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Chapter 1

Introduction

1.1 Brief history of microwave filters

In 1864 the existence of radio waves was predicted by James Clerk Maxwell. In 1888, Heinrich
Hertz demonstrated such a existence by building a spark gap radio transmitter. Thus began the era of
wireless communications, however work on microwave filters began only a short time before the Second
World War. Major advances and applications were made at various laboratories in the United States
during the World War years of 1941 and 1945. The first technology used in microwave filters was the
waveguide technology, which was born to meet the needs of radar and electronic countermeasures,

nevertheless, soon found civilian applications such as use in microwave links [1].

Fig. 1.1 shows a photograph of a ninth order waveguide filter.

Figure 1.1: Ninth order waveguide filter.
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1.2 Motivation

This project consists of two parts:

First one explain the design strategy of microwave filters. Design of microwave filters is an impor-
tant activity, due to the fact that microwaves are an integral part of several communications systems;
specially in spatial communications systems or terrestrial mobile systems. In the microwave field,
waveguide technology still has a very large acceptance, above all in high power applications, and the

cases in which the losses reduction is an important factor that has to be taken into account.

Although the design of waveguide filters is a subject that has reached a huge technology matu-
rity [2],[5], [9] there are still some characteristics and aspects that can be improved and from which
communications systems would be able to profit. Waveguide filters are based on distributed elements,
distributed elements are those where the physical dimension of the component(e.g transmission line)
affect the attributes of the circuit (resistance, capacitance and inductance). These elements are used
at high frequencies where the wavelength approaches the physical dimension of the circuit.However,
one of the main problems that has every filtering structure based on distributed elements is the ap-
pearance of spurious in harmonic frequencies from fundamental frequency. Although it is impossible
to avoid this phenomenon due to the periodic nature of the elements that are part of the structure
of the filter, in the past, some techniques have been researched to try to palliate it. For instance,
regarding bandpass filters on waveguide technology, the integration of lowpass filters in the same irises
of bandpass filters was proposed in [6]. Using waveguide technology too, but instead of bandpass
filter in lowpass filter, a quasi-periodical structure with the aim to reject the spurious from the main
mode (T E1o) was proposed in [7]. Other researches also have developed similar techniques for lowpass

filters, but in this case, on microstrip technology [3].

In this context, this work proposes a new strategy to try to reduce the spurious level in waveguide
bandpass filters. The new strategy is based on act upon the thicknesses of the coupling windows that
are used as impedance inverter between the different resonators of the filter. The new concept proposed
leads to new easier structures of irises than the structures used, for example, in [0]. In traditional
designs, thicknesses of the coupling windows are determined a priori using practical considerations of
convenience for the manufacturing of these irises. Once the irises are fixed, all the thicknesses of the

coupling windows remain invariant along the structure.

In the new strategy, I propose to modify the thicknesses of the coupling windows along the filter,
with the aim to reduce the level of the spurious that have been generated. The idea is supported by the

fact that windows with different thickness can be designed with the same coupling in the fundamental



1.2. MOTIVATION

band, nonetheless, they offer different loads in the harmonic frequency. The different load offered to
harmonic frequency from each resonator is the effect that is intended to exploit, in order to achieve
the reduction of the spurious levels of the filter.

Besides, waveguide filters are very expensive, difficult to integrate with other technology, and whose
size is one of the mainly disadvantages of the waveguide technology, insomuch as they are very large

and heavy. Therefore, according to the application may be not possible to use this kind of technology.

This second part of this project where the size of the filter is really important comes motivated
by a project that has been developed at Fraunhofer Institute for High Frequency Physics and Radar
Techniques (Fraunhoer FHR).

Concretely, AESA antenna demonstrator for civil S-Band applications has been developed at
Fraunhofer Institute. This active array antenna is an inexpensive approach to phased-array tech-
nology but presents a main problem. This current antenna demonstrator has no mechanism to reduce
the effect of interferences what reduce the proper performance of the antenna demonstrator.

Nonetheless, after doing some experimental measurements, it has been determined that this out-
of-band interferences need to be mitigated. To do that, a bandpass filter should be included in the
front-end. Actually, it is needed a bandpass filter and a limiter, these two devices can guarantee the
AESA antenna keep-alive condition.

However, not any kind of filter is useful. We need a bandpass filter that accomplish the following

challenges:

e Very restricted filter dimensions (length < 59 mm and width < 45 mm)

e Low insertion losses

Good matching
e Maximum rejection (for the given size)

e Spurious reduction

A bandpass filter mask is shown in Fig. 1.2.

Because of the dimensions problem of the waveguide that has been discussed previously, it is nec-
essary to use other technologies such as microstrip, stripline and other planar technologies. However,
planar technology may present so many losses that would not be convenient for this application. An

emerging technology called Substrate Integrated Waveguide is between both of them and it is made

3
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BPF mask

Figure 1.2: Bandpass filter mask

of a piece of substrate with metalization in both sides, and via holes short both metalization. This
way, a waveguide is confined inside the structure. The idea is to implement a low-losses filter with
size reduction. Such a thing can be possible to obtain with this technology, although in our particular
case, not only SIW technology has been used but it has also been combined with other technologies,
i.e. metamaterial resonators, which allow to reduce the insertion loss of the filter, and reduce the size

considerably.

1.3 Description and organization of the work

Below, it will be explained the content of every chapter in which the project has been divided.
Chapter 2
This chapter contents theoretical concepts and some useful practical concepts relatives to filter design.
Concretely, in this chapter the procedure to design a bandpass filter will be explained, indepen-
dently of the technology employed. It will be explained the main kind of filters that exist according
to the pass band and transfer function. It will be introduced the concept of lowpass prototype, and
the transformation from this prototype to the bandpass model.
Finally, the last part of this chapter consists of the explanation and practical method to compute
the dimensions of the filter in waveguide technology.
Chapter 3
Firstly, in this chapter a new hypothesis to remove spurious will be introduced. This initial hypoth-
esis says that the coupling windows load in a different way the harmonic frequencies. Then, it will
be explained the strategy followed to prove this initial hypothesis. Some examples will be shown,

including some designs with non-uniform coupling windows, with the aim to prove the effectiveness

4
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and limitations of the technique that has been proposed.

Chapter 4
This chapter contents more illustrative examples for the reduction spurious technique.

Chapter 5
Due to the big size of waveguide filter, may be desired to use other technologies. In this chapter, it
will be presented a real case in which a low-losses filter with reduced size is needed. This case is based
on an antenna demonstrator that has been developed at Fraunhofer Institute. The chosen strategy to
reduce the size of the filter is SIW technology. Due to this, it will be explained some basic concepts
in order to design this kind of filter and it will be shown some examples, including both simulations
and measurements.

Chapter 6
Despite of the results achieved in Chapter 4, the filter dimmensions are still rather large for the intended
application. Therefore, other technologies are taken into account, the first technology consists of using
a SIW cavity loaded with a Ring Resonator. The second one consists of using SIW transmission line
but this time loaded with Complementary Split Ring Resonator.

Chapter 7
In this last chapter the obtained results in this project are commented and conclusions are formulated.

Finally, future research which could be derived from this project are proposed.

This work has been developed in collaboration with the Fraunhofer Institute, under the supervision

of Dr. Mariano Pamies and Dr. Thomas Bertuch.
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Chapter 2

Design of Waveguide BandPass Filters

In this section, it will be explained how a waveguide filter works and the basic procedure to design
this type of structures. The first thing that must be taken into account is the response of the filter
and in which frequency band it will work. This means that we need to decide if it will be either
a low-pass, band-pass, high-pass filter or band-stop filter [9]. Another characteristic is the transfer
function, different filters exist depending on the band which will be supressed and their different
responses, i.e Chebyshev, Butterworth, Bessel and Elliptical. In this project, I will describe more
deeply the Chebyshev response [10] because the filters that will be designed henceforth in this project
are band-pass filters whose response obeys to the classical equi-ripple Chebyshev function. After
the explanation of the Chebyshev response it will be explained how the low-pass filter prototype is
built, and then the frequency transformation to produce the final bandpass characteristics. It will be
explained the band-pass model based on impedance inverters [12] and it will be shown the structure
of the filter using waveguide technology, since it is the technology that will be used in the project for
the physical realization of the filters. Finally, it will be explained the way to calculate the physical

geometry of the filter, starting with the theoretical desired response.

2.1 Types of filter

Filters can be defined as two-port networks, as shown in Fig. 2.1, that allow the transmission of
certain frequencies and the suppression (or at least high attenuation) of other frequencies. Usually,
filters are characterized by the scattering parameters (S) expressed in dB values. The most common

set of specifications of typical filters are defined as:

e Bandpass bandwidth

The bandwidth is either the difference between the upper cutoff frequency and the lower cutoff

7
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1, . 1,
. Filter .

Figure 2.1: Filter as two-port network.

frequency, or in the case of a low-pass filter, it is the interval from zero to the upper cutoff
frequency. In the case of a high-pass filter it is the interval from its lower cutoff frequency to
infinite. Also, it can be seen as the interval frequency in which |Sa1| = 1 (therefore all the energy

is transmitted); as well as [S11]| = 0 (therefore, no energy is reflected).

Insertion Losses
Losses introduced in the bandpass bandwidth by the filter are known as insertion losses. Also,

it can be defined as the ratio, in dB, of incident power P; to transmitted power P;.
P,
IL =10 logyo(=) (2.1)
P,
It can be related with |Sa1| as IL = 20 log;q |S21| dB.
Ripple
It can be interpreted as the variation of the amplitude of the signal within the bandpass band-

width. This may also appear within the suppressed band depending on the response of the
filter.

Stopband Attenuation
Stopband is a band of frequencies through which the attenuation is above the required stopband

attenuation level.

Return Losses
Losses introduced by the filter due the impedance mismatch are known as return losses. They

can be defined as the ratio, in dB, of incident power P; to reflected power P,.
P.
RL =10 log;o(=") (2.2)
P,

Return losses are related with |S11| as RL = 20 logo|S11| dB. All filters satisfy the next rela-

tionship linking RL, I, and dissipative Losses:
\521\2 + |511]2 + Power Losses = 1 (2.3)

8



2.1. TYPES OF FILTER

If the filter is lossless the relationship is [S21|? + |S11]? = 1.

e Group Delay
Group Delay (7(w) measured in seconds) is a value that indicates the delay that each spectral
component suffers as it travels through the filter. This parameter can be obtained from the

phase of the (S21) as:

T(w) = (2.4)

where ®(w) is the phase of the (S21) parameter.

In most communication applications it is desirable that the phase response of the filter is a
linear function of frequency, so that the filter has constant group delay. Therefore, there is
not dispersion leading to spread spectrum of the signal, which produces phase distortion and

increases BER (Bit Error Rate) in digital communications.

2.1.1 Types of filter depending on passband

Now it will be explained the different types of filters according to their passbands [9]. As it was said

previously, there are four main different types of filters that can be classified as follows:

o Low-Pass filter
Low-pass filters allow only low frequencies to be transmitted. Actually, they allow only the
interval from zero to an upper cutoff frequency to pass from the input port to the output port.

The basic form of the transfer function for this type of filters is shown in Fig. 2.2.

H(w)

We W

Figure 2.2: Ideal Response of Low-Pass Filter.

e High-Pass filter
High-pass filters allow only high frequencies to be transmitted. Actually, they allow only the
interval from a lower cutoff frequency to infinite to pass from the input port to the output port.

The basic form of the transfer function for this type of filters is shown in Fig. 2.3.

9



CHAPTER 2. DESIGN OF WAVEGUIDE BANDPASS FILTERS

H(w)

We w

Figure 2.3: Ideal Response of High-Pass Filter.

e Band-Pass filter
Band-pass filters allow only the interval from a lower cutoff frequency to an upper cutoff fre-
quency to be transmitted from the input port to the output port. The basic form of the transfer

function is shown in Fig. 2.4.

H(w)

w, W w

Figure 2.4: Ideal Response of Band-Pass Filter.

e Band-Stop filter
Band-stop filters allow all frequencies except the interval from a lower cutoff frequency to an
upper cutoff frequency to be transmitted from the input port to the output port. The basic

form of the transfer function is shown in Fig. 2.5.

H(w)

w, W w

Figure 2.5: Ideal Response of Band-Stop Filter.
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2.1.2 Types of filters depending on their transfer function

As stated previously, filters can be classified according to their response or transfer function. The
goal of this section is not to go deeply into the different types of responses, and they will only be
described briefly with the objective to be able to distinguish them in the future. Thereafter, it will be
described the Chebyshev transfer function in more detail [10]. Some of the more widely used types of

filter responses are the followings:

e Elliptic Filter
This type of filter presents a very steep response with equiripple in both the passband and the
stopband. To obtain equiripple in both passband and stopband, elliptic filters must have both
poles and zeros. This filter response has the form defined by the formula (2.5).

1

T 1+ U2 (w) (2:3)

|He(w)|

where U%(w) is the nth-order Jacobian elliptic function. Graphically an example of an elliptic

filter response can be seen in Fig. 2.6.

IHGA

Figure 2.6: Elliptic Filter.

e Bessel Filter
Bessel filters achieve the desired filter response but with a constant time delay in the passband.
Its transfer function is defined as (2.6).

1) = 5o

= 76?]\/(3/11}0) (2.6)

where 6%;(w) is the nth-order Bessel polynomial. Graphically Bessel filter has the transfer func-

tion shown in the Fig. 2.7.

e Butterworth Filter

Butterworth filters are defined by the property that the magnitude response is maximally flat

11
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Figure 2.7: Bessel Filter.

in the passband. Another property is that the magnitude is monotonic in the passband and in
the stopband. Its transfer function can be calculate with the formula (2.7).

1
1+ (jw/jwe)

where N is the order of the filter. Graphically Butterworth filter has the transfer function shown

[He(w)|

(2.7)

in Fig. 2.8.

| H ()12

NI -

=1

O

Figure 2.8: Butterworth Filter.

e Chebyshev Filter
This type of filters will be explained more deeply in the next section, since they are the filters
to be designed in this work. Therefore, by now it is only necessary to mention that this filter

presents a steep response whose bandpass has certain specified ripple.

2.2 Chebyshev Filter

The maximally flat filter is the simplest filter and its response may not be good enough to meet
rejection requirements. In some applications, it is needed to achieve a steeper response, using a low
order filter. In this sense Chebyshev is the response that offers the best trade-off between complexity
and rejection capabilities.

It is important to know that there are two different types of Chebyshev filter responses: In type

I, Chebyshev filter has the property that magnitude of the frequency response is equiripple in the

12
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passband and monotonic in the stopband. On the other hand, type II Chebyshev filter has the
property that the magnitude of the frequency response is equiripple in the stopband and monotonic

in the passband. The two types of Chebyshev filter will be discussed in the next paragraphs:

e Type I Chebyshev filter
Fig. 2.9 shows the frequency response of the type I Chebyshev filter whose transfer function has

the form:
1

‘Hc(w)‘Q = 14 €2 VJ%(W/WC)

(2.8)

where Vy is the nth-order Chebyshev polynomial defined as:
Vn(z) = cos(N cos™!z)

From this equation is easy to obtain a recurrence formula in which V11 can be obtained from

Vn(z) and Vy_1(z) by applying trigonometric identities. The equation follows that:

Vyii(z) =22 Vn(z) — Vv-1(7)

It should be noted that Vi (ac)2 varies between zero and unity for 0 < x < 1. For z > 1, cos !z is

imaginary so Vy(z) behaves as a hyperbolic cosine and consequently increases monotically. On

1

the other hand, H,.(w)? ripples between 1 and e

for 0 < w/w. < 1 and decrease monotonically
for w/w. > 1. From another point of view, ripple is often given in dB so the relationship between e
and the ripple is Ripple(dB) = 201og;o(v/1 + €2). The specifications of a given transfer function
consists in selecting ¢, that is the allowable passband ripple, w. that is the passband cutoff

frequency and the order of the filter N. Graphically the transfer function of type I Chebyshev
filter is shown in Fig. 2.9.

[H(j A

Figure 2.9: Type I Chebysev Filter.
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e Type Il Chebyshev filter
Now it will be explained type II Chebyshev filter. Basically, type II Chebyshev filter can be
related to a type I filter through a transformation. If it is replaced the term €V (w/w,) by its

reciprocal and also it is replaced the argument of Vi by its reciprocal, it is obtained:

[He(w)]? = (2.9)

1+ [@VE (we/w)] !

What it is normally done, is to perform the design of type I Chebyshev filters and then apply the
transformation explained above these lines to convert the filter to a type II Chebyshev transfer

function.

2.3 Low-Pass Prototype

Microwave filters of types high-pass, band-pass and band-stop are based on low-pass filter prototypes.
Then, the design is completed through some frequency and elements transformations. Frequency
and elements transformation will be discussed in the next sections. This section is only focused on

explaining the elements of this lowpass prototype and how their values are computed [12].

Bnia

(n even) (n odd)

Figure 2.10: Low-Pass Prototype.

A typical low-pass prototype circuit can be seen in Fig. 2.10. This prototype is in general defined
as a lowpass filter whose elements values are normalized. Therefore the left-hand load resistance is
equal to one ohm and it is denoted by gg = 1. It is also assumed that the passband edge occurs at
w’ = 1. It can be noted that the elements of odd order, namely g1, g3, g5 - - - g are shunt capacitances,
while the elements of even order, namely g2, g4, g5---gn are series inductances. Finally, the last
element is different weather the order of the filter is odd or even. If the order is odd, the last element
of the filter g, is a shunt capacitance. Otherwise, the last element g, is a series inductance (for n
even). The right-hand load resistance (r = g,11), is again normalized to one ohm for all cases except

that of Chebyshev response with n even.

14
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2.3.1 Chebyshev Lowpass Prototype Filter

For Chebyshev Lowpass prototype filter with a fixed passband ripple and cutoff frequency w. = 1, the

elements can be computed as follows [12]:

go =1 (2.10)
2(11
g =N 2.11
1= (2.11)
dap_1ay
gy = —— fork =2..n (2.12)
bk—1 gk—1
1 n odd
gn+1 =
coth?(3/4) n even
where:
Lar
=1 th 2.1
§ = n(coth( A2 (213)
v = sinh(ﬁ) (2.14)
2n
2k -1
ar = sin(ZE= ™) frk — 1 (2.15)
n
2 | oo kT
by =~° +sin“(—) fork =1..n (2.16)
n

For the required passband ripple Lgr dB and the minimun stopband attenuation (L 4g), the degree

cosh™! \ /7108:15“_1
e (2.17)

cosh™ (wy)

of the filter can be computed as:

n =

where

Lagr = —101log(1 — 107/10) (2.18)

and RL is the minimum passband return loss.
On the other hand, for some passband ripple L4, and for filter degrees of n = 1---9, the typical
element values are already tabulated. The value of the elements for Chebyshev lowpass prototype

with Lar = 0.1 dB are shown in Tab. 2.1 [2]:

2.4 Frequency and elements transformation

A lowpass filter prototype can be converted into any other filter, namely high-pass filter, band-pass
filter or band-stop filter. This is done by scaling their impedance and frequency values. The prototype
is also modified slightly. Although it will be only explained the bandpass transformation, all prototypes

are shown next with the aim to know how their basic structures are. Fig. 2.11 shows the high-pass
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n g1 92 93 94 95 96 gr g8 99 g1o0
1 0.3052 1.0

2 0.8431 0.6220 1.3554

3 1.0316 1.1474 1.0316 1.0

4 1.1088 1.3062 1.7704 0.8181 1.3554

5 1.1468 1.3712 1.9750 1.3712 1.1468 1.0

6 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554

7 1.1812 1.4228 2.0967 1.5734 2.0967 1.4228 1.1812 1.0

8 1.1898 1.4346 2.1199 1.6010 2.1700 1.5641 1.9445 0.8778 1.3554

9 1.1957 1.4426 2.1346 1.6167 2.2054 1.6167 2.1346 1.4426 1.1957 1.0

Table 2.1: Element values for Chebyshev lowpass prototype filter (go = 1, w. = 1, L4, = 0.1 dB).

protoype, stop-band prototype is shown in Fig. 2.12 and Fig. 2.13 shows the band-pass prototype [3].

Figure 2.11: Transformation from lowpass prototype to high pass prototype.

In the following it will only be explained the bandpass transformation, because this is the type of
filter used in this project. Thus, if the edge frequencies of the passband are w; and wo, the formulas

for the frequency scaling are the following:
W=—(—-—=) (2.19)

where wy = /wiws is the center frequency of the bandpass filter and w is the so called fractional
bandwidth whose formula is:
| wo —w bandwidth

— — 2.20
w = = (2.20)

Using this transformation for the series reactances and the shunt susceptances, the new filter

elements can be determined as follows:

16



2.5. BANDPASS FILTER MODEL

T

Figure 2.12: Transformation from lowpass prototype to band stop prototype.

Figure 2.13: Transformation from lowpass prototype to band pass prototype.

e L is transformed to a series LC circuit where:

Lh = 550 (2.21)
cr = WOULK (2.22)
o (i is transformed to a shunt LC circuit where:
o= WO%K (2.23)
Cx = ;’;KO (2.24)

2.5 Bandpass Filter Model

In this project, the filters that are going to be designed are bandpass filter realized in rectangular
waveguide technology. The band-pass filter structure realized with this technology can be seen in
Fig. 2.14.

The filter is composed of an input port and an output port; the length of the input/output port
does not affect the behaviour of the filter (it only affects to the total phase of the signal). In this
figure, W is the width of the iris and ¢ is the thickness of the iris.

The irises are the coupling windows that divide one resonator from the adjacent one. Finally, L

is the length of the resonator and it is tuned to obtain the resonance at fy. All the resonators have
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Ju gy Ut
I I O O

Figure 2.14: Waveguide Bandpass Filter Structure.

to be tuned at the same frequency, for synchronously tuned filter topologies. In a practical structure

there are (n) resonators being (n) the order of the filter.

2.5.1 Bandpass filter based on impedance inverters

The filter structure of Fig 2.14 can be modeled with impedance inverters and LC resonators [12].
The conceptual operation of the impedance and admittance inverters is to transform series-connected
elements to shunt-connected elements and viceversa. Therefore, bandpass filters can be modeled as

shown in Fig. 2.15.

Figure 2.15: Band pass filter containing impedance inverters.

In this figure K = ZEO is the normalized value of the impedance inverter K. One of the most used
equivalent circuits of an impedance inverter is based on the quarter-wave impedance transformer, as

shown in Fig. 2.16. The input impedance of the quarter-wave transformer, looking at the input is:

PV
Z, ’% z, Z,

Figure 2.16: Quarter-wave impedance transformer acting as impedance inverter.

Z1, + j Zotan(B1)

OZ0+ j Z1 tan(Bl)

(2.25)
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Figure 2.17: Shunt inductance equivalent circuit for Figure 2.18: Series capacitance equivalent circuit

an impedance inverter. for an admittance inverter.
K = |Zo tan(¢/2) K = |Zycot(/2)]
¢ =tan"1(2 X/Zp) ¢ = —tan"1(2B/Zp)
. K/Z . K/Z
X/ %0 = K77 B/%0 = wzmy—

since the length () of the transmission line is [ = \;/4, then

_ 2wy

Bl = % = /2 (2.26)

Z3
7L

thus tan(7/2) = oo and Z;;, =

Other equivalent circuits for impedance inverters are based on lumped elements. Two of them are
based on either a shunt inductance or a series capacitance, and they can be observed in Fig. 2.17 and
Fig. 2.18 [3].

In general, impedance inverters can be defined as a two-port network whose impedance seen looking
at the input port is Z;, = IZ(—LQ, if Z7, is the impedance at the output port. In the previous relation (K)
is the constant of the inverter (the characteristic impedance when using a quarter-wave line). Thus,
for example, if Z, is an inductive load, Z;,, will become of capacitive type, and vice versa. This can be
seen as a phase shift of —180° on the reflection coefficient. This phase shift in the reflection coefficient
represents a phase shift of £90 degrees in the transmitted voltage wave. Hence, the inverter introduces

a phase shift of +90 degrees in the S3; parameter. The ABC D matrix of the ideal impedance inverter

is expressed by the following formulas [3]:

A B 0 Fi K
C D +1/7K 0

Likewise, admittance inverters can be defined as a two-port network whose admittance seen looking
at the input port is Y;,, = %, if Y7, is the admittance seen looking at the output port. In this case J
is the constant of the admittance inverter. Similarly, the admittance inverter introduces a phase shift

of +90 degrees to the So; parameter. The ABCD matrix of the ideal admittance inverter is expressed
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Figure 2.19: Impedance Inverter. Figure 2.20: Admittance Inverter.

by the following formulas:
A B 0 x1/5J
C D FjJ 0

Their operation from a graphical point of view is shown in the Fig. 2.19 and Fig. 2.20.

On the other hand, LC resonators are characterized by two parameters:

e Resonant frequency wp: all the resonators are tuned at the same frequency (wg) in synchronously

tuned topologies.

e Slope parameter X;: that can be defined as [12]

_ wo dX -
X; = 5 I when w = wy (2.27)

then, for the particular case of an LC resonator:

X, —woLi— — =i (2.28)
i — WO Ly — wo Cz - w ) :
where (w) is the fractional bandwidths, and it was defined in eq.(2.20), L; is the lowpass element and

L’ is the corresponding element after the bandpass transformation.

2.5.2 Transmission Line Model and Impedance Inverter Model

Finally, one approach to design a bandpass filter is to start with an equivalent circuit that represents
the filter with impedance inverters and transmision line resonators as shown in Fig. 2.21 [9]. In this
case waveguide resonators are modeled with transmission lines, while the coupling inductive waveguide
windows are modeled by ideal impedance inverters.

An isolated resonator can be characterized with the transmission line equivalent circuit shown in

Fig. 2.22. The resonant condition in general can be written as

Z1+25=0 (229)
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g
) o IInnmmm, JOODEaN, JIEEEENg ¢
K 01 K]l K 23 K34 1
3 - — & — S mee—— [

- [=A/2  [=1/2  L[=A)2

Figure 2.21: Transmision line and impedance Inverter filter model.

where Z; is the input impedance in an interface looking at the right, and Z5 is the input impedance
at the same interface looking at the left. For the short-circuited transmission line resonator shown in

Fig,2.22 this conditions leads to

Zin +0=0; (2.30)
Z Z, z.3
! 1

Figure 2.22: Short-circuit transmission line as resonator.

Therefore,

Zin = j Zo tan(B1) =0 (2.31)

The condition tan(z) = 0 is fulfilled when x = nm for n = 0,1,2,.... Since the argument of the

tangent function has to be a multiple of 7, 1 = QTWZ = nm, then the lenght of the transmission line

to meet the resonance is obtained as:

A
I=nJ (2.32)

In addition to the resonant frequency, the resonator will be fully characterized with the calculation

of the slope parameter of the transmission line resonator. Now, focusing on the case of a waveguide

resonator, 3, = ?\—Z Taking into account the resonant condition (2.32), [ = ’\*27" and the slope parameter

definition (2.27), it is obtained the expression (2.33).

0 Zo tan(mi2)
X = %TAQ when w = wy (2.33)
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The relationship between the frequency and the wavelength is:

A= (2.34)

Ny = ———— (2.35)

Finally, the slope parameter is computed as:

woZy O mw [1— (%)
— t — W 2.36
5 8w(an(m ()2 ) (2.36)
The derivative is calculated when w = wg; then it is obtained the slope parameter as:
T A
X = —Zy(522)? 2.37
S 2(3) (237)

Then, the values of normalized impedance inverters are related to the elements of the lowpass prototype
Koo [RaLly  [RawXi/w]  [RawXy (2.38)
Zo 90 91 90 91 wi 9o g1 '
Kiiv1 _ LiLi, _ w X7 /wyw X41/w) _w [ X X (2.39)
Zo 9i 9i+1 9i 9i+1 Wi\ g giv1

Knnt1 :\/RBL% :\/RBan/wll :\/RB“}XH (2.40)

Zy Gn Gn+1 Gn Gn+1 Wi Gn gnt1

as follows [9]:

where R4 is the resistance of the generator and Rp is the load resistance at the output of the filter.
For this design their values are equal to one because they are normalized.
If all transmission lines have the same characteristic impedance and the same resonant frequency

then they have the same slope parameters, therefore, the previous formulas can be simplified as follows:

K
Kot _ o VRazw (2.41)

Zo
KA .
L—H =wx kj j4+1 (2.42)
20 ’
K
e e (2.43)
0

1
gigi+1

where k; ;11 = is the coupling and = = X; = X; 1.
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2.6 Synthesis Dimension

The final step in the design of a filter is to convert the circuit parameter values into dimensions of the
physical implementation. Fig. 2.14 shows the structure of a waveguide filter that will be studied in
this work, and all the relevant dimensions. This section will explain the steps needed to calculate the
dimensions of the filter, i.e the width of the iris w (that will control the coupling between resonators)
and the length of the cavity L (that will control de resonant frequency of the resonator) for a fixed
thickness ¢t. This process will be repeated for each resonator and each coupling window with the aim

to obtain the transfer function that has been specified in the requirements.

2.6.1 Iris width

Once the normalized value of the impedance inverter that will be synthesized (K/Zy) is known, the
module of the transfer parameter (S21) that is necessary in the simulation of the structure of Fig. 2.23

can be obtained with the next known relationship [9]:

2% 2
|Sa1| = — = K (2.44)
E+% Ztx

L/2

L
[ 1

Figure 2.23: Structure for the computation of the iris dimensions.

In the Fig. 2.23, L/2 is the distance from the ports to the coupling window. To compute the iris
width this distance can be any value because it does not modify the module of the scattering parameter
So1. This distance only modifies its phase and now we are interested only in its module. Fig. 2.24
shows the main steps of this computation. Therefore, according to the Fig. 2.24 the procedure for this
calculation is as follows; firstly, using a full-wave electromagnetic simulation software it is obtained the
response of the simulation of the structure of Fig.2.23, and the value of So; is extracted. Secondly, the
simulated |S21| is compared against the target |Sgo1| given by the formula (2.44). Then, the width of
the iris is changed until the value of |S21| that is obtained with the simulation of the structure equals

the target value of |S2;| that has been obtained theoretically (see formula 2.44).
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Analysis of structure
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Figure 2.24: Flux Diagram to compute iris width.

2.6.2 Cavity length
Cavity length can be computed by two methods:

e Method one

Method one is based on the structure that can be observed in Fig. 2.25 [1]. If cavities were loaded

L

Figure 2.25: Structure to compute the length of the resonator by method one.

by a short-circuit then the length of the cavity would be [ = A;/2. Therefore the phase would
be 8l = i—z%" = m. Nonetheless, irises are considered as two complex impedances, therefore the
phase is modified and the central frequency is shifted. In order to tune the desired resonant
frequency, the length of the resonator has to be modified. In this case the electrical length is:

27l
Bl = Al =7 —a1/2 — a2 (2.45)
g

where a7 is the length extension in degrees of the resonator because of the port one and as is
the length extension in degrees of the resonator because of the port two. Thus, length of the
resonator is:

Ag0

l:%(ﬂ'—al/Q—ag/Q) (2.46)
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The relationship between the phase of S1; and « is @« = m — ¢ where ¢ is the phase of Si;.

Therefore, lenght of the resonator can be computed as:

1= 226, 1 4) (2.47)
y[u

where ¢ is the phase of Sy for first iris and ¢9 is the phase of Si; for the second iris. This

formula takes into account that the cavity is affected by two irises.

Method two

The structure of Fig. 2.23 can be analyzed by means of an equivalent circuit. Analyzing this
equivalent circuit, we will be able to determine the phase that would be obtained at the output of
the circuit if the length of the resonator was L/2 = A,/4, that is to say ideally. Then, this phase
will be used to compute the length of the cavities L, tunning the length so that the resonant

frequency is wg. This equivalent circuit can be seen in Fig. 2.26. First of all, with the aim to

- As/a ' Ag/4

> Zm|al< Z,,

Vx

Figure 2.26: Equivalent circuit of one coupling with two different waveguides.

determine the phase of Sa1, it is necessary to know the formula of the voltage in a transmission

line. Incident voltage wave in a transmission line is computed by the formula (2.48).
Vip = Ve Po! (2.48)

where (4 1) is the phase of the voltage wave. If the inverter is a quarter-wave transmission line,
then (I = A\;/4). The phase of the voltage at the output is shifted with respect to the voltage
at the input by a factor —pl = —i—’;% = —35. Therefore, the phase of 521, is —90°. That is

because the impedance inverter introduces a phase of 7 /2.

Using above result, we now calculate the phase of the transmission coefficient So; in the structure
of Fig. 2.26. Taking into account the two pieces of transmission lines, of length (\;/4), connected
at the input/output of the inverter, the phase of the complete structure is Ph(Ss;) = —7/2 +
T2 —7/2=—71/2.

Therefore, the procedure to compute the length is to modify the positions of the ports of the

structure shown in Fig. 2.23 so that the phase of So; is equal to —90°, at the desired resonant
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frequency. One thing to take into account is that the position of the port is the same at both

side of the iris, because the structure is considered to be symmetric.

Both methods can be implemented with any electromagnetic simulation software, which allows the
full wave simulation of waveguide devices, such as FEST3D [13]. This is the program which we have

used in this project. Other alternatives, very popular in the electromagnetic scientific community are

HFSS, REMCOM, CST, etc.

2.7 Summary to design waveguide bandpass filters

1. Computation of the order of the filter: From the insertion-loss specification and the desired
attenuation, it is computed the necessary order of the filter by an iterative way. If the filter is

to exhibit a Chebyshev response, the formulas to be applied are the following [5]:

Ay () 10 logo(1 + e cos?(narccos(w’/wh)))  w' < w)
dB =
10 log;o(1 + e cosh?(n cosh™ (W' /w))))  w' > w)

being n the minimum order of the filter which satisfies the specified attenuation, with ¢ =

10L4r/10 — 1y Ly = —10 logy(1 — 10BL/10),

2. Computation of the lowpass prototype element values: Once it is computed the order of the
filter, it is possible to compute the values of the lowpass prototype elements by means of the

formulas (2.10), (2.11) and (2.12) [12].

3. Computation of impedance inverters: With the lowpass prototype coefficients, it is computed

the impedance inverters applying the formulas (2.38), (2.39) and (2.40) [9].

4. Computation of iris width: Compute the scattering parameter So; by the formula (2.44). Then,
run the iris structure of Fig. 2.23 with an electromagnetic simulation software and extract the
So1 value. Then, modify and optimize the width of the coupling windows until the target So;

value is obtained.
5. Procedure to compute the cavity length:

e Calculate the length of the resonator by means of the computation of the position of the

port of the Fig. 2.23 for which the phase of So1 is equal to —90° (Method two of 2.6.2).

e Calculate the length of the resonator using a full wave software to simulate the structure

of the Fig. 2.25 and the, use the formula (2.47) (Method one of 2.6.2).
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Chapter 3

Technique to reduce spurious in

waveguide BandPass filter

3.1 Introduction

The strategy for the design of the filter that has been followed in this chapter is based on the hypothesis
that different thicknesses for the coupling windows cause different loading effects to the spurious
frequency. The iris can be adjusted so that the coupling, at the fundamental frequency, is the same
for all the thicknesses considered. However, all these irises will represent different loading effects to the
spurious frequency. Because of these different loading effects, it is expected that the spurious appears
at different frequencies. In this way, spurious from some cavities may interact destructively with the
spurious of the other cavities and a higher rejection is expected.

Finally, T include three design examples. The first one is a simple filter that can be used as a
reference filter. The second one is a filter that uses small thicknesses in the external coupling windows
and larger thicknesses for the inner irises. The final illustrative example uses the inverse process; the
most external coupling windows use large thicknesses, while the inner irises use small thicknesses.
The purpose to include these examples is to observe the influence of using windows with non-uniform

thicknesses in the spurious response of complete filters.

3.2 Spurious reduction using non-uniform coupling windows

With the aim to illustrate the technique to reduce the spurious based on controlling the non-uniform
thicknesses of the coupling windows along the filter, it will be shown the developments upon a specific

filter example. The filter that will be designed is a waveguide bandpass filter of fifth order, its
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CHAPTER 3. TECHNIQUE TO REDUCE SPURIOUS IN WAVEGUIDE BANDPASS FILTER

fundamental frequency is 11 GHz and its bandwidth is 100 MHz. This filter presents minimum
return losses equal to RL = —25 dB with classic Chebyshev response. The coupling windows will be
rectangular inductive windows because of simplicity.

The technique that has been proposed for the reduction of the spurious is based on an initial
hypothesis: non-uniform coupling windows, which present the same coupling in the fundamental
band, load the harmonic frequencies in a different way. This property allows to introduce different
thicknesses for the coupling windows of the filter to try to avoid the constructive combination of the
harmonics of the different resonators. Since the constructive combination of the harmonic frequencies
is avoided, it is expected to reduce the spurious levels.

To prove the initial hypothesis, a systematic procedure has been applied and it is explained below.
Firstly, the coupling windows will be characterized as impedance inverters as shown in Fig. 2.23.

Then, the width of the window (w) is adjusted to obtain the same value of the impedance inverter
when the thickness (¢) is varied from 1 mm to 12 mm.

Once the normalized value of the impedance inverter that will be synthesized (K/Zp) is known
(according to the synthesis equations ((2.38),(2.39) and (2.40 )), the module of the transfer param-
eter (S21) that is necessary in the simulation of the structure of Fig. 2.23 can be obtained with the
relationship (2.44)[9] (reader is referred to section 2.6.1 for more details).

To perform the study, we will use the notation (wjj,ti;) to refer to the width and thickness,
respectively, of the coupling windows of the filter. The first subscript (i) refers to the position of the
iris in the filter. For the filter that is going to be designed ¢ = 1,2, 3, considering that the filter is a
symmetrical filter of fifth order. The second subscript (j) refers to the number of different thicknesses
that have been taken in the analysis. In this study we will select up to twelve different thicknesses
(j=1,2,...,12).

Once the values (wjj, t;;) that synthesize a given impedance inverter are known, it is necessary to
compute the lengths of the resonators for a fixed resonant frequency. The technique was explained
in section 2.6.2. It is based on the structure of Fig. 2.23 too. This structure is simulated with a full
wave technique, acting on the positions of the reference planes, until the phase of the transmission
parameter that is obtained is Ph(S21) = —n/2 at the design frequency (11 GHz) (reader is referred
to section 2.6.2 for more details). At this moment half of the length of the loaded resonator by the
correspondent iris will have been obtained (L;;/2) [12] (see Fig. 2.23).

It is important to realize that at the end of this procedure, we have a set of irises and resonators
with geometries (wij,t15,L1j), so all of them synthesize the first inverter of the filter, and all the

cavities have the same central resonant frequency (11 GHz), but with coupling windows of different
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3.2. SPURIOUS REDUCTION USING NON-UNIFORM COUPLING WINDOWS

thicknesses. The same applies to the irises and resonators related to the second inverter of the filter
(wa2j, t25, Laj), and with the irises and resonators related to the third inverter of the filter (ws;, t3;, L3;).

We show in Table 3.1 the values of the normalized inverters needed for the design of the filter of our
example, together with the required value of the transmission parameter (]S21]) that is obtained with
the equation (2.44). Table 3.2 includes the geometric data for all the irises and resonators designed
using the procedure described previously. The table includes the data of the irises corresponding
to the three impedance inverters of the filter (i = 1,2,3) and for all the thicknesses of the irises

(j =1,2,...,12). The final step is to check out the spurious frequency for every iris designed. The

ZEO S91dB

wij | 0.1918 | -8.6352

wa; | 0.0285 | -24.8822

wsj | 0.0200 | -27.9661

Table 3.1: Table of the impedance inverters

tj | wij | wey | ws; || Ly | Lo | Ls

1 | 8.109 | 4.259 | 3.779 || 8.265 | 9.485 | 9.507
2 | 8918 | 5.121 | 4.642 || 7.954 | 9.2696 | 9.363
3 | 9.580 | 5.885 | 5.393 || 7.648 | 9.108 | 9.220
4 1 10.13 | 6.539 | 9.220 || 7.359 | 8.943 | 9.073
5 | 10.59 | 7.113 | 6.626 || 7.070 | 8.774 | 8.922
6 | 11.00 | 7.626 | 7.141 || 6.780 | 8.608 | 8.768
7 | 11.34 | 8.087 | 7.008 || 6.514 | 8.435 | 8.614
8 | 11.65 | 8.502 | 8.033 || 6.249 | 8.267 | 8.459
9 | 11.90 | 8.878 | 8.418 || 5.970 | 8.099 | 8.305
10 | 12.13 | 9.224 | 8.771 || 5.727 | 7.933 | 8.150
11 | 12.33 | 9.536 | 9.095 || 5.489 | 7.770 | 7.998
12 | 12.51 | 9.824 | 9.393 || 5.260 | 7.608 | 7.847

Table 3.2: Table of dimensions (millimeters)

best way to perform this computation is to use the structure of a single doubly terminated coupled

resonator, as shown in the Fig. 3.1.
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Figure 3.1: Structure for the computation of the spurious frequency

We place all the designed irises (wjj,t;;) in the coupling windows, with the total length that has
been computed (L;;) to maintain the same resonant frequency at 11 GHz (see table 3.2). For all the
cases, the structure is simulated in a large frequency range, and the spurious frequency is measured.

We have done the procedure described previously for all the three inverters of the filter that has
been proposed as example. For all the optimized geometries, the first spurious frequency has been
measured using the configuration of Fig. 3.1. The resonant frequencies of the first spurious for the
three inverters are shown in Fig. 3.2.

Frecuencia Espurea vs Grosor Iris

Frecuencia (GHz)

[
Grosor de Iris (mm)

Figure 3.2: Influence of the thickness of the iris in the spurious frequency

From the results that have been obtained, we are able to conclude that it is possible to achieve a
wide control in the spurious resonant frequency, modifying the thickness of the coupling windows (t;;).
In fact, we can observe that for very thin windows, the spurious frequency for all the three inverters
is produced near to 17.2 GHz. If the thickness of the window is increased, the spurious resonant
frequency for the first iris drops to 14.9 GHz. The effect is similar if the resonator is loaded with the
other inverters, although the effect is less strong than in the previous case, and the spurious frequency

is reduced to 15.7 GHz for the second inverter, and 16 GHz for the third inverter. The results show
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stronger influence if the resonator is loaded with the input inverter. This observation indicates that
the spurious frequency of the first resonator will be able to be adjusted acting on the thickness of the
input inductive window in a more effective way.

These results confirm that synthesizing the inverters of the filter with non-uniform coupling win-
dows, it will be possible to introduce different displacements for the different spurious frequencies, so
that it is possible to avoid the constructive combination of the spurious band.

With the aim to check out the effectiveness of the proposed idea, first we will take as reference
filter one that has been designed with the same thickness of 2 millimeter for all the coupling windows.
The filter has been designed with the procedure described in the previous section (characterization of
the isolated impedance inverters, see Fig. 2.23), using the software FEST3D [13]. Fig. 3.3(a) shows
the simulated results obtained in the passband, and table 3.2 includes the dimensions for the windows
and the length of the resonators (taking into account that ¢;; = 2 for all the irises). As can be seen,
the filter that has been designed meets the initial requirements perfectly.

To check out the behavior of the reference filter in the spurious band, its response is shown in
Fig. 3.3(b) from 9 GHz until 20 GHz. It can be observed that a spurious band appears very sharp
above 17 GHz.

With the aim to prove the effectiveness of the technique that has been proposed in this work,
first another filter was designed using smaller thicknesses for the external windows (t12) and bigger
thicknesses for the internal windows (t2g, t3.11). In this way, when the filter is dimensioned, all the
coupling windows have similar widths (w;;). The dimensions of the filter are included in Table 3.2
(w1,2,L1,2; wag,Lag; w311,L311). The response of the filter in the pass band is shown in Fig. 3.4(a),
where it can be seen that the filter presents the desired transfer function, very similar to the reference
filter. On the other hand, Fig. 3.4(b) shows the behavior of the filter out of the pass band of the filter,

to study the spurious behavior.

We can observe that the use of bigger thicknesses of the windows has shifted the spurious to lower
frequencies (closer to the passband). However, the goal of the reduction of the spurious levels has not
been achieved. In fact, there is a wider spurious band than the initial one, and closer to the passband
(starting around 16 GHz).

Since the previous strategy does not achieve the initial goal, the strategy is now changed in the
election of the thicknesses of the coupling windows. Now, the idea is to choose a very wide external
window (t1,12), whereas the internal windows will be thinner (¢29,t3,1). This election of the thicknesses

of the windows cause a big difference between the input window (wy12), that is now very open, and
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Figure 3.3: Response of the reference filter.
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(a) Response of the filter inside the passband.

Response of the filter out of the passband, showing the spurious band.

the internal window (ws 1) that is now very clo

shown in Fig. 3.5(a).

se. The response of the filter within the pass band is

The dimensions obtained after the design process are shown in Table 3.2 (w1 12,L1,12; w2,9,L2.9;

and ws1,L31). In the results shown, it is possible to observe that the design in the pass band is

not as precise as for the filters designed previously. The filter is not as good as the other because
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Figure 3.4: Response of the filter with thicknesses of (2,8,11)mm (a) Response inside the passband
and (b) Response of the filter out of the passband

of the external coupling window. This window is very open (because it has a big thickness), so it
has a very strong effect on the slope parameter of the adjacent resonator, which is very different
to the nominal value of an ideal closed waveguide resonator. This result indicates that it would be
interesting to develop techniques for the design of filters, which introduce slope parameter corrections
for the resonators that have been strongly affected by very wide windows due to the use of large

thickness values. In any case, for the study of the spurious band that is the aim of this work, the
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Figure 3.5: Response of the filter with thickness of (12,9, 1)mm (a) Response of the filter inside the

passband and (b) Response of the filter out of the passband.

result obtained after the design process is acceptable.

Finally, Fig. 3.5(b) shows the behavior of the filter in the out of band region. Once again, the
spurious frequency occurs at lower frequencies because of the use of windows with bigger thickness
values. Nonetheless, the introduction of the non-uniform thicknesses reduces the spurious level about
-12 dB in the frequency region below 17 GHz. It can also be observed that the reduction of the spurious

band is not complete, because there is still a resonance peak around 17.2 GHz. Nevertheless, spurious
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bandwidth has been reduced markedly, if it is compared with the spurious band of the reference filter

shown in Fig. 3.3(a).

3.3 Spurious reduction using non-uniform cavities

In Chapter 2, it has been explained the main parameters of a filter and it has been reviewed a basic
design procedure for waveguide bandpass filter. The design procedure is based on calculating the
required values of the impedance inverters from the lowpass prototype elements, and the impedance
inverters of ideal resonators.

The filters that have been designed in the previous chapter have the characteristic that all the
cavities have the same widths. That is to say, in the impedance inverter and transmission lines model,
all the transmission lines have the same characteristic impedance. In this section, it will be reviewed
the design of waveguide bandpass filters for the case when cavities have different widths. This means
that the characteristic impedances of the terminating transmission lines and of the transmission line
resonators, could be different.

Firstly, it will be introduced the filter design procedure when an iris connects resonators with
different cavity widths. Because of the different widths, they have different characteristic impedances,
therefore the formulas of the impedance inverter (2.38),(2.39) and (2.40) that have been introduced in
Section 2.5 suffer slight modifications. The design of the filter using different cavity widths along the
filter forces the spurious from each cavity to appear at different frequencies, therefore it is expected
to avoid the constructive combination of the spurious band [9]. This effect could help to the previous
strategy of changing the thicknesses of irises, to reduce the spurious band.

The filter design procedure that use different cavity widths is similar to the traditional method
studied in Section 2.5. In fact, the procedure is the same except for two steps that must be modified.
These two steps are the computation of the transmission parameter that is associated to the impedance
inverter, and the method to obtain the length of the cavity. Therefore, these two steps will be explained
below. For illustration, in Fig. 3.6 I present an example of a filter with different cavity widths in the
resonators. In this case, the cavity that has been modified is the central cavity. Actually it does not
matter because the procedure is general regardless which cavities are changed.

As it was done in Chapter 2, the dimensions of the filter will be calculated using a structure
to compute the dimensions of each iris and the length of each cavity individually. This structure,
which represents a coupling window that communicates two cavities, can be represented as shown in

Fig. 2.23, if the cavities have the same width; or it can be represented as shown in Fig. 3.7 if the
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Figure 3.6: Structure of the new type of filter, containing non uniform waveguide cavity widths.

cavities have different widths.

W

Figure 3.7: Structure of the coupling window for the computation of the iris dimension with two

cavities that have different widths.

Fig. 3.7 has the equivalent circuit shown in Fig. 3.8. This equivalent circuit represents the coupling
window as an impedance inverter, and the cavities that have different widths as two transmission lines

with different characteristic impedances.

- Ag/a ' Ag/4

N
A
N
2
N
l'l' l'l'l

Figure 3.8: Equivalent circuit of the structure of the coupling window for the computation of the iris

dimension if the cavities attached have different widths.

Finally, the procedure to design a filter like the filter whose structure is shown in Fig. 3.6 consists

of the steps outlined below.

1. Design of lowpass prototype

Lowpass prototype and their formulas is the same as shown in Section 2.3.

2. Computation of g; elements

Computation of g-elements is the same as shown in Section 2.3.
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3. Computation of normalized impedance inverter
In this case the normalization of the impedance inverter is performed in a slightly different way

as it was shown in Section 2.5.2. The final scaling is done in the following way:

K()l . RA X1 w (3 1)
V Zo1 Zo2 90 91 '
Kii1 X Xip
Y e (3.2
V' Zo1 Zo2 9i gi+1 )
Kn,n-‘,—l _ Rp X, w (3 3)
vV Zo1 Zo2 9In Gn+1

Where Ry and Rp are the resistance of the generator and the load impedance respectively, g;

are the values of the lowpass prototype elements and w = %@”’dth is the fractional bandwidth.
X; is the slope parameter corresponding to the previous cavity and X, is the slope parameter
corresponding to the next cavity. For example, for the filter shown in Fig. 3.6, the third iris
K3 is affected by the slope parameter of the standard cavity X9 and the slope parameter of the
cavity with reduced width X3. These two same slope parameters are also used in the scaling
of the fourt iris. On the contrary, first, second, fifth and sixth irises are only affected by the
slope parameter of the standard waveguide. This is because the resonators placed at both sides
of these irises have the same width. In other words, for the filter shown in Fig. 3.6 the slope

parameters of the resonators attached to these irises satisfy the condition X; = X, .

4. Synthesis of dimensions
. . . K
Once the normalized value of the impedance inverters (7\/%) are computed by eq. (3.1),

eq. (3.2) and eq. (3.3), the next step is to compute the value of the Sy; parameter as follows:

2

S| = — V% (3.4)
VZo1 Zo2 K
S21] dB = 20 log(|S21]) (3.5)

Once the scattering parameter |S911 needed to design our filter is known, the procedure to obtain
the iris width is the same as the procedure explained in the section explaining the traditional
method (Section 2.6.1) but in this case the structure to be simulated is the one shown in Fig. 3.7.
The structure of Fig. 3.7 is simulated with a full wave software and the result of this simulation
is compared with the theoretical |S2;1. If this theoretical |Sa;| value is bigger than the result of
the simulation then the iris width has to be decreased, and vice versa. The iris width has to be

modified until its simulated |S211 response is equal to the theoretical |S911 (reader is referred
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to Section 2.6.1) for more details). On the other hand, Fig. 3.8 shows the equivalent circuit
of the structure of the coupling window with two different cavities as shown in Fig. 3.7. This
circuit will be analyzed in order to obtain the necessary value of the phases for the calculation
of the half lengths of the two cavities attched to a given iris. In this case, the half length of
one cavity is different from the other cavity. Therefore we will need two different conditions for
the calculation of the two different half lengths. One condition is related to the Si; parameter
and the other one is related to the S3; parameter. When the output port is loaded with the
corresponding reference impedance, the input reflection coefficient represents the S1; parameter.

The input reflection coefficient is computed as

Pin = p$€72ﬁl (36)
where p; is:
Zu—2
P = 7,57
and Z, is:
2

Since (Zoy2) is real, the phase of p, is 0° if Z, > Zy; or 180° if Z, < Zp;. In addition, the electrical
length of the input transmission line is —fl = —i—’gr%g = —m/2. Using eq. (3.6) the phase of the
input reflection coefficient becomes p;, = S11 = —180° if Z, > Zy; or 0° if Z, < Zp;.

In case of Sy1 the phase is —90°. This is because the phase introduced by the quarter-wave

transmision line is again —f1, thus %% = 5. The impedance inverter introduces a phase of
/2 to the transmitted wave. Finally, summing the phase of each part of the circuit leads to

Ph(SQl) = —7T2—|—7r/2 —7T/2 = —71'/2.

The technique was explained in section 2.6.2 for the case when the cavities have equal character-
istic impedances. In this case the technique is similar, but now it is adapted to the structure of
Fig. 3.7, where the length (L/2) is the half length of the first cavity and the length (L’/2) is the
half length of the second cavity having different widths. This structure is simulated with a full
wave software, acting on the positions of the reference planes independently (L and L'), until
the phase of the transmission parameter that is obtained is Ph(S21) = —7/2 and Ph(S11 = 0)

at the design frequency (11 GHz).
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Chapter 4

More Illustrative Examples of Spurious

Reduction

One of the aim of the project is to reduce the spurious band response for waveguide bandpass filters.
With the purpose of illustrating the technique used in this project to reduce the spurious band, a spe-
cific filter is studied, implemented in different forms, which will serve as the examples in this chapter.
Specifically, the filter that will be designed is a bandpass filter of fifth order, whose central frequency
is 11 GHz, its bandwidth is 100 MHz, and its Reflexion level -25 dB. It is made using the waveguide
technology and its response is the classic Chebyshev function. The coupling windows are inductive

windows for the simplicity of the design.

With the aim to observe the behaviour of the filter using the design strategy explained in Section 3.2,
some examples are shown below. Simulations that are shown below are run with the software Fest3D.
Firstly, I will present the results for the filter designed by the traditional method in which the thickness
of the iris is thin and all the thicknesses are the same along the filter. Secondly, the strategy is to
design the filter using different thicknesses for the coupling irises. Thirdly, using different width for
the cavities, and finally both of the strategies are combined with the aim to remove the spurious band

completely.

4.1 Filters using constant coupling windows thicknesses

First, note that the final values of the impedance inverters when they are denormalized only depend
on the slope parameters of the resonators. Consequently, if the widths of the resonators are not

modified, the denormalized values of the impedance inverters do not change. Thus, in the two next
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examples, namely, the filter using constant irises thickness along the filter and the filters with non-
uniform thicknesses in the coupling windows along the filter, have the same impedance inverters, and
the corresponding (S21) scattering parameters according to equation (2.44) are: So; 1 = —8.6352 dB,
So1 9 = —24.8822 dB, So1 3 = —27.9661 dB where So; ; is the scattering parameter expressed in dB,

associated to the impedance inverter for the iy, coupling window.

For the design of filters that have the same waveguide width along the filter, the widths of the
impedance inverters are computed with the theory presented in Section 2.6.1, and the lengths of the

cavities are adjusted with the theory presented in Section 2.6.2.

However, in this case, with the aim to make easier the design of filters with any combinations
of thickness for the irises, I have included an appendix at the end of this document (Appendix 8)
where Tab. 8.1, Tab. 8.2 and Tab. 8.3 are tables collecting the dimensions of the irises for different
thicknesses, and for the corresponding impedance inverters of the filter under study. Therefore, for the
design of a specific filter, these tables can directly be used. Note that these tables have been computed
using the theory explained in Section 2.6.1 and Section 2.6.2. These tables specify the values of the
width and length of the irises and resonant cavities respectively, for the studied filter. The steps to
build a certain filter are, therefore, to choose a specific thickness for the iris, and then to look in the
table for the correspondent width and half length for the resonator attached to this iris. The length of
the final cavity resonator is actually composed of the two half lengths corresponding to the two irises

attached to the corresponding resonator. This will be illustrated with the next example example.

To begin, it will be shown how to build a symmetrical filter whose iris thicknesses are 2 millimeters
along the whole structure, due to the fact that this filter will be considered as the baseline filter. This
filter has been selected as the reference filter in Section 3 because of its simplicity. The next filters
will be compared with this reference filter, with the aim to prove if the final target, that is to reduce
the spurious, is achieved.

For the design of a filter whose iris thicknesses are 2 millimeters, we look in the three tables, in
the row (j = 2), and it is obtained the values for the lengths of resonators and the widths of the
irises, namely: w2 = 8.9182 mm, w2 = 5.1217 mm and w32 = 4.642 mm, where w; ; is the width
of the iris in the ¢-th position along the filter, and the index j denotes the thickness of the iris in

millimeters. The tables also give the half lengths of the resonators attached to each iris. With these
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values, the final lengths of the complete resonators can be calculated, resulting in L; = 17.224 mm,

Lo = 18.663 mm and L3 = 18.727 mm. The final design is shown below in Fig. 4.1.

Figure 4.1: Geometry of designed referenced filter.

The behaviour of the reference filter in the fundamental frequency band is shown in Fig. 3.3(a)

from Section 3, and the out of band behavior of this filter is shown in Fig. 3.3(b).

The filter above, as could be observed when it was studied in Section 3, meets the specification
requirements in the passband. However, it does not achieve any reduction in the spurious level. it
This is to be expected, because of the simplicity of the design (the filter is uniform in both cavity
widths and iris thicknesses).

Thereupon, another filter with constant iris thickness will be simulated below. Due to the fact
that the spurious frequencies of the different resonators are more different when the iris thickness is
increased to 8 mm, according to Fig. 3.2, the constructive combination of the spurious will be more
difficult as compared to the reference filter, that used quite thin irises. Therefore the spurious level
could be expected to reduce as compared to the reference filter.

According to this hypothesis, the next filter that will be studied is a symmetrical filter whose
iris thicknesses are constant along the filer. However, instead of having a constant thickness of 2
millimeters, the thickness will be increased to 8 millimeters. Specifically, using again the information
contained in the tables of Appendix 8, the dimensions of the filter are the following: all iris thicknesses
are equal to 8 millimeters, the width of the irises are wy g = 11.6515 mm, wo g = 8.5025 mm, w3 g =
8.033 mm; the final lengths of the cavities can be calculated from the half lengths of the resonators

given in the tables, resulting in L; = 14.5173 mm, Lo = 16.7266 mm and L3 = 16.918 mm. The filter
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is symmetrical so the lengths of the other cavities are Ly = Lo and Ls = L1 whereas the widths of the
irises are w4 g = w3 g, wsg = wa g and weg = w1 g.

As before, the behaviour of the filter is assessed both inside the passband and in the expected
spurious band. Remember that the fundamental passband covers the frequency range from 10.75 GHz
to 11.25 GHz, whereas the spurious band extends up to 20 GHz. The results in the fundamental
frequency band is shown in Fig. 4.2(a) and the simulation covering the out of band response is shown
Fig. 4.2(b).

The behaviour of the filter in the fundamental frequency band is good since the filter meets almost
completely the target specifications. However, there is a lobe whose reflexion level goes above -25 dB.
It may be because of the slope parameter is not equal to the nominal slope parameter used to obtain
the value of the impedance inverter, as it has been discussed in Secion 3. The spurious band response
level has not been reduced as compared to the reference filter. In addition, it can be noticed that
the spurious band has been lowered in frequency. Therefore, it is closer to the fundamental passband,
which is an undesirable effect. In fact, the spurious response instead of being at frequencies higher
than 17 GHz it is now between 16 GHz and 17 GHz.

In spite of this result, I continue with the same strategy of maintaining constant the thicknesses
of the irises along the filter. However, I will increase even more the thickness value. In this way I
would like to see if the differences in the spurious resonances introduced by the different resonators
are increased, and in this way the spurious band is reduced.

The filter that will be studied next is the filter whose iris thicknesses are 10 millimeters. The
dimensions of the filter according the the tables collected in Appendix 8 are: all the thicknesses of
the irises equal to 10 millimeters, the width of the irises w190 = 12.132 mm, wy 10 = 9.2224 mm,
w310 = 8.771 mm; the length of the cavities result to be Ly = 13.6615 mm, Ly = 16.2387 mm and
Ls = 16.61 mm. It is observed that the cavities with larger irises are shorter than the cavities with
shorter irises. This is due to the fact that larger irises need to be wider than shorter irises and the
load effect in the cavity is bigger. The simulation results for the fundamental frequency band is shown
in Fig. 4.3(a) and the spurious frequency band response is shown in Fig. 4.3(b).

The in-band response of the filter has the same problem as the previous filter, namely that the
slope parameters used to compute the impedance inverters of the filter are not the accurate values of
the slope parameters in the real waveguide resonators. For this reason there is a reflection lobe that
does not meet the requirements. In general, however, the response of the filter is acceptable, because
the other specification are fulfilled.

It can be observed in the obtained results, that the spurious band has not been reduced. Further-
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Figure 4.2: Response of the filter that uses constant thicknesses of 8 mm along the filter. (a) Response

inside the passband. (b) Response of the filter out of the passband.

more, the spurious is closer to 19 GHz, which is an undesired effect.

In conclusion, various filters with constant thicknesses in the irises along the structure have been
studied. The difference between them is that the iris thickness is increased from one filter to the next.
In general, by increasing only the iris thickness, the spurious are not removed, and the objective is not
achieved. Evenmore, the spurious band approaches the fundamental passband, which is an undesired

effect.
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Figure 4.3: Response of the filter that uses constant thicknesses of 10 mm. (a) Response inside the

passband. (b) Out-of-band response of the filter.

Due to this result, it seems necessary to take non-uniform thicknesses of the irises along the filter.
In this way the differences between the spurious frequencies of the different resonators will be increased,
and the cancellation of the spurious band could improve.

The filters using constant thicknesses along the structure, as introduced in this section, is not
effective, since the spurious band is not reduced. Hence, the next step is to simulate a filter with irises

of variable thicknesses to introduce larger differences in the spurious bands of the resonators. In this
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way the constructive combination of the spurious band is more difficult and the spurious band could
be reduced. Therefore, according to this hypothesis in the next section we explore different options

introducing non-uniform iris thicknesses.

4.2 Filters using non-uniform coupling windows thicknesses along

the filter

Now that the behaviour of the filters designed using the same thicknesses of iris along the filter have
been studied, it can be concluded that the spurious band reduction must be achieved using other
strategies. In fact, it was observed in the previous section that by using thicker but uniform irises, the
behaviour of the filter is even worse than using short irises. Therefore, the strategy to be tried now is
to change the thickness of the iris along the filter. In this case the thicknesses are different depending
on the position of the iris in the filter. The idea is to use different irises along different possitions in
the filter to avoid the constructive combination of harmonics into a strong spurious frequency band.
This strategy has been explained in this project in Section 3 and two examples have been shown.
Therefore, the aim of the actual section is to show more examples, following this general strategy, to
see if the spurious band can be reduced even more.

The previous examples (examples of Section 3) followed two strategies, the first one was to use
smaller thicknesses for the external coupling windows and bigger thicknesses for the internal coupling
windows. The second one was the reverse procedure, namely using bigger thicknesses for the external
coupling windows and smaller thicknesses for the internal coupling windows. The examples that will
be shown below are: a example that follows the second strategy, a second example with a totally
asymmetrical structure, and a third example of a filter that uses a narrow thickness for the first
coupling window, a thick iris for the second one, and the third one uses a narrow thickness again.

Then, the first example that has been designed uses coupling windows thicknesses equal to 11
millimeters for the exterior coupling window, 8 millimeters for the second coupling window and 2
millimeter for the most interior coupling window. Specifically, the dimensions of the filter are: w11 =
12.334 mm, wyg = 8.5025 mm, w32 = 4.642 mm; the length of the cavities are L; = 13.7569 mm,
Lo = 17.6311 mm and L3 = 18.727 mm. The behaviour of the filter in the passband can be seen in
Fig. 4.4(a).

The simulation results show a filter whose behaviour in the passband does not meet the specifica-
tions requirements. The central frequency is a little beneath 11 GHz, and all the reflection lobes have

a level higher than -25 dB. This behaviour is logical, taking into account that the external coupling
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Figure 4.4: Response of the filter that uses thicknesses of (11,8,2) mm along the structure. (a)

Response in the passband. (b) Response of the filter out of the pass band.

window is a very wide one. Therefore, the nominal slope parameter for the resonator attached to this

coupling, is very different as compared to the slope parameter of the real waveguide resonator. In

spite of this behaviour in the passband, the filter has reasonable preformance, so that it could be used

for comparison purposes with respect to the reference filter. The results for this filter out of the pass

band show a considerable reduction of the spurious cwbandwidthl as shown in Fig. 4.4(b). In fact,

the spurious frequency bandwidth has been reduced a lot, and it can be observed that there are only
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two remaining resonant peaks.

One of the two peaks is beneath 17 GHz and the other one is slightly above this frequency.
Therefore, the resonant peaks are closer to the fundamental frequency as compared to the original
baseline filter. However, the bandwidth of the spurious band has been reduced as compared to the
same reference filter. If it is compared with the response of the filter shown in Fig. 3.5(a), which was
designed in Section 3, the conclusion is that the current example is worse than this previous filter.
Although both of them present good results in the reduction of the spurious bandwidth, the filter

designed in Section 3 exhibits lower spurious levels that this new filter.

For all the above mentioned filters, the strategy of using big thickness for the external coupling
windows and small thickness for the inner coupling windows is a good strategy to, at least, reduce the

spurious bandwidth, although this strategy does not remove it completely.

Below, a new strategy is used with the same objective. The new strategy is based on the use
of totally different i coupling windows along the filter. In this case, all the thicknesses are different
and the result is that the filter is totally asymmetric, from input to output. The idea is to use the
highest possible number of different thicknesses to avoid the constructive combination of harmonic
resonances as much as possible. In this case, the dimensions of the filter are: w; 2 = 12.5118 mm,
w210 = 9.2243 mm, wzg = 8.033 mm, wye = 7.1415 mm, w54 = 6.5398 mm, weo = 8.9182 mm;
Ly = 13.1943 mm, Ly = 16.3927 mm and Lg = 17.227 mm, L4 = 17.714 mm and Ls = 16.8975 mm.
The simulation result in the passband can be observed in Fig. 4.5(a) and the simulation out the pass
band can be observed in Fig. 4.5(b). The response in the passband is acceptable, although there is a
lobe in the reflection level that does not meet the target specifications of -25 dB level. On the other
hand, Fig. 4.5(b) shows that the filter reduces the spurious band. Nevertheless, the filter is not good

enough to avoid the constructive combination of the spurious band.

Finally, the strategy that uses a small thickness for the first iris, a big thickness for the second one

and a small thickness for the third one again, is used to design the last example of this section.

The simulation results are shown in Fig. 4.6(a) for the response inside the passband and Fig. 4.6(b)
for the response out of the passband. The dimensions of the filter are as follows: w1 = 8.1093 mm,

wo,11 = 9.5367 mm, w31 = 3.779 mm, L1 = 16.0355 mm, Lo = 17.2776 mm and L3 = 19.0152 mm.

As can be seen, the fundamental band is not very different from the other examples, that also use
non-uniform coupling windows along the filter. Anyway, it can be observed that the spurious band is
reduced considerably. There is a resonant peak about 17.3 GHz but the rest of the spurious band has

been reduced by a level below -30 dB, what is a good result for the goals of this project.
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Figure 4.5: Response of the filter that uses non-uniform thicknesses of (12,10,8,6,4,2) mm. (a)

Response in the passband. (b) Response of the filter out of the pass band.

4.3 Filters using non-uniform cavity width

A different process will be followed to design the filter in this section. This process consists, basically,
in using non-uniform widthis for the resonant cavities that compose the filter. Actually, the filter is
built with resonators that use waveguides whose widths are equal to 19.05 millimeters, except for few

specific cavities, that have widths equal to 18 millimeters. The procedure to build a filter with these
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Response in the passband. (b) Response of the filter out of the passband.

characteristics has been explained in Section 3.3. As a summary, once the cavity that is going to be

different is established, the width of the iris is computed to obtain the desired impedance inverter

using equations (3.1,3.2 and 3.3), and the lengths of the cavities are computed to obtain the resonance

at 11 GHz, using the procedure described in Section 3.3.

In this case, I will explore three examples to be shown following this strategy. Firstly, the central

cavity is changed for the cavity whose width is equal to 18 mm. Secondly, the cavities that are going
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to be changed are the first and the fifth cavities. Finally, in the last example of this section, the

cavities that are going to be changed are the second and fourth cavities.

The first example, namely the filter whose central cavity presents a different width, has the fol-
lowing dimensions: wi;; = 8.1093 mm, we; = 4.31119 mm, w31 = 3.91 mm, L; = 17.67 mm,
Lo = 18.973 mm and Ls = 20.356 mm. Note that Lg is the length fo the cavity with different width,
and the filter is symmetrical. The simulation results of the filter can be seen in Fig. 4.7(a) for the
response inside the passband and the results out of the passband are shown in Fig. 4.7(b).

The response of the filter of Fig. 4.7 can be analyzed both inside the passband, and in the spurious
band. Inside the passband, the response is not perfectly equi-ripple, but the behavior is acceptable.
On the other hand, it can be observed that the spurious has only two resonant peaks. One of them
is in 16.5 GHz and the othe one is in about 17.3 GHz. Also, the level of the first peak is quite low,
below -17 dB. In general, the bandwidth of the spurious has been largerly reduced. Therefore, it can
be said that the strategy to change the width of the cavity seems to be a good strategy. With the aim
to confirm this hypothesis, it is going to be changed the width of the most external cavities, i.e the
first and the fifth cavities.

Changing both the first and the fifth cavities, the dimensions of the filter are as follows: wy; =
8.2757 mm, wo1 = 4.311 mm, w3y = 3.779 mm, L; = 18.82 mm, Ly = 18915 mm and L3 =
19.015 mm. Note that L; and Ls are the lengths of the resonators with different cavity widths, and
the filter is also symmetrical.

The simulation result inside the passband can be observed in Fig. 4.8(a), and Fig. 4.8(b) shows
the response of the filter out of the passband, that can be used to observe the behaviour of the filter
in the spurious band.

The new strategy is not good if the cavities that are changed are the most external cavities, as
can be observed in Fig. 4.8. The response of the filter in the passband has a good behaviour because
it meets the specifications. It is centered in 11 GHz, all the lobes have a reflexion level of at least
-23 dB, and the bandwidth is the specified one. The problem is that the behavior of the simulated
out of the band (in the range between 17 GHz and 17.4 GHz), is not good because there are three
spurious resonant peaks that forms a true spurious band.

Therefore, the next step to check out if the new strategy is able to remove the spurious is based
on the change of the second and the fourth cavities. The new dimensions of the filter, which have
been computed by the procedure of Section 3.3, are as follows: w1 = 8.1093 mm, w1 = 4.31119 mm,

w31 =3.91 mm, L; = 17.67 mm, Lo = 20.228 mm, and L3 = 18.99 mm.
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Figure 4.7: Response of the filter that uses thicknesses of 1 mm along the structure and different width

for the third cavity. (a) Response inside the passband. (b) Response of the filter out of the passband.

Analyzing the response of the last filter, as shown in Fig. 4.9, it can be seen that the spurious
band has been reduced to only two narrow peaks. The first one is in 16.5 GHz and the second one
is in 17.3 GHz. Therefore, although with this design the structure has not been able to avoid the
construction of spurious frequencies, they have been reduced in bandwidth.

The next step and the last one is based on the idea to combine both of the strategies that have

been used in this project. Accordingly, the next examples will consist on filters that will be built using
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Figure 4.8: Response of the filter that uses 1 mm thicknesses along the structure, and a different width

for the first and the fifth cavities. (a) Response in the passband. (b) Response of the filter out of the

passband.

both non-uniform coupling windows and different cavity widths.
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Figure 4.9: Response of the filter that uses 1 mm thicknesses along the structure and a different width

for the second and the fourth cavities. (a) Response in the passband. (b) Response of the filter out

of the passband.

4.4 Filters using both non-uniform coupling windows and non-uniform
waveguide widths
As stated previously, the final aim of this project is to combine two different strategies. It has been

studied the behaviour of filters whose iris thicknesses are different along the structure, and the behavior

23



CHAPTER 4. MORE ILLUSTRATIVE EXAMPLES OF SPURIOUS REDUCTION

of filters with non-uniform cavity widths along the structure. Therefore, this section will be used to
study the behavior of filters that are built combining both of them. In this section there will be two
examples of filters. Firstly, it will be built a filter using the thicknesses 12 mm, 9 mm and 1 mm
because the filter with these irises is known to exhibit good performance. Therefore, the idea is to
improve this behaviour by replacing the second and the fourth cavities with other cavities of different
widths.

Secondly, the other example will be a filter using the same dimensions of the irises but in this case
the filter will be asymmetric, because it will be changed only the width of the second cavity.

The response of the the first example is shown in Fig. 4.10. Its structure is composed by one
18 millimeters cavity and the other are standard cavities of 19.05 millimeters width. The filter is a
symmetrical filter with the next dimensions: wq 12 = 12.5118 mm, wo 9 = 9.298 mm, w31 = 4.7315 mm,
L; = 13.155 mm, Ly = 18.465 mm, and L3 = 18.702 mm.

As can be seen in Fig. 4.10(a), the simulated performance is good inside the passband, although all
the reflection lobes are not lower than -25 dB, what is one of the main target specifications. Nonetheless
it is lower than -20 dB what is good enough to consider the filter as an admissible filter. Additionally,
it is centered in 11 GHz and its bandwidth is 100 MHz, which are within the target specifications.

Furthermore, Fig. 4.10(b) shows the behaviour of the the filter out of the passband. It can be
observed that the spurious band has been almost eliminated. It remains only a very narrow peak at
the frequency of 17.3 GHz. Comparing this behavior with the original filter shown in Section 3, we
observe that the spurious band has not been improved considerably. However, the level of the peak
in the frequency of 16 GHz has been reduced. In the original filter this level was in -12 dB, and the
new filter presents a level of -15 dB.

Finally, the last example that is going to be shown in this project is an asymmetrical filter with
the second cavity equal to 18 millimeters and the other cavities being standard cavities (19.05 mm
width). On the other hand, the thicknesses of the irises that are going to be used are the same
thicknesses as in the previous example. Specifically, the new dimensions of the filter are as follows:
w12 = 12.5118 mm, wog = 9.298 mm, w31 = 4.7315 mm, wy = 4.7315 mm,ws9 = 9.2243 mm,
we,12 = 12.5118 mm L; = 13.155 mm, Lo = 18.465 mm, L3 = 18.72 mm, L4 = 19.2972 mm and
Ls = 13.194 mm.

The behaviour of the filter can be observed in Fig. 4.11 for both the passband and the spurious
band. Although the response in the passband is not as good as the others, the spurious band response
is the best of all them. In this case, there is a resonant peak but with a really narrow bandwidth.

Besides, the rest of the spurious is under -27 dB wich is a really good performance.
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Figure 4.10: Response of the filter that uses thicknesses of (12,9,1) mm and different width for the
second and the fourth cavities. (a) Response in the passband. (b) Response of the filter out of the
passband.
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Figure 4.11: Response of the filter that uses thicknesses of (12,9,1) mm, and different width for the

second cavitiy. (a) Response in the passband. (b) Response of the filter out of the passband.
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Chapter 5

Design of SIW BandPass filter

Waveguide technology has the main advantage over planar transmission structure because of the low
loss and its high quality factor. However, there are certain applications where the integration of these
components is quite difficult, the solution could be using planar circuits but they usually have high
losses. Then, it is born a new concept of substrate integrated waveguide (SIW) in order to meet both

specifications, low-cost and high-Q [14], [15].

In this chapter, some considerations that have to be taken into account for designing will be
introduced, as well as transitions between the filter implemented with SIW technology and planar
technology. In this case, the transition will be between microstrip and SIW. Finally, some experimental
results will be shown, and it will be presented a comparison between the simulations of the filters with

the full-wave simulator CST and the measurements done of the fabricated structures.

5.1 SIW technology considerations

The structure of a SIW consists of a substrate with top and bottom metal plane and two arrays
of via holes that short-circuit both metal planes. An example of a structure of SIW is shown in
Fig. 5.1. This structure can be considered as a waveguide where the electromagnetic waves travel
through the substrate and are confined by the arrays of via holes that are placed at both sides of the
substrate. Therefore, the size of the via holes and the distance between them will play an important
role, since a SIW structure will have the same behavior as a rectangular waveguide, as long as two
considerations according to these two parameters are complied. These considerations, or restrictions,

must be considered in order to avoid a potential radiation [14] and are as follows:
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Figure 5.1: Structure of SIW.

1. Via hole diameter

Via hole diameter (d) must be reduced, actually the diameter should fulfill the next relationship:

A
d< Fg (5.1)

Where >:5-" is the wavenumber inside the SIW dielectric substrate and can be computed as the

well-known formula:

c/(fov/&r)
M= elva) (52)

BT
and c is velocity of light, f, is the central frequency and ¢, is the permittivity of the substrate,

a is the width of the waveguide and is calculated from the cutoff as follows:

1
Qgiy = =————
" 2 fa0y/1E

fe10 is the cutoff frequency of mode T E1.

(5.3)

2. Pitch
The distance between center of vias (p) is called pitch and is related to the diameter (d) of those

vias. The appropriated distance, in order to avoid radiation, can be selected as follows:

p<2d (5.4)

Choosing properly both the size and spacing of metallic via-holes, leakage loss will be negligible as
demonstrated in [11]. The losses of SIW cavity will be determined by the dielectric loss and conductor
loss. The conductor loss includes the loss of metallic via-holes and the losses of the bottom and
top metal surfaces. Another important parameter is the height of the substrate but this one has no

influence into a possible radiation of the structure and only depends on the substrate that we choose.
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5.2 Transformation from SIW to Waveguide

A SIW cavity has the same behaviour as rectangular waveguide, however, speaking of designing and
computational terms, it is simpler working with rectangular waveguide than SIW, insomuch as it is
possible to reuse some of the existing modeling and designing techniques for rectangular waveguide
filters. That is why there are some equivalence between both of them that allow us to transform a SIW
structure into rectangular waveguide filled with dielectric and vice versa. Formulas to do equivalence

between both of them are shown below [11]:
ARWG = aa (5.5)

where a is the width of the SIW cavity and @ is computed as follows:

3

a=&+ Ly (&1+&2+E3) (5'6)
d &-41
where:
0.3465
—1.01 _ o .
& 098+g—10%4 (5:7)
1.2729
= 01183 + =" 5.8
& +'g-—1.2010 (58)
0.9163
—1.0082 - — 2 _ .
$s = 1.008 4 —0.2152 (59)

To transform the dimension of rectangular waveguide filled with dielectric into a hollow rectangular

waveguide, next equations must be used:

v =by/er (5.10)

d = apwaer (5.11)

d =d/e (5.12)

where b’ is the height of the hollow waveguide, a’ width of the waveguide and d’ is the width of
the equivalent iris used in the rectangular waveguide.

An example of Substrate Integrated Waveguide and the equivalent Rectangular Waveguide can be

seen in Fig. 5.2.
Once it is obtained the equivalent waveguide, it is only necessary to design the filter using the
procedure that has been explained in previous Chapter 2. Finally, the inverse process has to be done,

meaning that once the filter has been designed and optimized using the traditional techniques, it is

necessary to compute the equivalent dimensions in SIW technology.
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Figure 5.2: SIW and the equivalent rectangular waveguide

5.3 Transition between Substrate Integrated Waveguide and uStrip

One of the advantages of the Substrate Integrated Waveguide is the relatively easy integration with
planar technology. In order to provide a mean to measure the components that have been implemented
in SIW or simply, to complete the integration of SIW components with planar circuits, this transition
is required. In our case, the transition will be between the SIW bandpass filter and a pStrip line of

standard impedance (5012).

Firstly, it will be introduced the more typical transition that can be used and consists only of a
tapered pStrip line [16]. This transition has largely been adopted for two reasons. The first reason
is the simplicity of the structure, and due to the simplicity the transition has very low losses. The
second one is the bandwidth of the transition, due the tapered shape, the bandwidth is really wide.
However, there is an important disadvantage of this kind of structure. This kind of transition tends
to be long (about half-wavelength), and its dimensions are typically obtained by means of full-wavee

simulations.

Secondly, a transition valid for small bandwidth has been chosen, it consists only of a uStrip line
with the impedance desired at input/output, a uStrip line with the equivalent impedance that better
adapt the SIW line, and an impedance inverter to adapt both of them. The performance of this

transition is experimantally validated, showing sufficient bandwidth for the required application.

5.3.1 Transition using a tapered pStrip line

Fig. 5.3 shows the pStrip-to-SIW transition. It can be observed three section well defined, namely:
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Figure 5.3: uStrip-to-SIW transition

1. pStrip
The first line is a pStrip whose width wg has been computed to obtain the desired impedance

at input/output.

2. Taper
This is the transition line that adapt the equivalent impedance of the SIW line with the
impedance of the uStrip line.

3. SIW
This is the SIW line and the dimension w is determined by the cutoff frequency as has been

explained previously.

A large difference between the width of the SIW and the width of the pStrip line will require a long
taper. Usually, if the values of both of them are close, a quarter wavelength taper is sufficient to obtain
a good return loss. Otherwise, a longer taper will be needed, in any case, the taper length should be
chosen as a multiple of a quarter of a wavelength in order to minimize the return loss. The optimum
dimensions of the taper, length and width, are obtained using a full-wave simulations. Firstly, it is
computed the value of the taper width (w) which minimize the return loss with the structure shown
in Fig. 5.4. Once the width has been computed, the next step is to compute the taper length using
the structure shown in Fig. 5.3. With the aim to illustrate the design of the taper in a better way, it
will be shown a real example that has been designed. The dimensions of the SIW cavity which will
be adapted are w = 31 mm and b = 0.508 mm.

Firstly, the width of the taper has been calculated simulating Fig. 5.4 and the results of such
simulations are shown in Fig. 5.5. As has been mentioned before (Chapter 1.2), the filter that is going
to be implemented with SIW technology is centered at frequency equal to 3 GHz. Consequently, it

has to take into account the matching of the transition at 3 GHz to obtain the optimum width.
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Figure 5.4: Structure to compute the optimum width of the taper
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Figure 5.5: Simulations Results of Fig. 5.4
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Looking at the simulation results, it can be deduced that the value that we are looking for is a
value around 16 millimeters. Running more simulations in order to optimize the value of the width,
it is computed a value of 16.2 mm.

Next step is to compute the length of taper. It is simulated Fig. 5.3 with different lengths and it

is chosen the length which gives a better matching for the desired frequency.

5.3.2 Transition using an impedance inverter

If bandwidth of the filter is not very wide, it can be used a simple impedance inverter that match
the input impedance of 50 2 with the equivalence impedance of the SIW, using a transmission line of
A

length equal to §. Firstly, equivalence impedance of SIW is calculated as has been seen previously.

Once this impedance has been obtained, it is designed the impedance inverter as follows:

1. Calculate impedance of transmission line
Impedance of transmission line is equal to:

4

Zin = ZL

(5.13)

Then, Zy that is the impedance of the transmission line is obtained as Zy = /£ Z;, where Zj,
is the impedance of SIW and Z;, is 50 €2, at least in this case, actually it is the impedance that

we would like to obtain at input/output.

2. Width of transmission line
Width of transmission line is computed to obtaine the desired impedance using the well-known

formulas [3]:

A2 if w/h<l1
%: (5.14)
2[B—=1-In(2B—1)+ %2 (In(B—1)+0.39 — %) if w/h>1

An example of transition using an impedance inverter can be seen in Fig. 5.6.

5.4 Experimental results

In this section an example of filter built with SIW technology will be shown. The aim is to obtain a
filter whose bandwidth is 200MHz, its central frequency is 3 GHz and the order of the filter is four.
Using the theory that has been developed previously, the structure of the filter that has been designed

can be seen in Fig. 5.7.
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Figure 5.6: Transition using an impedance inverter
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Figure 5.7: Structure of filter
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Simulation results of this filter are split into two graphics, one of them shows S parameters and
the other one shows the phase of the filter. In this case, the phase of the filter is really important
because of the necessity of a linear phase, since the filter is integrated into a radar system, which
needs an accurate phase measurement of the targets. Linear phase means that phase response is a
linear function of the frequency. This is important to avoid a phase distortion due to the time delay
of frequencies relative one to another. A phase distortion could cause errors in the signal processing

known as BER (Bit Error Rate).
Finally, S parameters results are shown in Fig. 5.8 and phase results are shown in Fig. 5.9.

S parameters

dB

2.2 24 26 2.8 3 3.2 34 3.6 3.8
Freauencv (GHz)

-60 I I

Figure 5.8: S parameters of filter SIW

It can be observed in Fig. 5.8 as the requeriments are fullfilled. In Fig. 5.9 can be observed as the
phase is almost linear, in the figure has been compared a straight line with the phase and it is good
enough to consider it linear.

Therefore, this filter has been manufactured. The results obtained after measurements are shown
in Fig. 5.10

Although the behaviour of the filter that has been manufactured is the same as the filter that
has been simulated, it can be observed that the frequency has been shifted toward lower frequencies.
This effect can be explained by several reasons, eg: substrate roughness, losses or variations of the
permitivity... Typically, such a frequency shift is due to a variation in ¢,. Therefore, in order to
achieve the real value of the ¢,, it is modified the value of ¢, in the full-wave simulation until the value
is changed until both frequency responses are aligned, as can be seen in Fig. 5.11.

Once the new value of the €, has been calculated, the filter is resized to obtain the response that
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Figure 5.9: Phase of filter SIW
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Figure 5.10: Comparison between the filter manufactured and fullwavesimulation
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o parameters
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Figure 5.11: Comparison between the filter manufactured and fullwavesimulation with €, modified

we are looking for. Real and final filter that has been manufactured is shown in Fig. 5.12.

Figure 5.12: Final filter that has been manufactured with ¢, modified
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Chapter 6

Techniques for size reduction

One of the requeriments for the use of a filter into the AESA antenna demonstrator mentioned before,
is to use a filter with reduced size. SIW technology has this advantage over traditional waveguide
technology. However, for this particular project, the size that has been obtained using SIW technology
is not small enough, the size of such a filter is still too big.

Therefore, other technologies are investigated in order to achieve the size reduction without lose the
main behaviour of the filter. Basically, two designs have been proposed, firstly, a substrate integrated
waveguide cavity loaded with a ring resonator. Secondly, a substrate integrated waveguide cavity
loaded with complementary split ring resonator. That way, the final size of the filter has been reduced

considerably.

6.1 Substrate Integrated Waveguide loaded with Ring Resonator

The idea of this technique is to use a cavity long enough to have two resonances, namely, fio; and
f102- Then, a ring resonator is etched on the top layer to perturb the electromagnetic field. These two
resonances get closer if the ring becomes bigger. That way, a compact filter can be built.

According to [17], there are some empirical formulas to help with the design of the proposed filter.

These formulas are:

0.58¢
W, = 6.1
SIwW fO\/a ( )
LSIW = 1.895 x WSIW + 2d (62)
RC = 0.26 x WSIW (6.3)
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Where c¢ is the light speed in free space, €, is the relative permittivity os the substrate, d is the
diameter of the vias, Wgry is the width of the SIW cavity, Lgrw is the length of this cavity and R¢
is the radio of the hole etched in the top layer.

This filter presents two main characteristics, one of them is the small bandwidth. In principle, our
bandwidth should be about 200 MHz, however this filter has a smaller bandwidht than the target.
The filter concept can be still of interest, since it results to a rather reduced structure, acutally, the
overall size is only 74 mm x 45.2 mm. As has been said previously, the size in this application is quite
important, even more important than the bandwidth. Moreover, another important parameter is the
losses of the filter that are very low in this precise case.

In order to get a better idea of the filter, the geometry of this one can be seen in Fig. 6.1. In this
case, the matching between the SIW cavity and the port of 50 2 is a transition which consists of an
impedance inverter matching the 50 2 microstrip and the microstrip that match the impedance of the

SIW. Also, the S parameters are shown in Fig. 6.2.
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Figure 6.1: SIW cavity loaded with Ring Resonator

An important point that must be taken into account is the row of vias that are added at corner of
the SIW. These vias are useful to obtain a better response. On the one hand, it is achieved a sharper
skirt and wider stop-band and, on the other hand, it is reduced the insertion loss. Maybe this point

is the most critical, at least in this application in which we need the minimum insertion loss.
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SPLIT-RING RESONATOR

S parameters

— S11
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Figure 6.2: S parameter of SIW cavity loaded with Ring Resonator

6.2 Substrate Integrated Waveguide loaded with Complementary
Split-Ring Resonator

Complementary Split-Ring Resonators (CSRRs) were introduced by Falcone in 2004 as new meta-
material resonators [18]. The structure of this CSRR and its equivalent-circuit model can be seen in
Fig. 6.3. Combining these metamaterial resonators with other planar elements such as shunt stubs or
series gaps, it is possible to achieve several microwave devices such as filters, diplexers and couplers.

In this case, it will be used a combination of CSRR and a substrate integrated waveguide to
implement a backward-wave transmission below the waveguide cutoff. As has been shown in previous
literature [19], Split Ring Resonators (SRRs) provide a stopband behaviour above the cutoff frequency.
This behaviour is achieved using SRRs that are magnetically coupled to a waveguide, however if the
structure SRR is resonat below the cutoff frequency, the stopband behaviour is switched to bandpass
behaviour.

Afterward, this property will be used in order to build a bandpass filter using some resonators that

will be coupled in the Substrate Integrated Waveguide [20].

6.2.1 Substrate Integrated Waveguide simetrically loaded with Complementary
Split Ring Resonator

Firstly, it should be said that according to [20] there are four configurations of SIW-CSRR unit cell.

Depending on the configuration of the unit cell it is possible to obtain a different behaviour for each
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Figure 6.3: Structure of Complementary Split Ring Resonator and its equivalent-circuit model

one. Configuations of the unit cell can be seen on Fig. 6.4 and its different behaviour is shown in

Fig. 6.5.

(b))

> «D

Figure 6.4: Configurations of CSRR unit cell: (a) face-to-face, (b) back-to-back, (c) side-by-side

reversely oriented and (d) side-by-side equally oriented

In our case, the configuration that will be used is face-to-face orientation. Consequently, using this

configuration, the steps to design the filter with CSRR are as follows:

1. Resonator dimension
First step is to determine the dimension of the first resonator CSRR. There is an equivalent

circuit model [21] that is useful to obtain some initial values.

These initial values can be determined because the resonance frequency of the CSRR is given
by fo = (LsCs)\ —1/2)/27, where Ly is the inductance of a single ring with average radioud 7,
and width ¢ and Cj is the series capacitance of the upper and the lower halves of the CSRR.
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Figure 6.5: Simulations of different Configurations of CSRR unit cell: (a) face-to-face, (b) back-to-
back, (c) side-by-side reversely oriented and (d) side-by-side equally oriented

Afterward, CSRR unit-cell is simulated and modified to achieve Qe which has been determined
by the low-pass prototype. Empirical Qe that is obtained simulating the unit-cell is computed

by the next formula:

_ 2fo
A f3ap

The modifications that can be done in the CSRR unit-cell are as follows:

Qe

e CSRR dimension
Above all, modification of CSRR dimension is important if the resonance frequency is not
the frequency that we are looking for. The bigger is the resonator, the lower is the resonance
frequency.

e Distance [
Quality factor is pracically determined by this distance. If the port is closer to the resonator,

Qe is lower, therefore if we would like a bigger Qe, we should make the distance | bigger.

e Distance ¢
This parameter does not influence strongly the response of the resonator, but it modifies
slightly the bandwidth. When the distance t is smaller, which means the middle strip is

thinner, the bandwidth turns out to be smaller.

2. Coupling coefficients
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Once the resonator CSRR dimensions have been determined, the next step is to calculate the
distance between both resonators, in order to obtain the desired coupling coefficient from the

theoretical model. The structure that has to be simulated can be seen in Fig. 6.6.

L Y T T S O A A T N I A

L0 Y T A T A 4 A T S I

Figure 6.6: Structure of two order CSRR to calculate coupling coefficient

The full-wave simulation results of the structure are shown in Fig. 6.7.

S-Parameter [Magniude in dB]
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Figure 6.7: Response of two CSRR coupled

Then the coupling coefficient of coupled resonators can be extracted using the following relation:

_RA-5
M= (65
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Where f; and f, represents the lower and higher frequency, respectively. Furthermore, it should

be taken into account that the closer are the resonators the bigger is the coupling coefficient.

. CSRR scaled
Last step is to scale the inner resonator in order to adjust its resonance frequency. In that case,

the inner resonator has been increased by a factor k = 1.015. The structure of the three-stage

complete filter is shown in Fig. 6.8.

Y Y A Y Y A" AV AV Vv

Figure 6.8: Structure of Complementary Split Ring Resonator Filter

The full-wave simulation results of the optimized filter are shown in Fig. 6.9 (S-Parameters) and

in Fig. 6.10 (Phase Response).

S parameters
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Figure 6.9: S parameter of Complementary Split Ring Resonator Filter
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The S-Parameters shown in Fig. 6.9 are compared with the theoretical response of a three order
filter whose bandwidth is 200 MHz. The conclusion that we can obtain from this comparation is
that the filter has a smaller bandwidth than the initially specified but the rejection of the higher
frequencies is stronger than specified. On the one hand, the filter dimensions are very reduced
(64.74 mm x 24.2 mm). On the other hand, the insertion losses are relatively high (1.17 dB).
However, compared to other technologies, for the given filter order, losses are low and the filter
is very compact.

S parameters
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Figure 6.10: Phase of Complementary Split Ring Resonator Filter

In Fig. 6.10 the simulated phase response of the filter is compared to a straight line, showing that

it is almost linear.

6.2.2 Substrate Integrated Waveguide Asimetrically loaded with Complementary
Split Ring Resonator

Finally, an example of SIW loaded with CSRR has been used, in order to reduce even more the losses
with such reduced size, it is a SIW loaded with CSRR but only in the bottom half. The procedure
to design the filter is exactly the same as filter with CSRR in both top and bottom half. Firstly,
the resonator is tuned, secondly the coupling coefficient is computed and finally, the center resonator
is scaled. The structure of this filter is shown in Fig. 6.11 and its simulation results are shown in
Fig. 6.12.

Length of the filter is 61.6 mm and width is 24.2 mm, therefore, the filter dimensions meet with

the specifications.
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Figure 6.11: Structure of Complementary Split Ring Resonator Filter asimetrically loaded
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Figure 6.12: S parameter of Complementary Split Ring Resonator Filter asimetrically loaded
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Moreover, insertion losses are 1.04 dB, which can be sufficiently low for the intended application.
Insertion losses of this filter are 0.13dB less than the previous one where the filter is built with two
rows of CSRR. This fact could be determined by the length of the filter, due to this one is shorter

than the filter with two rows.

6.3 Intedigital Filter using uStrip technology

An interdigital filter consists of an array of n TEM-mode or quasi-TEM-mode transmission line that
behaves as half-wave resonators in the midband frequency. Each transmission line is short-circuited
at one end and open-circuited at the other with alternative orientation [2]. Fig. 6.13 shows a type of

interdigital bandpass filter.

W, W, W, W,
F1 1 -
=_| = = ==
I, FA Z, i,
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el
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Ld - _
&y 2 8o a Fr-t,m

Figure 6.13: General configuration of interdigital bandpass filter

Physical dimensions of the transmission lines can be different, both the lengths (I, 5...l,,) and the
widths (Wy, Ws...W,,) or only the lenght. In our case case, filter is built with symmetric coupled lines,
which means that all resonators have the same line widths. The filter input and output use tapped
lines with a characteristic admittance Y;, which may be set to equal the source/load characteristic
admittance Yy. An electric length 6;, measured away from the short-circuited end of the input/output
resonator, indicates the tapping position, where Y; = Y,, denotes the single microstrip characteristic
impedance of the input/output resonator. For the type of bandpass filter with tapped-line I/O in

Fig. 6.13 there are design equations given by:

m FBW Y1

b= 5(1 a T)’Y: tan 6
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Jiii1 = ori=1ton—1 6.7
4,041 \/m f ( )
Yiit1 = Jiiy18in0 (6.8)
Y1 - Y, Y1 -Y,_
Cl — 1 - 1,2 , Cn — 1 UTL 1,n (6,9)
Yi—-Yii_1_v .
C; =t - Vit for i =2ton—1 (6.10)
Y .
Ciiy1 = %ﬂ fori=1lton—1 (6.11)
V) = Y2,
Y, = —= 6.12
= (612)
Sin_l( Ysin2¢9)
V Yogoo1
0; = [ FBW (6.13)

2
cos B sin> 0,

1 cos? 0 sin? @
ont(yTz + #)

Cy = (6.14)

where FBW is the fractional bandwidth and g; represents the element values of a ladder type of lowpass
prototype filter. C;(i =1 to n) are the self-capacitances per unit length for the line elements, whereas
Cii+1(i = 1 to n — 1) are the mutual capacitances per unit length between adjacent line elements. v
denotes the wave phase velocity in the medium of propagation. The physical dimensions of the line
elements may then be found from the required self and mutual capacitances.

Once the width of the line is fixed and the length is calculated to be half-wave resonator, the final
step is to determine the distance between resonators, so the desired coupling is obtained. For the case

in which the line widths are equal, coupling is as follows:

Z0ei,i+1 — Z0oi,i+1

o 6.15
b+l ZOei,i-H + Z()oz‘,i-H ( )
where:
1
Z :7,2 = — or 1=2 to n—2 6.16
Oel2 =y — Yio R Yio / o
1

P i=9 to m—2 6.17
Ooi,i+1 2Yiiv1 + 1/ Zoei it ( )
, B 1 p _ 1 (6.18)

Oen—1,n — Yl — Ynfl,nv Oon—1,n — le + Ynfl,n .

where Zyei,i + 1 and Zyoi, i + 1 are the even- and odd- mode impedances of the coupled lines
associated with resonators i and i+1.

In Fig. 6.14 is shown an interdigital bandpass filter in microstrip technology.
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Figure 6.14: Structure of Interdigital Filter

The filter dimensions meet specification comfortably since the size of the filter is only 23.1 mm x
29.05 mm. In Fig. 6.15 is shown the simulation results of the interdigital filter shown in Fig. 6.14.
As can be observed, the response is quite good because the rejection out-of-band is below 20 dB, as
specified in the design rules. This kind of interdigital filter offers the advantage of the position of the
second passband, since the resonators are quarter-wavelength long using the grounding, the second
passband is centered at about three times the midband frequency.

However, an important point is the insertion losses. As has been said before, the aim is to achieve
the minimum insertion losses. The full-wave simulation results show an insertion loss of about 1.6 dB,
and the possibilities to improve them are rather reduced. Consequently, when compared with other
technologies, this filter approach has to be dimissed.

The phase of the interdigital filter inside the passband is almost linear as can be deduced observing

Fig. 6.16.
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Chapter 7

Conclusions and future work

In this project, two new strategies for the reduction of the spurious level in waveguide bandpass filters
has been proposed. The first strategy consists on the design of filters using non-uniform coupling
windows along the filter. The second one consist on the design of filters using non-uniform cavities
along the filter. In addition, the two strategies are combined, resulting into non-uniform coupling

windows with different cavities along the filter.

Using the first strategy proposed, it has been verified that the use of input coupling windows with
big thickness and the internal one with small thickness is the best option. Thus, an important reduction
of the spurious bandwidth has been achieved, although the spurious is not removed completely. Using
the second strategy proposed, it has been verified a that a further reduction is possible. However the
reduction is not as significant as in the case of different thicknesses, specially when only one cavity is
modified. Finally, using the third and last strategy, it has been verified an important reduction of the
spurious bandwidth, achieving attenuation levels of -40 dB for the spurious band although there is a

resonant peak that has not been removed.

In addition, filter structures have been investigated using SIW technology, for a specific radar
application being developed at the Fraunhofer institute. First, the filter has been designed using SIW
technology. The electrical characteristics of the filter are acceptable for the application. However, the
size of the structure was large. Due to this fact, some techniques for size reduction were investigated.
These alternatives were based on the use of Ring Resonators and Complementary Split Ring Resonators
(CSRR) to load SIW cavities. With these techniques the size of the filter has been reduced considerably.
Therefore using these alternatives, which are based on metamaterial concepts (Complementary Split

Ring Resonator), are proven to be useful.

As future work, it can be of interest to develop accurate circuital models of the SIW filters loaded
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with CSRR, since the obtained results are superior and the filter size is very reduced, in comparison to

other technologies. Furthermore, with the proper circuital modelling of the filter, it would be possible

to design the complete structure without full-wave simulations.

As a final conclusion of the work, it can be observed a quick and visual comparison between

different technologies in the next Tab. 7.1.

Dimensions Selectivity Losses Bandwidth
Traditional SIW
X 14.2cm x 4.5c¢cm | X Not enough - 1.08 dB 200 MHz
Filter
SIW Ring Res- Meet Specifica-
7.4cm x 4.2cm 0.87 dB X 57.4 MHz
onator tions
6.47 cm x 2.44 Meet Specifica-
SIW CSRR X 1.17 dB 200 MHz
cm tions
Assymetric  SIW 6.1 cm x 2.44 Meet Specifica-
1.04 dB 200 MHz
CSRR cm tions
2.31 cm x 2.9 Meet Specifica-
Interdigital X 1.6 dB 200 MHz
cm tions

Table 7.1: Table of the comparison between different technologies
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Appendix

8.1 Table of Dimensions

Tables 8.1,8.2 and 8.3 include the geometric data for all the irises and resonators designed using the
procedure described in Section 2.6.2 and 2.6.1. The tables include the data of the irises corresponding
to the three impedance inverters of the filter (i = 1,2,3) and for all the thicknesses of the irises
(j = 1,2,...,12). The length specified in these tables is the half lenght to the iris attached to the
corresponding resonator. The length of the final cavity resonator is actually composed of the two half

lengths corresponding to the two irises attached to the corresponding resonator.

8.1.1 Table of the first coupling window
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Thickness

Width (mm) Length of the Cavity(mm)
(mm)
1 8.1093 8.2655
2 8.9182 7.9545
3 9.58 7.6548
4 10.1324 7.3595
5 10.5994 7.070
6 11.001 6.7880
7 11.349 6.5147
8 11.6515 6.2497
9 11.9063 5.9703
10 12.132 5.7278
11 12.334 5.4893
12 12.5118 5.2606

Table 8.1: Table of the first coupling window
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8.1.2 Table of the second coupling window

Thickness

Width (mm) Length of the Cavity(mm)
(mm)
1 4.259 9.4859
2 5.1217 9.2696
3 5.8857 9.1082

6.5398 8.943
) 7.1131 8.744
6 7.6266 8.406
7 8.0876 8.435
8 8.5025 8.2676
9 8.8781 8.0997
10 9.2243 7.9337
11 9.5367 7.7700
12 9.8243 7.6088

Table 8.2: Table of second coupling window
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8.1.3 Table of the third coupling window

Thickness

Width (mm) Length of the Cavity(mm)
(mm)
1 3.779 9.5076
2 4.642 9.3635
3 5.393 9.2206

6.050 9.0733
) 6.626 8.922
6 7.1415 8.768
7 7.6088 8.614
8 8.0330 8.459
9 8.418 8.305
10 8.771 8.150
11 9.095 7.998
12 9.393 7.847
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8.2. CODE OF MATLAB TO COMPUTE THE IMPEDANCE INVERTERS

8.2 Code of Matlab to compute the impedance inverters

%Specifications of the filter
RL = —25;

BW = 2xpix100e6;

wo = 2xpixlle9;

wa = (woBW/2);

wh = (woBW/2);

lambdac = 2%0.01905;

we = 2xpix3e8/lambdac;

n = 5;

%It is computed the elements g
Beta = log(Lar/17.37);
gamma = sinh (Beta/(2xn));
a = zeros(1l,n);
b = zeros(1l,n);
g = zeros(1l,n+1);
go=1;
for k = 1:n
a(k) = sin((2+k—1)xpi/(2*n));
b(k) = gamma 2 + (sin(k*pi/n))”2;
end
g(1)=2+a (1) /gamma;
for k = 2:n
g(k) = dxa(k—1)*a(k)/(b(k=1)*xg(k—1));

end
if rem(n,2) "= 0
g(nt+l) = 1;
else
g(n+1) = (coth(Beta/4))"2;
end
g = abs(g);

%It 1is computed the impedance inverters
c = 3e8;

kol=1/sqrt (goxg(1l));

w = BW/wo;

lambdaa = 2xpixc/wa;

lambdab = 2xpixc/wb;

lambdao = 2xpixc/wo;
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lambdaga = lambdaa/(1—(wc/wa)” 2)"(1/2);
lambdagb = lambdab/(1—(wc/wb)"2)"(1/2);
lambdago = (lambdaga+lambdagb)/2;
x = pi/2+(lambdago/lambdao) "~ 2;
Kol = kolxsqrt(wxx(1));
K = zeros(1l,n);
k = zeros(1l,n);
for i = 1:n
k(i) = 1/sqrt(g(i)*g(i+1));
end
for j = 1:n—-1
K(j) = wesqrt (x(j)+x(j+1))xk(]);
end

K(n) = k(n)xsqrt (w+x(5));

%It is computed S21

S21 = zeros(1l,n);

S21(1)=20%1og10 (2/(Kol+1/Kol));

for z = 2:n+1

S21(z) = 20xlogl0(2/(K(z—1)+1/K(z—1)));

end
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