry to reach a Q,, of 5500 degrades F, to 1.43. Also, as 

the cavity volume is increased to reach larger values of maximum Q., Fr degrades 

quickly. In 150 cm3, a Q. of 8750 can be obtained, but F, is only 1.17. 

Trading-off between Q. and Fr, for example by slightly decreasing the dielectric 

resonator height from its optimum value for Q., the typical performance of the 

dual-mode conductor-loaded DR can be presented for different values of Q. and 

compared to other types of resonators. For example, a Q. of 3000 can be obtained 

with a Q, /volume of 170 cm 3, compared with 55 cm'3 for a combline resonator 

and 83 CM -3 for a single-mode TMplo resonator [23]. The spurious performance 

is Fr =1.6 instead of 2.1 for the TMolo resonator, which is inferior but still quite 

adequate. A Q� of 5000 is obtained with a Q,, /volume of 154 cm'3, instead of 

39 cm -3 for a combline resonator and 73 cm-3 for a single-mode TMoio resonator. 
The spurious performances are similar as for Q, y = 3000. As a result, the dual-mode 

conductor-loaded DR is seen as a suitable resonator for Q,, 's around the 3000-5000 

range. 

In the case of Qu = 7000, the Q,, /volume of the dual-mode conductor-loaded 

DR is 112 cm-3. This is again significantly better than those of the combline and 

TMolo resonators, with 26 cm-3 and 65 cm-3 respectively. However, F, is then 1.33. 

Improving F,. to 1.48 degrades the Qv. /volume to 80 cm 3, which is less attractive. 

If a spurious separation around 1.2-1.3 is acceptable, then the dual [84] or triple [85] 

TMolo mode resonators are more attractive. Indeed they have a Q"/volume of 

150 cm-3 and 230 cm-3 respectively but with a F, of 1.21 and 1.26. The advantage 

of the dual-mode conductor-loaded DR is then its layout, as the dielectric is in 

contact with one side of the cavity, which simplifies the mounting of the resonator 

and the access for filter tuning. The design of a typical base-station transmit filter 

is detailed in [157]. The dual-mode conductor-loaded DR would then be interesting 

for applications with Q�'s of approximately 7000, if its spurious performance could 

be improved while keeping a good Q�/volume. In (157), an improvement was made 

by using a ring shaped dielectric resonator. This increased F, to 1.54 for a resonator 

Qu of 6000 in a Q,, /volume of 90 cm 3. 
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Chapter 5 

Cross-coupled Dielectric-Loaded TEO,, Filters 

5.1 Introduction 

The TEoll dielectric-loaded waveguide resonator was introduced by Kobayashi et al. 
[81) in 1978. It was presented in Section 1.4.7 as the TMolo DR with cylindrical 

coordinates. Fig. 5.1 shows the resonator structure in the case of a rectangular 

cavity and dielectric slab. The cases of the cylindrical (81,176] and rectangular [23] 

resonator have been studied, in most cases concentrating on a cavity Q, around 
8000 at 900 MHz. The present chapter complements this data by considering the 

particular application of this technology to microcell base-station filters at PCN-PCS 

frequencies. 

Work on TEO,, filter modeling has been reported [3,23,81,176] and various 
TEO,, mode bandpass filters have been developed. Different filter structures have 

been studied, varying the angle between each consecutive dielectric slab [3]. The 

in-line configuration appears to be the most suited for the type of applications con- 

sidered here. However, filters using this configuration have only been reported with 

symmetrical cross-couplings [3,23]. A more general investigation of the filter de- 

sign with asymmetrical couplings is necessary, including the study of the couplings 
between two cavities out of line, with a non-square cross-section or even with off- 

centred resonators. Because of this, the rectangular coordinate system is chosen. 
Also, all the data given in the references for the coupling between resonators con- 

siders a material of relative permittivity 36. This study will concentrate on e,. = 44, 

which gives, as it will be pointed out, resonators with better performance. 
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Figure 5.1: Dielectric-loaded TEO,, resonator geometry 

5.2 Mode-matching geometry 

Although the maximum volume reduction of a TEO,, waveguide resonator is obtained 
by a complete dielectric loading of the cavity, the Q. values of the resulting resonator 

are then fairly small. Optimal Q,, /volume ratios happen for a partial dielectric 

loading localised in the centre of the cavity, which maximises the amount of field 

concentrated away from the lateral walls. For a single cavity, Q. and resonant 
frequency can be calculated to a high degree of precision using the mode-matching 

procedure of Section B. 1 in Appendix B. The partitioning of the resonator is shown 
in Fig. 5.2. The fields in each waveguide are expanded as a series of TEo� modes. 
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Figure 5.2: Dielectric-loaded TEO,, resonator mode-matching geometry 
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Table 5.1: Theoretical and measured resonant frequencies and Q. for centrally 
loaded silver plated cavity of dimensions 9x 20 x 20 mm, er = 44, tan 5=5.55 x 10-5 

at 2 GHz, Rs(silver) = 2.52 x 10-1ý%7 

Theoretical resonant frequency (Mode matching) (GHz) 2.0000 

Measured resonant frequency (GHz) 2.0001 

Theoretical Q. (Mode matching) 3543 

Theoretical Q� (MicrowaveLabTM) 3560 

Measured Q,, 2530 

In waveguides A and C, their variations are simply defined, as the wave number of 

mode i in the y direction is simply kvi = iir/b3. In waveguide B, the characteristic 

equation [177] 

-e]kya(b2-bl) 
(- 

j 
kv3cot(k 

s(bs - b2)) + 1) 
(_- 

j yi cot(k lbl) +1J 
kv2 / kv2 v JJJ 

+ elkv2(b1-62) 
Ij-COt(ky3(b3 

- b2)) + 1)(k2 j 
kýl 

cot(klbl) +1J=0 (5.1) 

has to be solved numerically with k,,,,, =w uoeOE,,, + ry , where kyl, ky2 and ky3 

are the wave numbers in the y direction in regions 1,2 and 3 respectively. e,.,,, is the 

corresponding relative permittivity. The expressions of the self and cross-products 

used in the mode-matching resolution are detailed in Appendix H. 

Table 5.1 shows predictions and measurements for Q. and resonant frequency of 

a test cavity of length 20 mm and height 9 mm. To ensure a reliable measurement 
by avoiding any air gap (see Section 5.4), the dielectric slab is plated and soldered 

to the base of the cavity and a flexible lid. The purpose of the Q. simulation 
by MicrowaveLabTM is to validate the result obtained by mode matching. The 

discrepancy between theoretical and experimental Q. is believed to be mainly due 

to the resistivity of the plating being higher than that of perfect silver. The soldering 
is also responsible for some of the loss. It was simulated with the mode matching 

program by 0.3 mm wide regions of higher resistivity conductor (R. (solder) = 7.56 x 

10-'V/7) surrounding the base and the top of the dielectric slab. This decreased the 

Q. by 330. The experimental Q� of 2530 in a volume of 3.6 cm3 represents a 3.0: 1 

improvement in Q. /volume over a combline resonator, which can achieve Q� of 2500 

in a volume of 10.7 cm3. 
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5.3 Study of dielectric-loaded TEO,, cavities 

Table 5.2: Performance of dielectric-loaded cavities with different c, fo =2 GHz, 

Cavity volume : 3.6 cm3 

Cr 29 35 44 

cavity height (mm) 8.0 9.2 10.7 

cavity length (mm) 21.2 19.8 18.3 

dielectric length (mm) 13.1 11.4 9.7 

Q. 3745 4099 4531 

Q, /volume (cm-3) 1040 1139 1259 

tan 6 (x10-5) 2.08 6.25 5.55 

Qd 48278 16114 18160 

Q. 3475 3267 3624 

Q,, /volume (cm-3) 965.3 907.5 1007 

In the following study, the cavity and dielectric slab are of square cross-sections 

and the dielectric slab is located at the centre of the cavity unless stated otherwise. 
Table 5.2 shows the calculated Q�'s for three cavities of identical volume but 

with different er. The integrals for Q� are calculated analytically from the modes 

coefficients and field expressions, as in Chapter 3. Values are given considering 

conductor and dielectric losses separately. It can be seen that a dielectric loading of 
high permittivity offers the double advantage of a better Q, /volume ratio as well as 

needing a smaller amount of ceramic. For a given frequency, volume and dielectric 

constant, the mode-matching program provides charts from which the optimum 

geometry can be found. At 2 GHz for example, the optimum cavity height is first 

deduced from Fig. 5.3, in turn leading to the cavity length. The dielectric slab length 

then follows from Fig. 5.4. 

The variations of the Q., Q,, /volume and geometry dimensions of the optimal 

resonator are shown in Figs. 5.5 to 5.7 as the cavity volume is increased. It can be 

seen in Fig. 5.7 that, as the cavity volume is increased, the cross-sectional dimensions 

vary less than the height of the cavity. This is reminiscent of the case of the dual- 

mode conductor-loaded DR in Chapter 4. By increasing the height of the dielectric 
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Figure 5.3: Variation of the Q� with cavity height for different cavity volumes (in 

em3) (e, = 44, fo =2 GHz) 
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Figure 5.4: Variation of the Qu and dielectric slab length with cavity length 

(h = cavity height, er = 44, fo =2 GHz) 
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Figure 5.5: Variation of the maximum Q. obtainable in a given cavity volume 

(e,. = 44, fo =2 GHz) 

Figure 5.6: Variations of maximum Q. /volume with cavity volume (e, = 44, fo = 

2 GHz) 
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Figure 5.7: Dimensions of the geometry with maximum Q� in a given cavity volume 
(Cr = 44, fo =2 GHz) 

resonator, along which there is little or no field variation, the increase in stored 

energy is maximised compared to the extra loss created in the side cavity walls. 
As a result, at 2 GHz, a Q. within 95% of the optimum can be obtained for cavity 

volumes between 2 and 10 cm3 by using a dielectric slab and cavity length of 9.5 mm 

and 18.6 mm respectively. As the cavity height increases much faster than its length, 

the optimum resonator geometry for high Q. applications then strongly resembles 

that of the dielectric combline [80], except that, in the latter case, the long and thin 

dielectric rod is only shorted at one end. The short distance between the top of the 

dielectric and the lid forces the fields to have some variation along the length of the 

rod. In the case of very long rods, the resulting increase of the resonant frequency 

is limited and can be corrected by modifying the diameter of the rod. The dielectric 

combline resonator then offers slightly better Q�/volume than the dielectric-loaded 

TEO,, resonator. For example, the optimum dielectric-loaded TEO,, resonator in a 
30 cm3 cavity volume and using er = 44 has a height of 39 mm and a Q,, of 8145. 

Keeping the same cavity height but creating a1 mm gap between the dielectric slab 

and the lid and retuning the resonant frequency, the resulting dielectric combline 
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resonator has a Qu of 8670. The dielectric combline also has the advantage of 

requiring mounting only on one side of the dielectric rod. However, this mounting 
has to be of equally good quality in both cases. In the case of lower Q. cavities, the 

optimum height of the rod is much smaller and the frequency increase created by any 

gap at the top of the resonator is far too large. Indeed, a1 mm gap only increases 

the resonant frequency of the TED,, mode by 15% in the case of the 30 cm3 cavity. 
For a4 cm3 cavity, the increase is 72% and the dielectric-loaded TEO,, resonators is 

the optimum geometry. 

A study of the normalised spurious separation has been presented for er = 10 

and 36 [81]. It was shown that, in the case of high Q. resonators, the higher value 

of e, was needed to improve the separation with the TMoll and HE,,, modes (in 

cylindrical coordinates) and achieve a value of Fr as large as 2. The separation of 
lower Q resonators is less critical because the resonant frequency of the two previous 

modes is increased due to the smaller resonator height. The spurious separation is 

studied again here in the case of e,. = 44. It is realised for two cavity heights using 

the finite element analysis software, MicrowaveLabTM. The results are shown in 

Fig. 5.8. The spurious performance improves as the loading is reduced, because the 

fields of the spurious modes are less concentrated at the centre of the cavity than 

for the fundamental mode. This is true up to very big cavity lengths, at which point 

the resonant frequency of modes which have most of their fields contained in the air 

region starts decreasing. The resonators with small cavity lengths, which have the 

limited spurious separations, are also those with the largest inter-cavity couplings. 

This limitation will be discussed in Section 5.5.2. 

The best separation is for cavity heights below a certain value, for which the 

first spurious is the dual TMllo mode (TEo21 and TE012 modes in rectangular coor- 
dinates). For cavities filled with dielectric of relative permittivity 44, this value is 

fairly constant and around 12 mm for a large range of cavity lengths including those 

optimum for Q. /volume in Fig. 5.7. For larger heights, the spurious performance is 

degraded as the HE,,, mode becomes the first spurious. In the case of the geometry 

for optimum Q. /volume, this happens for cavity volumes larger than 4.3 cm3, i. e. 

with Q. 's above 3900 (see Figs. 5.7 and 5.5). This deterioration will have to be taken 

into account especially when considering using particularly high cavities, optimum 

for larger Q,, values. 



Chapter 5 197 Section 5.4 

N 

2 
0 

V 

O 
2 

c 

T 210 T oft TEot1. ' HE 1t2 
022, ' ... HEt 

}i 

5 ..... HE21i ....; ýý.,. ýý...... _" ....................... TMö2ö 

F. S............ f...:;.... ý..... .... 110( ot2) 
' 

4 "" ................ ................. .............. 

TM ý'- . 
........ _ 

3 ........... ....... ............ .................................... . 

cý 
10 20 30 40 50 60 

Cavity length b3 (mm) 

----h=8mm """"". """ h=14 mm h=8 mmand14mm 

Figure 5.8: Variation of the first spurious frequencies with cavity length (h =8 and 
14 mm, Er = 44, fundamental resonant frequency: 2 GHz). Names in cylindrical 

coordinates (rectangular coordinates in brackets). 

5.4 Resonator mounting 

The resonator mounting technique has to be mechanically and electrically reliable 

as well as easy to manufacture. This is difficult to achieve especially over a range of 
temperatures as the presence of air gaps between dielectric slab and cavity makes 
the resonant frequency unrepeatable and uncontrollable. Solutions were proposed 
by Kobayashi et al. [81] and Nishikawa et al. [176]. The former consists in fitting the 
dielectric cylinder through holes at both extremities of the cavity. As their diameter 

is relatively small, these holes behave as waveguides below their cut-off frequency 

and the resonator fields do not leak out of the cavity. The latter method covers 
the inside of the cavity with a temperature stable plated dielectric shield. These 

methods require either high precision manufacturing or a high degree of machining 

of the ceramic material. The technique adopted in this paper uses cylindrical ceramic 

slabs fitting through holes in the base of the cavities. The top and bottom faces of 
the slabs are silver plated and soldered to the cavity. This realises a good mechanical 

support of the slab, providing frequency stability over temperature as well as good 
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electrical contact resulting in reliable Q. values. 
The results obtained with the mode matching technique with rectangular coor- 

dinates are still usable when using cylindrical resonators. Indeed, simulations using 
the finite element analysis software have shown that changing from a square to a 

cylindrical piece of ceramic only changes the resonant frequency very slightly, pro- 

vided the volume of dielectric material is kept constant. In the case of the cavity in 

Table 5.1, the resonant frequency is decreased by -0.6% for a cylindrical resonator. 
This variation is small enough to be recovered by tuning. The Q. variation is neg- 
ligible as the FEM simulations of the two resonators differ by less than 0.1%. Also, 

the inter-cavity coupling bandwidth through a 10 mm iris between two cavities of 
Table 5.1 changes by less than 0.2%. 

5.5 Filter design 

The following filter specifications, typicý 

ered: 

- Centre frequency : fo = 

- Bandwidth : 80 

- Insertion loss :1 dB 

- Rejection : 60 dB 

º1 for microcells applications, were consid- 

1.9 GHz 

MHz 

over the 80 MHz bandwidth 

for f> fo + 56.2 MHz 

or f< fo - 56.2 MHz 

The filter was designed as a degree 6 generalised Chebyshev bandpass proto- 
type [10]. The prototype uses two cross-couplings, each realised by a cascaded 
trisection [178]. The required coupling bandwidths are shown in Table 5.3. 

5.5.1 Cross-coupling configurations 

With inductive coupling naturally existing through irises between cavities, the high 

side cross-coupling configuration simply consists in arranging the three resonators 

in a triangle as shown in Fig. 5.9. A low side cross-coupling is realised by inverting 

the sign of the in-line coupling. A probe connecting the top of the first cavity to the 

base of the second [3), illustrated in Fig. 5.10, provides such an inversion. However, 

the tuning of such a coupling is difficult. A reliable answer is to machine an iris next 

to the wire which, by tuning, cancels a small amount of the negative coupling. 
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Table 5.3: Filter coupling bandwidths 

Nodes Coupling BW (MHz) Nodes Coupling BW (MHz) 

input-1 80.335 

1-2 58.634 1-3 33.437 

2-3 40.141 

3-4 46.747 

4-5 43.669 4-6 25.956 

5-6 62.308 

6-output 80.335 

Figure 5.9: Layout for cross-coupling realisation 

5.5.2 Evaluation of intercavity couplings 

Irises between directly adjacent cavities generally create enough coupling to satisfy 
base-station filter bandwidth specifications. However, when cross-couplings across 
three resonators are needed, the main path irises can be too small and the resonators 
too far apart to get the amount of coupling needed. The maximum coupling available 

can be computed once again by mode-matching, but this time using a7 section 

structure as shown in Fig. 5.11. 

The first option to increase the coupling is to increase the dielectric size (i. e. 
decrease the cavity surface area). This means going away from the optimal cavity 
height/length ratio as calculated in Section 5.3, which will decrease the Q. Fig. 5.12 
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Figure 5.10: Inverted sign coupling mechanism [3] 
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Figure 5.11: Mode-matching geometry for calculation of adjacent coupling 
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Figure 5.12: Simulated coupling bandwidths as cavity length b3 is varied. fo = 
2 GHz. Iris thickness is 1 mm and the iris width is maximum. e,. = 44. 
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Figure 5.13: Simulated coupling bandwidths as the offset between cavities is varied. 
Cavity length b3 = 19.6 mm, dielectric slab length b2 - bl = 9.0 mm. Iris thickness 

is 1 mm and the iris width is maximum. e,. = 44. 
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shows the variation of the coupling bandwidths between two resonators at 2 GHz 

as the cavity length is increased. It is computed in both cases of in-line cavities 

and cavities offseted by half their side length. Fig. 5.13 illustrates the variation of 
the coupling bandwidth as the offset is increased, for a particular resonator cross- 

section. Let us consider two cavities loaded with er = 44 as in Table 5.2. With an 
iris width of 1 mm and an offset of b3/2, the maximum coupling is 23.6 MHz. To get 
38.3 MHz of coupling, the cavity side length needs to be reduced by 2.1 mm. If the 

cavity volume is kept constant, the height of the cavity can then be increased but 

the Q,, still drops from 3624 to 3238. At the same time, the spurious performance is 

made worse, with the HE,,, as the first spurious at 2.898 GHz instead of 3.561 GHz. 

It is actually more optimal to move the slabs towards each other in the z axis by 

reducing the lengths of waveguides C and E and keep the cavity height constant. 
This is for two reasons: 

- the drop in Qu is greatly reduced. With this approach, 39.4 MHz of coupling 

can be obtained in the same cavity volume by moving the slabs in the z axis 
by 1.3 mm and the Q. is still 3573. 

-A finite element analysis shows that the spurious performance does not de- 

crease as much as previously. The first spurious is the TE012 mode at 3.504 GHz 

and the HE,,, mode does not cause any problem. 

Fig. 5.14 shows the coupling bandwidth variations as the distance between both the 

dielectric slabs and the iris is varied. The distances between the dielectric slab and 

the cavity walls in the three other directions remain equal. The cavity cross-section 

areas and heights are kept constant. The dielectric slab lengths are slightly adjusted 

to keep the resonant frequency constant. The degradation of the Q, a due to the 

offseting of the slabs is shown in Fig. 5.15 in the case of the cross-section area of 
3.44 cm2. The cavity height considered is the one for maximum Q�/volume before 

offseting, i. e. 10.88 mm. 

5.5.3 Frequency tuning 

Considering the small size of the resonators, the use of dielectric plungers [231 was 
discarded for frequency tuning. 1/4" metal screws inserted from the side wall of the 

cavity [3] do provide sufficient tuning, but also deteriorate the Q. significantly. An 
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Figure 5.14: Simulated coupling bandwidths as the distance between dielectric slabs 

is varied. Iris thickness is 1 mm and the iris width is maximum. e,. = 44. 

Figure 5.15: Variation of Q. as the distance between dielectric slabs is varied. 

Cavity cross-section area SS = 3.44 cm2. Cavity height h= 10.88 mm. 
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experiment showed that the Q,, of a cavity as in Table 5.1 decreases by 21.6% when 
the frequency is tuned up by 55 MHz. A better method is to insert a metal screw 
in a hole machined in the top of the slab as described in Fig. 5.16. The positioning 

at the top of the cavity is optimal to give an easy access to all tuning screws. The 

metal screw decreases the resonant frequency of the cavity, as for a TEM resonator. 
The Q,, degradation is only of 6.2% when the frequency is tuned down by 50 MHz. 

The drawback of this method is that some of the initial Q. is lost (about 5% for a 
through hole) and the resonant frequency increased as the slab is drilled. However, 

the tuning range with a through hole in the slab is by far more than needed and the 

hole can be limited to half the depth of the resonator. 

M2.5 TUNING SCREW 

Figure 5.16: Frequency tuning and input coupling mechanism 

5.5.4 Input coupling 

As 1.0% of the electric energy and 73.2% of the magnetic energy is outside the 

dielectric for the cavity in Table 5.1, enough input coupling can only be achieved by 

coupling into the magnetic field. 

The method presented in Fig. 5.16 is quite sensitive to the positioning of the 

connector pin and no tuning is possible, but experiments have shown that the tol- 

erances on the housing make the coupling repeatable enough for the input coupling 

not to require tuning. Fig. 5.17 shows the variation of the Q. of the resonator as 

the input coupling is increased. 

3mm LILA MULM 
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Figure 5.17: Variation of the Q. of the input cavity of the filter with the amount 

of input coupling, adjusted by the distance from the connector to the slab (values 

obtained experimentally). 

5.5.5 Practical filter results 

The cavity size is chosen as 21.4 x 26 x 10 mm with dielectric slabs of 10 mm diameter, 

giving a theoretical Q. by mode-matching analysis of 3780 (perfect silver). The 

dielectric slabs are slightly offset to the side. The resulting degradation in Q� from 

the central position is only of 6.6%. F,. is 1.89 with the first spurious at 3.65 GHz. 

The filter with positive cross-couplings and its response are shown in Figs. 5.18 to 

5.21. The insertion loss at centre frequency is 0.25 dB and 0.84 dB at the upper 

bandedge (-25 dB return loss). The overall Q. was estimated to be around 2800. 

This corresponds very well to a combined Q� of 1900 for the input-output cavities 

as estimated from Fig. 5.17, and 3200 for the others, as measured with a test cavity. 

The latter value represents 85 % of the theoretical value. 

The temperature coefficient of the filter was measured to be 7.1 ppm/°C. This is 

comparable to the one obtained by Kobayashi et al. [81]. A finite element model of 
the cavity showed that this drift is solely due to the expansion of the cavity in the H 

plane and that the tuning screws have no major effect. A filter with negative cross- 

couplings was also made with similar dimensions and had the expected performance. 
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Figure 5.18: Filter with positive cross-couplings 
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Figure 5.19: Response of the filter with positive cross-Crniplings 
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Figure 5.21: Wideband response of the filter with positive cross-couplings 
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5.6 Conclusion 

The electrical performance of the rectangular TEO,, dielectric-loaded resonator has 

been investigated at 2 GHz. For maximum Q. /volume, the cross-section of the res- 

onator varies little. The height of the resonator is increased to reach large Qu values. 
However, this limits the spurious performance. As a result, the TEO,, dielectric- 

loaded resonator seems optimum for applications with Q. 's of a few thousands. It 

then combines good Q,, /volume and good spurious separation. For example, a theo- 

retical Qu of 3000 and F,, of 1.75 are obtained in 2.5 cm3. The volume of a combline 

resonator with comparable Q,, is 13.3 cm3. For larger Q. values, the separation can 
be improved by increasing the cross-section of the resonator, although this limits 

the inter-cavity coupling available. A reliable method of mounting the resonators 

was demonstrated giving in excess of 80% of the calculated Q. for perfect silver. 
Cross-coupled triplets were used to design typical microcells base-station filters. 

The coupling between cavities decreases quickly as the cavities are offset, although 

the dielectric slabs can be moved towards each other and recover some coupling 

with only a limited Q,, degradation. The amount of frequency tuning and input 

coupling necessary for the application considered here are also achievable. However, 

experiments showed that the technique used to realise the latter reduces significantly 

the Q,, of the resonator. A filter with positive cross-couplings was presented, which 
has an overall Q of 2800 in an internal volume of 35.3 cm3. This represents a 2.0: 1 

improvement over the combline technology. 
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Chapter 6 

Conclusions and further work 

6.1 Conclusions 

This work has concentrated on the study of novel dielectric resonators, all for use 
in different cellular base-station applications. The performance of each resonator 

was studied by means of different modelling methods. Filter designs have also been 

realised to prove the suitability of the resonators for various filter specifications. The 

results of the previous four chapters and the conclusions that follow are summarised 
here. 

In Chapter 2, the simple shaped triple-mode cubic TEola resonator was studied. 
It was demonstrated that this resonator is most suited for use in filters requiring 
Q. 's above 13000 at 2 GHz and 25000 at 900 MHz. A spurious separation above 
1.20 is then assured, which is similar to that of the interlocking disc triple-mode 

TEola resonator. For lower Q,, values, the superiority of the TM016 modes over the 
TEoia modes was pointed out. 

A novel type of filter, the even-odd mode hybrid reflection filter, was also in- 

troduced. It allows the realisation of any symmetrical filter response without the 

need for cross-couplings. The filter theory was proven with the design of a degree 6 

elliptic filter at 900 MHz, using the triple-mode cubic TEola resonator. For such a 

resonator, the advantage of the new type of filter is maximum, as no cross-couplings 

are needed inside the individual cavity, but also and more importantly between the 

cavities. Adding a phase shifter on the input of the even and odd mode networks 

also eliminated the input-output coupling. 

In the case of a degree 6 symmetrical filter, the insensitivity of the response to 

most spurious couplings was demonstrated. The coupling from the input to the third 
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mode of the filter sub-network resonator was proven to be the only one that could 

not be totally cancelled, unless its magnitude was less than a few percent than that 

of the intentional input coupling. However, drawbacks were also found to the new 
filter type, namely the high sensitivity of the filter response to a slight detuning of 
the resonant frequency of any mode and the limited bandwidth of the hybrid. Also, 

the rejection level of the bandstop filter is limited to the usual bandpass return loss 

levels, i. e. a maximum of 30 dB. 

The suitability of the cubic triple-mode TE016 resonator for the realisation of 

a wide range of conventional highly selective and narrowband bandpass filters was 
demonstrated for the first time by developing typical 5 MHz wide degree 6 filters 

at 2 GHz. A significant size reduction of 67% over single-mode TEola resonator 
filters was obtained. Practical and repeatable means for tuning the filter responses 

were devised. A method to identify the sign of cross-couplings was established. The 

magnitude of the two spurious couplings between cavities occurring through irises 

in two different locations was evaluated experimentally. It was found that, for the 

same amount of intentional coupling, the minimal amount of spurious coupling was 

created, for both pairs of modes, through an iris located at the edge of the dividing 

wall. For a5 MHz wide filter, the spurious couplings were 3.4% and 0.7% of the main 

coupling. In the case of a Chebyshev filter response, the sequencing of the modes 

can be arranged so that the effect of these couplings on the frequency response is 

minimum. However, this poses restrictions on the filter layout. Also, in the general 

case, if a cross-coupling in the form of a quadruplet is needed, the order of the modes 

cannot be chosen. The amount of spurious coupling then increases to prohibitive 
levels. It was concluded that the realisation of the most general filter response would 

necessitate the use of additional coupling paths, which would not consist of irises. 

An example, using electrical probe coupling, was demonstrated. 

Chapters 3 and 4 were concerned with the evaluation of a novel resonator, the 
dual-mode conductor-loaded DR, for macrocell applications at 900 MHz. Simple ap- 

proximation models were found to be insufficient to predict the frequency of its first 

resonant modes, typically giving less than 10% accuracy for its fundamental mode. 

The mode-matching technique was then used. The code of the mode-matching pro- 

gram is available on request. This technique gave very good results. However, in 

order to give the best accuracy with the least computing time, the numbers of modes 
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included in each region of the geometry have to be carefully chosen. The study of 

the correlation between modes in adjacent waveguides allowed the selection of the 

optimum ratios of modes for good modelling accuracy and limited matrix size. These 

were found to vary with the type of the propagating modes and, as expected, with 

the relative dimensions of the regions. It was shown that including modes with less 

than 20% correlation with all modes used in the central, and smaller, region of the 

structure gave very little improvement. The optimum ratio of modes between the 

coaxial and empty regions was found to be close to the ratio of the radial dimen- 

sions of the two regions, R1;,,. This was true for all types of modes. However, this 

was not the case for the optimum ratio between the dielectric-loaded and coaxial 

regions. The correlation plots of the hybrid modes in the dielectric-loaded region 

with a TE mode in the coaxial region were similar to that of the previous interface. 

The correlation plots with a TM mode, however, had a larger spread in the case of 

disc diameters smaller than the dielectric cylinder diameter. This increase of the 

spread was worst as the difference between the two diameters decreased. As a result, 

a larger ratio of modes was needed for this interface in the case of the modelling of 

the hybrid and the TMola resonant modes. A minimum of Rlin +4 was found to 

the necessary for the hybrid modes and R1 +2 for the TMols mode, when the two 

diameters differ by less than 5%. The convergences of the resonant frequency results 

appeared to be linked to the singularities of the fields at the edges of the dielectric 

resonator and metal disc: they are worst for the hybrid modes and the TMola mode. 
The electric fields of these modes present two discontinuities at a very short distance 

from each other. The convergences of the Q. simulations were found to be slower 

and behave quite differently to those of the resonant frequencies. They were linked 

to the magnitude of the magnetic field tangential to the metal disc in the regions of 

the singularities. The convergence of the conductor loss on the side of the metal disc 

was worst for the HE116, HE216 and TE018 modes. For the fundamental mode, the 

normalised variation EQC/QC obtained by increasing Nb from 20 to 40 was 2.5%. By 

comparison, the corresponding normalised frequency variation if/ fo was 0.06%. 

The mode-matching program was used to draw plots from which the main ge- 

ometry parameters governing resonant frequencies and Q. were extracted. The Qu 

of the fundamental HElla mode was found to be primarily related to the height of 

the dielectric cylinder. Another important contribution to the Q. is the loss created 
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by the metal disc, which is dependent on the disc diameter, but not its height. The 

loss in the cavity walls is more limited: in the case of comparable disc and dielectric 

cylinder diameters, it is only more important than the loss in the metal disc if the 

cavity side and lid are located less than a few millimeters away from the resonator. 

The resonant frequency of the HElla mode is, to the first approximation, deter- 

mined by the diameter of the dielectric cylinder. The effect of the dielectric height is 

smaller. Also, as the dielectric height is increased, the resonant frequency increases 

because the field patterns of the HE115 mode change away from those of the TM110 

mode. The opposite happens as the surface of the metal disc is increased. However, 

as the metal disc diameter reaches values close to that of the dielectric cylinder, the 

resonant frequency increases again. More generally, reducing the gap between the 

cavity walls and the resonator increases the resonant frequency. However, this also 
decreases the frequency of the TMola mode. This limits the spurious performance of 

average to small size cavities. For larger cavity sizes, the limiting mode becomes the 

EH116+1 mode, which has a resonant frequency that strongly depends on the dielec- 

tric cylinder height. Away from these situations, the spurious is the HE215 mode, 

which separation with the HElla mode is not critical on the resonator geometry. It 

gives the best achievable F, by the dual-mode conductor-loaded resonator, around 
1.67. For cavity volumes between V/d2 = 0.9 and 1.1, with d2 the dielectric cylin- 
der diameter and for a wide range of dielectric cylinder heights, the optimum disc 

to dielectric diameter ratio was shown to be 0.8. The optimum cavity to dielectric 

ratio varied from 1.2 to 1.6. 

The resonator dimensions for maximum Q,, /volume were also calculated at 900 

MHz for a wide range of cavity volumes. Maximum Qu and F,. are more incompat- 

ible for larger cavity volumes. However, even in very small cavities, the maximum 
Q�/volume and maximum F, cannot be obtained simultaneously. For a wide range 

of cavity volumes, the Q,, has to be decreased by 25% from its maximum value to 

achieve maximum Fr. In 85 cm3, the maximum Q., of 6400, is achieved by trading- 

off Fr to the lower value of 1.4. Overall, the spurious separation becomes restrictive 
for filter designs requiring Q,,, 's of 7000 and above. This is also the case of existing 

multi-mode resonators such as the dual and triple-mode TMolo mode resonators. 
For Q. values below 7000, however, the new resonator offers good performance. 

In Chapter 5, it was concluded that the TEoll mode dielectric-loaded resonator 
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was best suited for microcell base-station filters at 2 GHz. For higher Qu values, 

the limitation comes from the height of the resonator, which becomes large for opti- 

mum Q,, /volume geometries. At 2 GHz, the spurious performance of the resonator 

degrades for cavity heights above 12 mm. The cross-section dimensions of the res- 

onator for optimum Q,, /volume were found to vary little as the cavity volume is 

changed. 9.5 mm and 18.6 mm for the dielectric slab and cavity lengths respectively 

were found to give close to optimum results for a wide range of cavity volumes. For 

cavity heights below 12 mm, these dimensions determined the spurious separation, 

with F,. = 1.81. The TEoll mode dielectric-loaded resonator displayed most of the 

advantages of the combline resonator, for example the ease of frequency and cou- 

pling tuning or the possibility of using a two dimensional layout. The magnitude 

of the inter-cavity coupling bandwidths realisable was also sufficient for full-band 

filter specifications, except in the case of off-line cavities. However, using off-centred 

dielectric slabs to increase the couplings did not degrade the resonator performance 

considerably. 

6.2 Suggestions for further work 

As the bandwidth of the triple-mode TEola mode bandpass transmission filters of 
Section 2.4 is increased, it is expected that the spurious couplings will increase 

and that the resonant frequency of the TM016 will decrease. A knowledge of the 

maximum bandwidth practically realisable could be useful. 

It would be useful to study methods of improving the spurious performance of 
the cubic TEola mode resonator filters. One possible method might be to increase 

(or decrease) the dimension of the resonator in one of the three directions. In order 

to keep all three TE016 resonances degenerate, the cavity dimension in that same 

direction could be decreased (or increased) accordingly. The spurious TM015 modes 

would then occur at different frequencies and their transmission through the filter 

should be limited. Also, the new resonator could be oriented so that the modes 

with the larger field intensities at the cavity wall are used to realise the largest of 

the inter-cavity couplings required. This would minimise the spurious couplings. 

The effect of changing the permittivity on the spurious performance could also be 

studied. 
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In [170] and [168], the knowledge of the field variation at the singularity regions 

of a waveguide discontinuity, obtained from the edge condition, are used to improve 

the modelling of the fields at this discontinuity. Such methods could be investi- 

gated to improve the convergence of the mode-matching modelling of the dual-mode 

conductor-loaded DR, in particular that of the Q,, calculations. 
Some fundamental changes could also be made to the dual-mode conductor- 

loaded DR to improve its spurious performance. In [157], it was showed that a 

ring shaped dielectric cylinder would improve the separation between the HE116 and 
EH118+1 modes. Also, using a ring shaped metal disc could decrease the loading of 
the TMolb mode while having a minimum effect on the HElls mode. Both changes 

could be implemented in the mode-matching program and the new geometry could 
be re-optimised. For both modifications, the mode-matching geometry would still 

consist of three regions. However, one has to take into account the fact that new 

singularities would then appear, both at the dielectric and the metal inner edges. 
This will most certainly have an impact on the efficiency of the mode-matching 

modelling. 

The possibility of using the dual-mode conductor-loaded DR as a triple-mode 

resonator could be investigated. In particular, the resonant frequency of the TM015 

mode could be decreased to coincide with that of the HElla mode. This could be 

realised by increasing the metal disc diameter or decreasing the cavity dimensions. 

Alternatively, a metallic boss could be added on top of the disc, which would limit 

the degradation in Qu of the HE118 mode. The tuning of the TM016 mode would be 

realised from the centre point of the cavity lid. This mode would also offer larger 

coupling bandwidths, desirable in particular for inter-cavity couplings. 
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Appendix A 

Field expressions and characteristic equations for 

partially dielectric loaded, coaxial and 

homogeneously filled circular waveguides 

Let us consider a waveguide as a medium with no free charges or convection currents 

and where the permittivity and permeability are scalar constants. The waves in this 

waveguide are considered to be time-harmonic i. e. of variation e( j"-'Y'). Their 

electric and magnetic fields then satisfy the Helmholtz equations for phasor fields: 

(A. 1) V2E = --k2E and V2H = -k 2H 

with k2 = W2e1L where w is the angular frequency, e the permittivity of the medium 

and µ its permeability. In both rectangular and cylindrical coordinate systems, the 

left-hand part of Eq. A. 1 can be separated into a transverse and a longitudinal part: 

2 

V2=V +ä 2 (A. 2) 

This leads to: 

VE= V2E - 
OE 2 

= -(ry2 + k2)E (A. 3) 

V 2H = V2H -H2 = -(y2 +k 2 )H (A. 4) t 9Z2 

The transverse variations of two components of the fields (e. g. Ex and III) are 
deduced by solving Eqs. A. 3 and A. 4, using the separation of variables method. The 

other components are then derived using the curl equations VxE= -jw 2H and 

VxH= -jwjE. 
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A. 1 Partially dielectric-loaded circular waveguide 

The field expressions of the normal modes and their corresponding characteristic 

equations in a dielectric rod loaded circular waveguide can be found in the literature 

[146,30,31,179]. The general case of a multilayered coated waveguide has also been 

published [180]. 

The wave numbers in the dielectric and air regions (named region 1 and 2 re- 

spectively) are then: 

kl = wµoeocri k2 = w1104Er2 (A. 5) 

where po and e0 are the vacuum permeability and permittivity. E; is the relative 

permittivity of region i. The wave numbers in the radial direction for a mode with 

a propagation constant 'y are then: 

S1 = 
Fki 

+ y2 6= -jb2 =k+ y2 (A. 6) 

Let us consider a waveguide with a dielectric rod radius r2 and enclosure radius r3. 

A. 1.1 Hybrid modes 

In region 1, the fields expressions are: 

Ez = Jn(ýlr) cosnO (A. 7) 

H, x = 
icy J�(C1r) sinnO (A. 8) 

7w1t0 

E'r = C-i 
[C1Jn(C1r) + 

rnJn( 1r)ß cosnO (A. 9) 

Ee = [r Jri(ý1r) + 41Jn(sir)) sinnO (A. 10) 

Hr =12 [nkl Jn(ýlr) - r., '2 1J; ý(Clr)] sinnO (A. 11) T(A 41 r 
z 

He =. 
-1 

2 
[-kiC1Jn(ýIr) +' nJ�(eir)] 

cosn© (A. 12) 
? woýi r 

In region 2, if ý2 is real, 
E. = Rn (e2r) cos nO (A, 13) 

Hz K7 P�(ý2r) sinn© (A. 14) 
iwµo 

Er =ý[ 2Rn(ý2r) + 
rnPn(ý2r)) 

cosnB (A. 15) 
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EB =2 [r Rn(e2r) + rcý2P, (ý2r)] sin nO (A. 16) 

z 
HT 

jwµo62 
[nr2 (bar) - r. 2P (&2r) ] sinnü (A. 17) 

HB 
. 7wµ162 

[-k2 26, ar) +r nPn(62r)] 
cosnO (A. 18) 

with Jn and Y,, Bessel functions of the first and second kind of order n and 

( 2r) = (ýir2) Il 
Yn(e2r)Jn(e2r3) - Jn(ý2r)Yn(E2r3) 

Jn 
1 

(A. 19) 
Yn(ý2r2)Jn(S2r3) - Jn(ý2r2)Yn(S2r3)J 

Pn(ý2r) = Jn(ýir2) I 
Yn(ý2r)Jn(e2r3) - Jn(e2r)Yn(e2r3) 1 

(A. 20) 
L Yn(ý2r2)Jn(e2r3) - Jn(e2r2)1'n(S2r3)J 

Ensuring the continuity of EB and HB at r= r2 gives the expression for is and the 

characteristic equation. 

-nJn(ýir2) 
(Rd 

ý r2 
(A. 21) 

_ 2r2 2r2 P' J 
1r2 2r2 

(Clr2) 

n(eir2) F(e2r2)) / Jn(Slr2) Rn(S2r2 1 (j 

JnCl r2 S2r2 
6r2 J Erl 

r2 
ßr2 

S2r2 
2 

+7222 
(C, 

2rl2 C2 210 
(A. 22) 

ko 
S2r2/ 

If (2 = j6 is real, Eqs. A. 13 to A. 18 become: 

Ez = Sn((2r) cosnO (A. 23) 

Hx ny T,, ((2r) sinnO (A. 24) 
jwpo 

Er = 
-2 [(2Sn((2r) + rnTn((2r)) cosnO (A. 25) 

EB =2[r Sn((2r) + ýc(2 ((2r)] sin nB (A. 26) 

Hr = 
-1 

2 
[nk22 Sn((2r) - y2(2Tn((2r)] sin nO (A. 27) 

ýWIL 2r 
2 

HB -12 [-k2(2Sn((2r) +'y nTn((2r)) 
cosnO (A. 28) 

jw1-io(2 r 

with In and K, ti modified Bessel functions of order n and 

Sn((2r) = Jn(ýir2) L 
K"((2r)In((2r3) - I�((2r)Kn((2r3) 1 

(A. 29) 
Kn((2r2)I, ((2r3) - In((2r2)Kn((2r3)J 

T'n((2r) - Jn( ir2) L 
Kn((2r)In((2r3) - In((2r)Kn((2r3) 1 

(A. 30) 
Kn((2r2)In' ((2r3) - In((2r2)Kn((2r3) J 
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The characteristic equation is then 

1 ý`Tn 

7n2 

(Sýr2) 
+ 

Tn((ýr2)1 ýErl Jn(Slr2) 
+6r2sn(S2r2)/ 

(SLr2) 
S1 2 

(2r2 
/I 6r2 (2r2 

n2 112 
+, y2 

=0 (A. 31) 
kö ýi r2 ý2 r2 

with 
nJn(Slr2) 

(51-2 

2+ 
b2r2 (A. 32) IG J, ', (6r2) 

+ 
T' 2r2 

lr2 2r2 

A. 1.2 TE modes 

In region 1 
ry Hx JO(elr)sinno (A. 33) 

3Wµ. 

Eo = JJ(Cjr) sinnO (A. 34) 

Hr _ -ý JJ(elr) sin nO (A. 35) 

In region 2, if ý2 is real, 

Hz Po(2r)sinnO ry (A. 36) 
3WJL0 

EB = 
'y P(e2r) sin nO (A. 37) 
C 

2 
Po(6r) sinnB H,. _ -ry (A. 38) 

C iWAo 

The characteristic equation becomes 

1 (ý2r2) 
=0 

Jö(Eir2) 
_ 

Po ( 
(A. 39) 

Sir2 
e2r2 Jo(elr2) 

If (2 is real, 
H,, =7 To((2r)sinn0 (A. 40) 

ýw/Io 

EB = T6((2r) sin n0 (A. 41) 
(2 

H,. =y To((2r) sinnO (A. 42) 
jW 110C2 

and the characteristic equation is 

1 (JO(Clr2) 
+T 

((2r2) 
=0 (A. 43) 

Jo(Slr2) Slr2 
(2r2 
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A. 1.3 TM modes 

In region 1 

Ez = Jo(elr) cosnG (A. 44) 

Er = 
j-'J(eir)cosno (A. 45) 

z 
HB 

j ho l 
Jo(e1r) cosnü (A. 46) 

In region 2, if e2 is real, 

Ez = Ro(ý2r) cosnO (A. 47) 

E, _2 Ro(ý2r) cosnO (A. 48) 

HB = 
ý`2 

Rö(ý2r) cosnO (A. 49) 
jwpoe2 

and characteristic equation is 

1 r6_ er2R(esr2) 
_0 (A. 50) 

Jo(ýira) \ 6r2 Czra 

If (= is real, 

Ez = Ro((2r) cosnO (A. 51) 

E,. = 
ryr S'o((2r) cos nO (A. 52) 

2 

2 
HB = -k2 So' ((2r) cosnO (A. 53) 

jWPo(2 

and the characteristic equation is 

1 er1Jö(elr2) + Er2sö((2r2) (A. 54) JU(Sir2) 
S1r2 S2r2 

A. 2 Homogeneously filled coaxial waveguide 

Let us note rl and r3 the inner and outer radii of the waveguide respectively, and er 
the relative permittivity of the waveguide filling material such that k= wµoeoer. 
ý is the wave number in the radial direction. 
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A. 2.1 TE modes 

Hz =Y[ jw _ 
ý'n(cri) 

J,, (6r) +Y,, (6r)Jsinn8 
(cr J ) (A. 55) 

µo i n 
E, 

ý2r 
[ 

Jn(6ri) 
J�(er) + Y,, (ýr)J cosnO (A. 56) 

Eo Jn(ýr) + Yn(ýr)J sinn9 J., I) 
(A. 57) 

J, OC 
Hr T_ 

2[ Y 
Jn(, ri) 

Jn(ýr) + Yn(ýr)J sinnO (A. 58) 

HB 
7Wµoý2r Jn(_ri) 

Jn(ýr) + Yn(ýr)J cosnB (A. 59) 

The characteristic equation is 

J' (ýrl)yn(er3) -1'1(eri)Jn('3) -0 (A. 60) 

A. 2.2 TM modes 

Ex = [-Yn( r1) Jn(er) + YY(er)] cosnO Jn (erl ) 
(A. 61) 

E, [ 
Jn(ýrl) 

Jn(ýr) + Y�'(ýr)] cos n8 (A. 62) 

EB = 
In Y"(Crl)., (, r) +Yn(Er)] sinnO CZr J�(era) 

(A. 63) 

Hr = 
nk2 [_Yn(ýr1) Jn(er) + Y�(Cr)] sin n8 
µoý2r J�(rl) ýw 

(A. 64) 

2 
HB 

jwµoC[-Jn(Crl) 
Jn(er) + Yn(Cr)] cosnO (A. 65) 

The characteristic equation is 

J+º(erl)Yn(er3) - Y�(Crl)J,, (ýrs) =0 (A. 66) 

A. 2.3 TEM mode 

Er =r (A. 67) 

HB = 
[C-0 F, Z (A. 68) V µo r 

The characteristic equation is 

y2 = -k2 (A. 69) 
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A. 3 Homogeneously filled circular waveguide 

Let us note r3 the radius of the waveguide and er the relative permittivity of the 

waveguide filling material such that k= wµoeoe,,. Again, ý is the wave number in 

the radial direction. 

A. 3.1 TE modes 

H-. H7 Jn(er) sinnO (A. 70) 
jwAo 

E,. = 
2r Jn(ýr) cosnO (A. 71) 

EB = Jtt(er) sinnO (A. 72) 

H,. _ -ý JJ(er) sin n6 (A. 73) 
jwµoý 

HB =yn J�(Cr) cosnO 2 
(A. 74) 

jW pOC r 
The characteristic equation is 

JJ(er3) _0 (A. 75) 

A. 3.2 TM modes 

Ex = J� (fir) cos nO (A. 76) 

E, _ Jn(r) cos n6 (A. 77) 

EB =n J� (er) sin nO (A. 78) 

2 

H,. =n J�(ýr)sinnO ý2r jW 
(A. 79) 

µo 

HB =k Jn (fir) cos nB jwpoý 
(A. 80) 

The characteristic equation is 

J�(ýra) =0 (A. 81) 



222 

Appendix B 

Preliminaries on Mode-Matching 

The concept behind the mode-matching technique is described in Section 1.5.3. The 

aim of this appendix is to define the terminology and underline the main steps of 

the procedure followed to find the resonant frequencies of the particular geometries 

studied in this thesis. The procedure is detailed for a three section structure used 
in two different cases in Chapter 3,4 and 5 and a seven section structure used for 

coupling simulations in Chapter 5. One restriction of the method presented here 

is that the cross-section of every second waveguide has to be totally overlapped by 

those of the two adjacent waveguides. The total overlapping is due to the choice of 

the testing functions used to realise the vector products [181,121,128]. 

The first step is to expand the transverse fields in each waveguide section of the 

structure as an infinite series of the fields of the waveguide modes. Each waveguide 

mode is an independent solution to the Helmholtz equations for phasor fields, also 

satisfying the boundary conditions and electrical properties of the waveguide cross- 

section. As these modes form a complete orthogonal set, the total fields in the 

waveguide are described in a unique manner as a weighted sum of the mode fields. 

Let us express the transverse part of the field of the mode i of a particular waveguide 

as 

Ai (x, y, z) = Z!, (x, y)&E'iZ ht(x, y, z) = hi(x, y)e±'"x (B. 1) 

in rectangular coordinates and 

ei (r, 0, z) = ei (r, 6)et'"'z hi(r, 0, z) = hi(r, 0)etryiz (B. 2) 

in cylindrical coordinates. 

In the subsequent text, the spatial dependence symbols (e. g. (x, y, z) ) will be 
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omitted. The total transverse electric field in the waveguide can be written as 

co 

Et (a= e 7; z + a, e+'") 
i=i 

(B. 3) 

and to satisfy the curl equations VxE= -jwpH and VxH= -jwpE, Ht is: 

00 
Ht =Z hi(a; e`"yz - at e" ryiz) 

i=l 
(B. 4) 

with at and aý the forward and reverse coefficients of the mode i in the waveguide 

and ry; the propagation constant of this mode. The latter can be calculated for a 

given frequency by solving the characteristic equation of the waveguide. 

B. 1 Three section mode-matching procedure 

The first geometry presented here is a cascade of three waveguide sections, short- 

circuited at both extremities, as shown in Fig. B. 1. 

PERFECT 
ELECTRIC 
CONDUCTOR 

PERFECT 
ELECTRIC 
CONDUCTOR 

1111 
IM, 141 lo 112 1 13 Z 

Figure B. 1: Three section waveguide geometry 

The transverse fields are matched at each interface between two consecutive 

waveguides. This gives 

00 00 
(a, +a,, -) = Eebj(bj+ +b3-) (D. 5) 

s=1 j=1 

00 00 

, 
Ehat(a, - ai) =E hbj (bj+ - b; (B. 6) 
i=1 j=1 

00 00 r ebj(bý e 7t; 12 + b? e+7lj1 1)=r eck(ck e-7ckýý + eke+7ckl2) (B. 7) 

jL=11 ku=1 

00 oo 
_ E hbj(bý e 'vbj1' 

- 
bý e+'rbil2) _ FlCk(L'k e-'Yck12 - Ck e+7cki2) (B. 8) 

j=1 k=1 
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where the first and second subscripts of e, h and y denote the waveguide and the 

mode number respectively. The six sets of unknown coefficients a; , az , b, +, b37, ct 

and ck are the forward and reverse coefficients of the modes in region A, B and C 

respectively. 

Next, Eqs. B. 5-B. 8 are broken down into four infinite sets of equations by apply- 
ing the orthogonality property of the modes within each waveguide: 

&lxh,, jdS=0 i5j is (B. 9) 

with S the cross-section of waveguide x. The vector products of Eq. B. 5 with hai, 

and Eq. B. 7 with h&K are formed and both are integrated over SB, cross-section of 
the smaller (middle) waveguide. This gives 

00 "0 E(a; + as) 
f 

eaI x haIdS =, (bb + bb) j ebf x h8IdS (B. 10) 
i-1 SB ; _1 B 

00 E(bä e ß'z2 + b7 e+ß'l2) 
f 

eb1 x hcKds = 
7=1 SB 

00 
E(e; e--r-k12 + eke+7. kl2) f ecK X hcKdS (B. 11) 
k=1 B 

The integrals on the left-hand side of Eq. B. 10 and the right-hand side of Eq. B. 11 

can be extended over the full cross-sections of waveguides A and C respectively, since 
the transverse electric fields vanish over the perfect conductor surfaces (z =0 and 

z= 12) 
, giving: 

00 

eac tai + a; ) =Q 
i=I 

(B. 12) 
00 
E eck(ck e-'Yck12 + eke+-r. kl2) =0 (B. 13) 
k=1 

Finally, by applying the boundary conditions at both extremities of the structure, 
the number of unknown sets of coefficients can be decreased from six to four. In 

this example, the extremities are perfect electric conductors and give the following 

equations: 

aT = -a; e27ai11 and ck = -cA, e2'°kl3 (B. 14) 

The resulting equations are then 

aI (1 - e2y°'1') 
f 

eaI x haldS = E(b9+ + b-7 
S) 

f ebj x haldS (B. 15) 
00 

SA j=1 B 
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E(bj+enil2 
+ b, 7e +7bi12) f ebJ x hcKdS - 

3=i SB 

cKe'r-K12(1- e27cx12) 
f 
so 

x hcKdS (B. 16) 
ISC 

Similarly, Eqs. B. 6 and B. 8 are vector multiplied by ebJ and the result is inte- 

grated over SB to give 

00 
ai (1 + e27°{1') 

f ebJ x haidS = (bj - bJ) f eb3 x hbJdS (B. 17) 
Bs i. l sB 

(b J e--naZ2 -bJ e+7nai2) 
'SB 

EbJ x Y1bjdS = 

00 

c k ery°k''(-1- e2y°k13 
ISp 

b J hckdS (B. 18) 

Eqs. B. 15 to B. 18 can be simplified by noting 

f eXp xi , dS = Pxp (B. 19) 

fS. exp x hy,.. dS = Pxypm (B. 20) 

to give the following system: 

00 
al (1 _ e27arýý)Paj = 1: (b? + bý )P 2j 

(B. 21) 
j=1 

00 E(bä e-76; 12 + b. -,. e+76il2)PbcjK = c7<e-rcx'2(1- e21cxr3)Pcx (B. 22) 
j=1 

00 
at (1+e27a. t1)p&Jj = (b+ - bf)Pbj (B. 23) 

i=1 

00 
(b je-YbJ12 

- b, e+76JZ2)Po j_j: ck e7- (-1 - e21fýk13)PkJk (B. 24) J 
k=1 

This system can finally be put in a matrix form: 

a+ 

[M) 
b=0 

(B. 25) 
b- 

c 

with Ma square matrix and a+, b+, b- and c- column vectors containing the 

infinite sets of mode coefficients. Only at the resonant frequencies of the structures, 
for which det(M) = 0, will non-trivial solutions exist. The order of the linear system 

is then decreased by 1 and all field coefficients can be found by Gaussian elimination 

after one of the field coefficients is fixed to an arbitrary value [133,19]. 
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B. 2 Seven section mode-matching procedure 

or PERFECT at ELECTRIC 
ýLECMIC A g* e 

COADUCTCR ý 
ek 

Tk 
CONDUCTOR 

$j VI Cik 
-4f. - 

11 

10 
I. le Iö Ia 1. lr ld Z 

Figure B. 2: Seven section waveguide geometry 

A seven section cascade is necessary for the calculation of the coupling between 

two dielectric-loaded cavities as in Chapter 5. As in the previous section, the trans- 

verse fields are equated at each interface between two consecutive waveguides. For 

example, for mode i and j in region p and m respectively: 
00 00 

epl(ps e-7Pi1- + pi e+ryyilpm) = r` e /m, e-"-j'P- + mi e+"-j I) (B. 26) 
j=l 

00 ao 
hpj(pi e-7pill -- pi e"fpil-) - Li 

m e+'Ymilam) (B. 27) 

i=1 j=1 
1 

with l the z coordinate of the interface between regions p and m. 
The transverse electric fields on both sides of each interface are then vector 

multiplied with the transverse magnetic field of the larger of the two waveguides. 
Also, the transverse magnetic fields are vector multiplied with the transverse electric 
fields of the smaller waveguide. All are integrated over the smaller waveguide cross- 

section. Using the orthogonality condition (Eq. B. 9) and the fact that the total 

transverse electric field vanishes on perfect electric conductors yields six sets of 

equations: 

(pi eryPtl +p; e7p"-)Ppl = (mj e^f-il'»n +m; e'Ymjlym)Pmpjl (B. 28) 

j==/1 

00 
E(pi 

e'Y-JlPm _ pi e-'--"P-) pmpji 
= (m j et-J'P xi - m, eYm�'r-) pm� (8.29) 

i=1 

with p being regions A, C, E and G and with m being regions B, D and F. In the 

two equations above, we write 

fs Uxk x hXkdS = Pxk (13.30) 
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with S the cross section of waveguide x, and 

f em1 x hpjdS = P,,,. pji (B. 31) 

with S,,, the cross section of the smaller waveguide m. 
Finally, the boundary conditions at z=0 and z= 19 are applied: 

aý _ -a1 and g; = -gi e2yaiIg (B. 32) 

to give the matrix equation of the form: 

{M]j 

a+ 

b+ 

b- 

c 

c+ 
d- 

d+ 

e 

e+ 
f- 

f+ 

9 

1=0 (B. 33) 



228 

Appendix C 

Self-coupling coefficients for the conductor-loaded 

dual-mode DR 

Recalling Eq. 3.20, the self-coupling power coefficient of mode p in waveguide x, 
defined by Eq. B. 19, is, in cylindrical coordinates: 

Pxp = 
j(rxp 

X he xp - 
dir zp x Fe 

xp)rdrdO (C. 1) 

with S the cross-section of the waveguide. 
Let us note rl, r2 and r3 as the inner radius of the coaxial region, the radius of 

the dielectric region, and the radius of the cavity respectively. ryx and ýx are the 

propagation constant and wave number of the mode in waveguide x respectively. We 

call the dielectric-loaded waveguide, the coaxial waveguide and the circular waveg- 

uide waveguides A, B and C respectively. For the dielectric-loaded waveguide, the 

additional 1 and 2 in the subscripts refer to the dielectric and the air regions respec- 
tively. 

C. 1 Partially dielectric-loaded waveguide 

C. 1.1 Case 1: Modes with no angular variation 

Let us note 

Ao(ýr) =2 
[Jj'(ýr)2 

+ 
(1- 

ý2r2)Jl(Cr)21 
(C. 2) 

Bo(er) =2 
[Jj'(Cr)Yj'(ýr)+(l- 

r2)Ji(Cr)Yi(Cr), 
(C. 3) 

Co(ur) -7 
[Yi'r)2 

+ 
(1 

- 42r2) 
Yl(&r)2] (C. 4) 
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Then for TE modes, 
2 

_ 
21r7ä! Ao(eiar2) 1 Jo(eiar2) 

Pap 
jwµo l pia + 42a 

ýYo(e2ar2)Jo(42ars) 

-- J0(Z2ar2)Yo(42ar3) 

x 
[J(2ar3)2Co(2ar) + Yö (i2ar3)2Ao(e2ar) 

I- 
2Jp(C2a7'3)Yp(C2a? "3)BO(S2nr) 

r3 

r2 

and for TM modes: 

(C. 5) 

-27r'ya rk 
. 

Ao(eiar2) k2a 
Pap 

. 
%WPo 

{` 
S1a 

+ 
422a 

(t )2 JO 
Slaý'2 X {Jo(2ar3)2Co(2ar) ( 

Yo(S2ar2)Jo(e2ar3) - Jo(e2ar2)Yo(2ar3) 

r31 

+y (0(Z2ar3)2Ao(e2�r) - 2Jo(e2ar3)Yo(S2ar3)Bo(42ar)J 
) 

(C. 6) 
rq 

C. 1.2 Case 2: Modes with angular variation 

For hybrid modes, 

r Pap = 
7r-y, 

2 

I(t? 
-iä - kla)AnýS1ar2) + 

nK 
2 (Ya - kla) 

['Tn(ý1ar)2 l '2 

J iwµo la a0 
Ir --k2aJo(ýiar2) 

2 
tx + jwµo 2a `Yo(zarz)Jo(S2aý"3) - Jo(ýzar2)ý'o(S2ar3) 

[Jn 
(6ar3 )2Cn (6ar) + Yn(6ar3)2An(6ar) 

i r3 
- 2Jn(6ar3)Yn(6ar3)Bn(6ar) 

rz 

yJ( r) 2t 
+a0 

Sla 2X 
{J(2ar3)2Cn(2ar) CYO(S2ar2)JÖ(2ar3) 

- 
JO(2ar2)YO(2ar3) 

t 
rs 

+ Yn(ý2aý'3)2An(S2ar) - 2Jn(e2ar3)Yn(S2ar3)Bn(S2ar) 
r2 

} 
(C. 7) 

+ ntc 

(-kL + 'YD 
Ip 

(S2ar)Qn(S2ar) 
rý S2a 

IL 

with 

An(ýr) =7 
[J_1()2+ (1- 

2r)2 
)Jn-i(ýr)2ý 

-nJn(2r)2 (C. 8) 

Bn(ýr') 2 
[J 1(er)YY'-1(r)+ (1 

- 
ý2r2)2)ýn-1(ýr)Yn-i(hr), 

- nJn(Sr)Yn(Sr) 
(C. 9) 

e2 
e2r, 2)2 

)Yn_i(r)2} 
n'YnC2r" 

2 
(C. 10) CnýSr) 

-2 

[Yn'-1(Sr)2 
+ 

(I 
- 

(n 
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t( 
Yn(S2ar)Jn`S2ar3) - 

Jn(e2ar)Yn(c, 2a? '3) /C. ý. 1 Qn(ý2aý') = JnýSlar2) [Yn(S2ar2)Jn(S2ar3) 

- Jn(e2ar2)Yn(S2a7'3) l) 

r 
Yn(ý2ar)Jn(2ar3) - Jn(e2ar)Yn(E2ar3) 1 

Pn(ý2ar) = Jn(Slar2) 

J 
(C. 12) 

Yn( 2ar2)Jn/ (ý2ar3) - Jn(C2ar2)Yri( 2ar3) 

C. 2 Coaxial waveguide 

C. 2.1 Case 1: Modes with no angular variation 

- TEM mode: 
Pý = 27r o [1n(r3) -- In(r2)) (C. 13) 

µo 

With Ao, Bo and Co defined as in Eqs. C. 2-C. 4, we have: 

- TE modes: 

Pbp _ 
2ir'y jlö(ebri)2Ao(ebr) 

-- 2Yö(eeri)Bo(ebr) +Co(ebr), 
r3 (C. 14) 

. 
7wµoee 1Jo(enri) Jo(ebri) rl 

- TM modes: 

P= -2rrybko (Yo(ebri)2Ao(ebr) 
-2Yo(Zari)Bo(. nr)+CO(Zbr)Jrg (C. 15) ý" jwµoeä LJo(ebri)2 Jo(ebri) rl 

C. 2.2 Case 2: Modes with angular variation 

With A, B,, and C,, defined as in Eqs. C. 8-C. 10, we have: 

- TE modes: 

Pbp _ 
? r'Yb [J. 

' 
Y'n(ýbri)2A, (Sbr) 

- 2Yn(Sbr1)nn(ebr) +Cin(ýbr)Irl 
f9 

(C. 16) 
jwpoýb2 (ýbri) Jn(ebri) 

- TM modes: 

pbp _ -ß'Y6_2 ýý'+º(_bri)2A,,, (ýbr)-2Y,, 
(ýbrl)Bn(Sbr)'+ 

"C,, (ýbr)Irl r9 (C. 17) 
ýw LO Jn(bri) Jn(ýbri) 

C. 3 Circular empty waveguide 

C. 3.1 Case 1: Modes with no angular variation 

With Ao, Bo and Co defined as in Eqs. C. 2-C. 4, we have: 
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- TE modes: 
3 

P`p = 
27r-t, 

9Wµ ,ý 
Ao(C r3) (C. 18) 

- TM modes: 
P, p = -2n7c 20 Ao(e, rs) (C. 19) 

jWPO , 

C. 3.2 Case 2: Modes with angular variation 

With A, B,,, and C,, defined as in Eqs. C. 8-C. 10, we have: 

- TE modes: 

- TM modes: 

P`p 
? wllL 

An(ýcr3) (C. 20) 

-7f^jckÖ P 
? wµoQ, 

An(ý, rs) (C. 21) 
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Appendix D 

Cross-coupling coefficients for the 

conductor-loaded dual-mode DR 

Recalling Eq. 3.23, the cross-coupling power coefficient between modes p and m in 

waveguide x and y respectively, defined by Eq. B. 20, is, in cylindrical coordinates: 

PxyPm _ 
jx (fir xy x he ym - h,. y. x eo xp)rdrdO (D. 1) 

with S,, the cross-section of waveguide x. 
Let us note rl, r2 and r3 as the inner radius of the coaxial region, the radius of 

the dielectric region, and the radius of the cavity respectively. 'y. and x are the 

propagation constant and wave number of a mode in waveguide x respectively. We 

call the dielectric-loaded waveguide, the coaxial waveguide and the circular waveg- 

uide waveguides A, B and C respectively. For the dielectric-loaded waveguide, the 

additional 1 and 2 in the subscripts refer to the dielectric and the air regions respec- 
tively. If rl > r2, the part of the integrals between rl and r2 is zero and the part 
between r2 and r3 has to be realised between rl and r3 instead. 

The following notations will be used in the rest of this appendix: 

Yn(S2ar)Jn(e2ar3) - Jn(e2ar)Yn(2ar3) 1 
(D. 2) Qn(e2ar) = Jn(iar2) C 

[yn(ý2ar2)Jn(ý2ar3) 

- Jn(ý2ar2)Yn(2ar3) 

Pn(C2ar) = Jn(Slar2) [yn(6ar2)Jnl(6ar3) Yn(ý2ar)Jn(e2ars) Jn(e2ar)Y, (e2ar3) 1 
(D. 3) 

- Jn(ý2ar'2)Y.; (e2ar3)J 

Un(ý, r) = JJ(Cr)Jn(ebr)eb - J(ýbr)Jn(er)ý (D. 4) 

iý�i , r) = Jn(er)Yf(ebr)Cb - Yn(4br)Jngr)ý (D. 5) 

Wn(ýr) = Qn(ýr)Jn(ýnr)ýe - Jn(S6y)Qn(ýr)ý (D. G) 
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Xn(Ct r) = Qn(C1')Yn(Cbr)eb - Y'n(Cbr)Q,, (Cr)ý (D. 7) 

5,, (ý, r) = (ýr)Jn( br)Cb - Jº(ebr)Pn(&r)C (D. 8) 

Z. (ý, r) =- Yn(Cnr) Pn(Cr)S (D. 9) 

D. 1 Partially dielectric-loaded waveguide to coaxial waveg- 

uide 

D. 1.1 Case 1: Modes with no angular variation 

- TM in A, TEM in B: 

Pbap 
jw2ir 

'. 

ito 

I62 (Jo(iar2) 
-'lo(Slarl)) + 

SA4a 2a 

(Qoe2ar2) 
- Qo(6ar1)) 

m 
(D. 10) 

- TE in A, TEM in B: 

Pbapm =0 (D. 11) 

- TM in A, TM in B: 

P ba pm- 

27r-yb k? 

2 
[r(J(e) Yo(Sa r1)Uoý 

la, r) - 
uo(la, r)} 

rs 

3oeafia(e 
ia) ar l rl 

+ 
2a (ý2 ßi{r(Y0'1) - a) Jo(brl)W ob 64, r) - xo(ý2a, r))lr2 

rg} (D. 12) 

- TE in A, TE in B: 

2ý 
Pbapm _ 

w7ryb 2a2 (r /_ Jo ebrl 
Uo(ei. 'r) + Vo(eia, r))EI 

µoZb ela(eb ýlaO(S6 1) 

+t t2 a f2 

[r( 

- 
Yö(Cbrl)so(S2aýr) 

- 
Zo( 2a>r)r9} (D. 13) 

S2a(Sb - S2a) 
Jol (Sbr, ) 

r2 

- TM in A, TE in B: 

Pbapm=0 (D. 14) 

- TE in A, TM in B: 

P&tpt, =0 (D. 15) 
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D. 1.2 Case 2: Modes with angular variation 

- HE in A, TM in B: 

Pbap. = 
n"Yb 1',, n_ 

wf12tL % ýOb l Sb 

Y�(ebrl) 
Cbrlr2 

J Cr 'ý"(Slar)Jn(Srbr) +'Jn(Stlar)Yn(S)1 
n(Sb 1) r a 

+ 
Zia 

2 

i 
� Yn(Sbrl)U�(ei, 

r) -' V�(ei 
, r)ýlrs 

[r( 

Sla(Sb - Sla) 
J (ebri) Jri 

rydný [_Y(brl) r3 C2ar)Jn(br) + Pn(ef2ar) Yn(Srbr)l Pn(e + 
/f Jn( 

a6 b S rl) 

22a 

2 

[r(Y. (ebri) 
j, 

nr)-Xn(Ga, r»l (e2� / 
'31 

S2a(ýb - S2a) 
Jf(ebrl) 

1,2 

- HE in A, TE in B: 

Pbapm = 

ýýib f 2n 
St 1r2 

Wttt 

[1'(bri) 

r 
JnýS10r)Jn(ebr) -'Jn(S1ar)Yn(Sbr)] 

i IOSb S1a' b n(Zb 1) r1 

2 
+ aK 

{r(_ Yn(t 
Sbr1)Un(41., 

r) + Vn(S1a, 7') 
r2 

e1a(Sb 42 
la) 

Ll Jn(ebr1) 
rt 

+ 

S2 S6 

(ebrl) 
Qn(S2a7")Jn(ebr) - 

Qn(e2ar)Yn(Sbr)1 
J r2 

+ 
2a/6 

2 
rr (_ Yn(Sbri)Sn(S2a, 

r) + 7n(S2a, 1")/ 
J 

""1 
(D. 17) 

S2a(Sb S2a) 
Ll Jn(S6ri) r9 

D. 2 Coaxial waveguide to empty waveguide 

D. 2.1 Case 1: Modes with no angular variation 

- TEM in B, TM in C: 

Pam = 
21rk, 

2 
[J0ecr3) 

- Jo(ecrl), (D. 18) 
WILO 

- TEM in B, TE in C: 

P =0 (D. 19) 

- TM in B, TM in C: 

_ 
27r bk Ir Yo(eari) )Irl 

bel. _ *9 P 
(6c - Sb)Sj Jwµo 

(Jo(Cbrl) Uoý ýý r) - Vaýýýý r)(D. 20) 

- TE in B, TE in C: 

Fay ? ý2 - Cb)saejwµo Lr\J6ýýari) 
Uo(3c, r) - Vo(E,, r)lJr9 (D. 21) 
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- TM in B, TE in C: 

Pbein 
,=0 

(D. 22) 

- TE in B, TM in C: 

Pte,,, =0 (D. 23) 

D. 2.2 Case 2: Modes with angular variation 

- TM in B, TM in C: 

T 

pbep7n -7ry6k, [r(l) U,, (ý,, r) - V,, 9 
r))] (D. 24) (Sc 

- bbS6Sj. 'po Jn br1 T1 

- TE in B, TE in C: 

cb 
{- 

7r 

ýbO 
bryW 

J/rr) - r))jr3 (D. 25) 

- TM in B, TE in C: 

Pbcpm =0 (D. 26) 

- TE in B, TM in C: 

t /t 
9/ 

Pb`p"` - 
7r- Wcn 

LJn`SQrý \_J tbrl) 
Jn(ebr) + Y*+(Sbr)/ 

Jr 
(D. 27) 

42 
C, p0 n(Sb i) *i 
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Appendix E 

Variations of electric and magnetic fields of the 

HEiib mode at the interfaces of the 

mode-matching regions 

For all figures, Na = 180, Nb = 60 and Ne = 120. The curves in blue show the 

fields in waveguides A and C (i. e. z= 0- and z= 121). Those in red show the fields 

in waveguide B (i. e. z= 0+ and z= 12-)' 
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Appendix F 

Variations of distribution of electric and magnetic 

energy in different regions of the dual-mode 

conductor-loaded dielectric resonator 

Please turn over. 
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Appendix G 

Variations of normalised Q factors with resonator 

dimensions 
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Figure G. 1: Variations of normalised Qc and Qd of the HE116 mode with hA/d2. 

hB/d2 = 0.079, he/d2 = 0.368, di/d2 = 0.789, d3/d2 = 1.71. 
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hA/d2 = 0.605, hB/d2 = 0.079, he/d2 = 0.368, d3/d2 = 1.71. 
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Appendix H 

Self and cross-coupling coefficients for the 

dielectric loaded TEO,, resonator 

Throughout this appendix, the notations of Chapter 5 are used. 

H. 1 Self-coupling coefficients 

The self-coupling power coefficient of mode p in waveguide i, defined by Eq. B. 19, 

is, in rectangular coordinates: 

Pip J (-g. ipxT. {p-hx=pxuvip)dxdy (H. 1) 

with S the cross-section of the waveguide. 
In region A and C, 

jwµohyi b3 sin(2kkib3)) H. 2 Pap 
k 02 2 4ky; 

() 

In region B, let us note 

Af = -kyiacos(kviabi) +jk�2isin(kbiibi) () 
2kz, Sie-äkv2ibl 

ii. 3 

Ar _ 
kviicos(kviibi) + jky2isin(kvlibx) (11.4) 

2kylieikv2ibi 

A3 
k3ieuFv2 2 

(kviicos(kviibi) 
+ jky2isin(kyiibi)) 

=\ (ßi. 5) 
kyiieik�2iA1 

(k31cos(k31(b3 
- 

b2)) 
- jk 2isin(ky3i(b3 - 

b2)) 

Then, 

Z (bi sin(2k, ibbi) 2AiA*(62 - 5i) 
Pbp _ jwizoh'Y' -62- 4kyie kysb2 
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2e-2, 
kv2bb2 

- e-21kv2b61 2e+21kv2bb2 - e+2jkv2bbi 
jAf 

2ky2b3 
+jAr 

2ky2b 

32 ((b3 - b2) 
_ 

sin(2k. 36(b3 - b2)) 1] 
(H. 6) +% 2`2 4k3b 1J 

H. 2 Cross-coupling coefficients 

The cross-coupling power coefficient between modes p and m in waveguide i and l 

respectively, defined by Eq. B. 20, is, in rectangular coordinates: 

Pilpm = 
j(xip 

X by im - hx 
Im x Cy ip)dxdy (H. 7) 

with Si the cross-section of waveguide i. 

Then, 

Pblprn _ 
h74kow j sin((kylb - kyl)b1) 

- 
sin((ky1b + kyl)b1) 

2 
y1 

['y1b ( 

I'y1b - kyl 'y1b + tyl 

Af ej(-kv2b+kvi)b2 - ej(-kv2b+kvt)bi e-7(kv2b+kvi)b2 - e-j(kv2b+kvt)bx 
+ 

ky2b 

( 

ky2b - kyl k 2b + ky1 

A, e.? (kv2b+kvi)b2 
- ej(ky2b+kvt)bi ei(kv26-kv1)b2 - ej (kv2b-kuhbi 

+ky2b(` 
ky2b+k1 

+ 
ky2b-kyl If 

jA3 (sin(ky3b 3- (ky3b + ky1)b2) sin(ky3bb3 + (-ky3b + %yl)b2)/ 
(H. 8) 

y3b 
ky3b + kyl ky3b - Lyi 
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