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Abstract

Pseudoelliptic bandpass filter responses are preferred for modern microwave transc-

eiver frontends because of their ability to realize finite frequency transmission ze-

ros, thus resulting in sharper transition from passband to stopband. When low

loss/high power handling capability is a concern, such filters are often based on

waveguide technology. A more recent approach to generate pseudoelliptic charac-

teristic is to create multiple paths for energy flow by using non-resonating modes.

The additional energy paths thus created can lead to the realization of arbitrar-

ily placed finite frequency transmission zeros (TZs) while still keeping the inline

configuration. Majority of the non-resonating modes based filters, available in lit-

erature, either require an increase in the cross-sectional dimensions with respect

to a standard waveguide or are difficult to manufacture/tune. In this thesis, new

singlet structures for realizing pseudoelliptic waveguide filters are presented.

In the first part of this work, a new class of inline waveguide pseudoelliptic filters

using folded-waveguide (FWG) resonators has been proposed. The basic structure

is an FWG resonator fed by a rectangular waveguide through inductive irises.

The TE10 mode of the feeding rectangular waveguide excites both dominant (non-

resonating) and first higher order (resonating) modes in the FWG cavity, thus

realizing a singlet structure capable of producing both a pole and a TZ. A TZ

either below or above the passband is created, by adjusting the offset of the feeding

irises from the center of the FWG resonator and relative to each other. The

structure also offers flexibility in shifting the FWG center axis relative to the

feeding rectangular waveguides, thus giving more coupling control and realizing

wider range of singlet responses. Two prototype filters using the proposed singlet

structures have been designed, manufactured and tested. Measurements show

good agreement with the simulations, verifying the feasibility of the proposed

structure and the designed waveguide filters.

In the second part of the research, a new structure for the implementation of inline

pseudoelliptic waveguide filters using non-resonating modes, based on asymmetric



x

iris coupled transverse rectangular ridge resonators is proposed. The basic struc-

ture is a rectangular ridge that is always centered and transverse to the waveguide

center axis and can produce a TZ above or below the passband without involving

any rotation of the ridge, thus enabling quicker design of the resulting filters by

allowing the use of more efficient analysis methods like FEST3D, in addition to

the more general purpose tools like HFSS. A centered ridge also offers the ease

of manufacturing through machining. The proposed structure makes use of the

waveguide’s TE10 mode as a non-resonating mode to create an alternate energy

path from source to load, thus realizing a TZ, while the asymmetric irises excite

the ridge resonator, enabling the overall structure to act as a singlet capable of

producing both a pole and a TZ. A third order filter and a fifth order filter are

designed and manufactured. Measured results are in good agreement with the

simulated data, validating the viability of the proposed structure.

In the last part of this thesis, a new structure for the realization of inline waveg-

uide pseudoelliptic filters using U-shaped ridge resonators is presented. The basic

structure is a U-shaped ridge placed inside a rectangular waveguide and can be

utilized to realize both a pole and a transmission zero by either adjusting its offset

from the waveguide center axis or by making the lengths of its two arms different

from each other. The dominant mode of the feeding waveguide acting as the non-

resonating mode, bypasses the U-shaped ridge and thus creates an alternate energy

path, realizing a transmission zero. The dominant mode of rectangular waveguide

also excites the resonating mode in the U-shaped ridge because of the asymmetries

introduced by either offset or different length arms. Both adjustments can also

be made simultaneously to achieve further flexibility in realizing the desired filter

response. A fourth-order filter is designed and manufactured. Measurements are

in good agreement with the simulations, thus demonstrating the practicability of

the proposed structure.
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Chapter 1

Introduction

1.1 Microwave Filters

Microwave filters form an essential part of any microwave system including satellite

systems, mobile wireless systems, radar systems, test and measurement systems

[1]. A simplified block diagram of a typical microwave front end is as shown in

Fig. 1.1. Historically, all-pole microwave bandpass filters [2, 3] have been popular

but as the frequency spectrum is becoming more congested, there is a need for

more selective microwave filters. Thus, the modern microwave applications [4, 5],

favor pseudoelliptic response bandpass filters because of their ability to realize

transmission zeros (TZs) at the desired finite frequencies in the stopband, and

hence achieve sharper transitions between passband and stopbands. Waveguide

technology is the preferred implementation for applications demanding low losses

and/or high power handling capability [5, 6].

1.1.1 Pseudoelliptic Response

Pseudoelliptic response (also called generalized Chebyshev response) has equi-

ripple characteristic in the passband and a few finite frequency TZs in the stopband

[7], and thus can achieve a steeper transition between passband and stopband.

1
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Figure 1.1: Simplified block diagram of a typical microwave front end. (a)
Receiver, and (b) Transmitter.

These TZs can be placed at the desired locations in the stopband. Thus filters

with symmetric or asymmetric responses may be created.

The pseudoelliptic response can either be synthesized by using the traditional

method, where the Chebyshev function is modified to introduce finite frequency

TZs [7–9] or by utilizing an optimization based approach [10–16].

Fig. 1.2 shows the comparison between pseudoelliptic and Chebyshev bandpass

filter magnitude responses. Both the responses have same filter order of n = 6,

center frequency (f0) of 10 GHz, passband ripple of 0.02194 dB (Passband return

loss better than 22.932 dB) and 22.932 dB return loss bandwidth of 600 MHz.

The pseudoelliptic response has two finite frequency TZs, which makes it much

more selective near the passband at the expense of lower out of band rejection

at frequencies farther into the stopband [see Fig. 1.2(a)]. Further improvement

in the stopband rejection can be achieved by introducing more TZs. It is worth

noting from Fig. 1.2(b), that the S11 magnitude response of the pseudoelliptic

filter is almost the same as that of the Chebyshev filter.

The (n + 2) × (n + 2) coupling matrix (see Section 1.2) for the pseudoelliptic

response of Fig. 1.2 is taken from [9], and is shown in Eq. (1.1).
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0 0.4415 0.9619 0 0 0 0 0

0.4415 0 0 0 0 0 1.2225 0

0.9619 0 0 0.7182 0 0.3624 0 0

0 0 0.7182 0 0.3305 0 0 0

0 0 0 0.3305 0 0.7182 0 0

0 0 0.3624 0 0.7182 0 0 −0.9619

0 1.2225 0 0 0 0 0 0.4415

0 0 0 0 0 −0.9619 0.4415 0


(1.1)

The S-parameters from this coupling matrix, M can be computed by using the

following relations [3, 11]

S11 = 1 + 2j
[
A−1

]
1,1

(1.2)

S21 = −2j
[
A−1

]
n+2,1

(1.3)

where
[
A−1

]
k,l

indicates the kth row and lth column element of matrix A−1, n is

the order of the filter and matrix A is given as

A = M +
1

FBW

(
f

f0
− f0
f

)
U − jQ (1.4)

where FBW is the fractional bandwidth, f0 is the center frequency, M is the

coupling matrix, U is similar to an (n + 2) × (n + 2) identity matrix but with

[U ]1,1 = 0 and [U ]n+2,n+2 = 0. Q is similar to (n + 2)× (n + 2) zero matrix but

with [Q ]1,1 = 1 and [Q ]n+2,n+2 = 1.

1.2 Coupling Matrix Representation for Microwave

Filters

A microwave filter can be represented by a coupling matrix [8, 9, 17]. The main

advantage of this representation is that each element of the coupling matrix has
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a unique link to a particular physical element in the fabricated microwave filter

circuit. Additionally, the coupling matrix representation allows the possibility of

applying matrix operations such as inversion, similarity transformations etc. to

achieve the desired matrix topology.

The standard n × n coupling matrix, with n being order of the filter, assumes

that the source is coupled to only the first resonator and the load only to the last

resonator. The extended (also called n+2) coupling matrix has two additional rows

and two additional columns to indicate source/load to each resonator couplings,

and is therefore more generic. Fig. 1.3 shows the routing/coupling scheme for

a microwave filter with source/load to multiple resonator couplings. An n + 2

coupling matrix to represent a microwave coupled-resonator bandpass filter is as

shown in Fig. 1.4. It is worth mentioning that the coupling matrix is reciprocal,

thus Mij = Mji for i 6= j.

The non-diagonal elements of the coupling matrix (Mi,j with i 6= j) relate to each

resonator’s coupling with every other resonator. The diagonal elements (Mi,i)

indicate the resonant frequency of each resonator. The resonant frequency can be

given as shown below [18, 19],

f ir = 0.5f0

[√
(Mii × FBW )2 + 4−Mii × FBW

]
(1.5)

where f0 is the center frequency and FBW is the fractional bandwidth. Note

that the positive values of Mii leads to resonant frequencies smaller than f0, while

negative values of Mii results in resonant frequencies greater than f0.

The coupling matrix can be synthesized using the methodology from [8, 9, 20, 21].

This approach leads to a coupling matrix with all non-zero entries, indicating cou-

plings among all the resonators, making filter implementation impractical. There-

fore, a coupling matrix reduction process must be carried out to reduce many of

the entries to zero, using similarity transformations [8, 9].

The coupling matrix can also be synthesized using the optimization based methods

[10–16]. The main advantage of these methods is that the required coupling matrix
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Figure 1.3: Routing/coupling scheme for a coupled-resonator microwave filter.

with only few non-zero entries can be directly synthesized [10–12]. Additional

matrix reduction is not required, for optimization based synthesis.

1.2.1 Synthesis of Coupling Matrix Using Optimization

As an example (taken from [22]), consider the coupling matrix synthesis of a fourth

order filter with two TZs, one below (at 9.95 GHz) and another above (at 10.55

GHz) the passband. The center frequency is 10.2 GHz, passband return loss (RL)

is better than 20 dB and 20 dB RL bandwidth is 300 MHz. The coupling/routing

scheme for this filter is shown in the inset of Fig. 1.5. Coupling matrix may be

synthesized using optimization based methodology [10–16] for the required filter

response.
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Figure 1.4: Extended (n+ 2) coupling matrix, M .

The cost function can be given as [11, 12]

φ =

n∑
i=1

∣∣S11

(
ω′pi
)∣∣2 +

m∑
j=1

|S21 (ω′zi)|
2

+

(
|S11 (ω′ = −1)| − ε√

1 + ε2

)2

+

(
|S11 (ω′ = 1)| − ε√

1 + ε2

)2

(1.6)

where ω′pi are poles of the filter, ω′zi are zeros of the filter, n is the order of the filter,

m is the number of TZs, and ε is the ripple constant. ω′ is the low-pass prototype

radian frequency and it relates to actual frequency variable ω, as ω′ = 1
FBW

( ω
ω0
−ω0

ω
)

where ω0 is the radian center frequency.

A 6 × 6 coupling matrix of the form shown below, can be used to represent the

desired filter response.

M =



0 MS1 MS2 0 0 0

MS1 M11 M12 0 0 0

MS2 M12 M22 M23 M24 0

0 0 M23 M33 M34 0

0 0 M24 M34 M44 M4L

0 0 0 0 M4L 0


(1.7)
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Figure 1.5: Coupling matrix response for a fourth-order filter with two TZs.
The inset shows the coupling/routing scheme and the synthesized coupling ma-

trix.

Using the above cost function, synthesis is carried out and the resulting coupling

matrix is given in the inset of Fig. 1.5. The S-parameters are computed from the

synthesized coupling matrix by using Eqs. (1.2), (1.3) and (1.4). The S-parameter

response of the synthesized coupling matrix is shown in Fig. 1.5, which indicates

that the return loss is better than 20 dB in the passband (from 10.05 GHz to 10.35

GHz) and the two TZs are located at 9.95 GHz and 10.55 GHz, respectively.

1.3 Pseudoelliptic Waveguide Filters Using Non-

Resonating Modes

Over the last decade, significant progress has been made in the usage of non-

resonating modes for the realization of pseudoelliptic waveguide filters [4, 5, 23, 24].

The non-resonating modes do not resonate in the filter passband but are either
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evanescent or propagating and therefore do not contribute to the poles of the

filter. These modes are instead utilized to create alternate energy-flow paths thus

realizing bypass couplings between non-adjacent resonators. As a consequence,

TZs can be created without the need of having physical connections between non-

sequential resonators, thus leading to an inline topology.

Using the concept of non-resonating modes, the basic building block that can be

realized is either a singlet or a doublet [4, 5, 23, 24]. A singlet [25] is a structure

that realizes both a pole and a TZ. A doublet [5, 23, 26], on the other hand, is

capable of realizing two poles and one or two TZs. To design higher-order filters,

multiple singlets/doublets can be connected in cascade or we can use a combination

of singlets/doublets and resonators [18, 19, 25].

Several researchers have explored the use of non-resonating modes to realize pseu-

doelliptic waveguide filters (details are presented in Chapter 2). The earliest work,

in this regard, is contributed by [30, 31] and it utilizes asymmetric irises inside a

rectangular waveguide to excite TE101 as the resonating mode and TE20 as the

non-resonating mode. TE20 is the evanescent mode and has to travel the entire

length of cavity resonator to create a bypass coupling. The non-resonating TE20

mode quickly fades along the length of the cavity resulting in weak bypass cou-

pling and thus offers limited flexibility in setting the location of the TZ. These

limitations are eliminated in [27, 28] by using TE10 as the non-resonating mode

and TE201 as the resonant mode. The basic structure and the coupling/routing

diagram for this singlet are shown in Fig. 1.6. The non-resonating mode is prop-

agating, thus offering more control in realization of the required level of bypass

coupling between the source and the load. The resulting singlets are very flexible

and can realize a TZ either above [see Fig. 1.6(c)] or below [see Fig. 1.6(d)] the

pole, at the desired locations in the stopband.

The singlet demonstrated in [29] takes advantage of TM110 as the resonating mode

while using propagating TE10 as the non-resonating mode, thus achieving rela-

tively compact implementation. Fig. 1.7(a) shows the structure of this singlet.

The feeding waveguides excite a TM cavity. The coupling/routing scheme is as
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Figure 1.6: Singlet based on an oversized TE201 cavity from [27, 28]. (a) Basic
structure, (b) coupling/routing scheme, (c) simulated (HFSS) response when
input and output waveguides are on opposite sides of the oversized cavity’s
center axis (pS = pL = 3 mm, lcav = 21.4 mm), and (d) simulated (HFSS)
response for input/output waveguides located on same side with respect to the
center axis of the oversized cavity (pS = pL = 5 mm, lcav = 21.2 mm). WR90
with a = 22.86 mm and b = 10.16 mm, wS = wL = 10 mm, t = 2 mm, and

acav = 41 mm.
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Figure 1.7: Singlet based on a TM110 cavity from [29]. (a) Basic struc-
ture, (b) coupling/routing scheme, (c) simulated response when input and out-
put waveguides are located on opposite sides of the TM110 cavity’s center axis
(acav = bcav = 24.13 mm and pS = pL = 2 mm), and (d) simulated response
when input and output waveguides are located on same sides of the TM110

cavity’s center axis (acav = bcav = 23.61 mm and pS = pL = 3 mm). WR90,
lcav = 5 mm, t = 2 mm, and wS = sL = 10 mm.
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shown in Fig. 1.7(b). A TZ above the pole is implemented when the input and

output waveguides are located on opposite sides of the TM cavity’s center axis

[see Fig. 1.7(c)]. A TZ below the pole is realized by having input and output

waveguides on same side of the cavity’s center axis, as shown in Fig. 1.7(d).

The authors of [32–34] presented a doublet structure by applying the concept of

non-resonating modes to a TM dual mode cavity, as shown in Fig. 1.8. TM120

and TM210 are the two resonant modes which are bypassed by the TM11 mode.

The dominant TE10 mode of the feeding waveguide couples to both TM11 (non-

resonating) mode and one of the resonating modes (TM120 mode). The resonating

mode in turn excites the other resonant mode (TM210) which then couples to the

output waveguide. The non-resonating mode provides a direct coupling between

input and output waveguides. The structure provides two poles and two TZs, as

shown in Fig. 1.8(c).

The majority of the non-resonating mode based waveguide filters, presented in

literature (see Chapter 2), require an increase in the cross-sectional area relative

to a standard waveguide. For some applications this increase is unacceptable

like in ’retrofit’ applications [24], where the performance of an already designed

microwave transceiver is improved by replacing all-pole filters by same volume but

better performance pseudoelliptic filters. Only a few non-resonating modes based

techniques are available in literature, that can achieve pseudoelliptic response

without an increase in the cross-sectional dimensions [18, 35–37].

The singlets proposed in [18] make use of slant and transverse rectangular ridge

resonators, inside a waveguide, to realize pseudoelliptic response filters, as shown

in Fig. 1.9. The TE10 mode of the feeding waveguide excites the dominant mode

of the ridge and also acts as non-resonating mode, hence creating a source to load

coupling. The slanted ridge can realize a TZ above the pole [see Fig. 1.9(c)],

while the transverse ridge with an offset from center, results in a TZ below the

pole [see Fig. 1.9(d)]. The filters designed using these singlets are easy to ma-

chine through computer numerical control (CNC) milling and do not require any

additional separately machined components. However, the transverse ridge with
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from [18]. (a) Basic structure, (b) coupling/routing scheme, (c) simulated
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an offset from center, may present some difficulty in realization of desired singlet

response, because of the limited space for the machining tool around the ridge.

Dielectric disk resonators can be located inside a rectangular waveguide to realize

TZs [35, 36], as shown in Fig. 1.10. The resulting structure is a singlet, that

can realize a TZ above the passband by using rotation of the dielectric disk [see

Fig. 1.10(c)]. A TZ below the passband can be implemented by offsetting the

dielectric resonator from the waveguide center axis [see Fig. 1.10(d)]. However,

the filters realized using these singlets, require considerable post manufacturing

effort to precisely locate each dielectric disk at a specific angle, thus making the

manufacturing cumbersome.

Pseudoelliptic response may also be achieved by using dual post resonators [37]

in a rectangular waveguide, as shown in Fig. 1.11. Dual-post resonators with

different post heights can realize a TZ in the lower stopband [see Fig. 1.11(c)].

Rotated dual-posts with same height can be utilized to create a TZ in the upper

stopband [see Fig. 1.11(d)]. The dual-post resonators, however, have to be fabri-

cated separately and then screw fit (or push fit ) into the rectangular waveguide,

thus involving considerable tuning effort after manufacturing for each filter.

The majority of the techniques discussed above (more detailed review is presented

in Chapter 2), result in a pseudoelliptic waveguide filter with an increased cross-

sectional area than that of a standard waveguide. A few methods are available that

do not require this increase. However, most of them are difficult to manufacture

or require considerable tuning effort. Thus, there is a requirement of new classes

of non-resonating modes waveguide filters that can exhibit pseudoelliptic response

without requiring any increase in the cross-sectional dimensions. Additionally,

they need to be easy to manufacture and do not require significant post fabrication

tuning effort.

1.4 Thesis Contributions

In the first part of this work, the concept of non-resonating modes is utilized with

folded-waveguide (FWG) cavity resonators to realize pseudoelliptic waveguide fil-

ters. The basic structure is an FWG resonator fed by waveguides through irises.
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Figure 1.10: Singlet based on a dielectric resonator (DR) located in a propa-
gating waveguide from [36]. (a) Basic structure, (b) coupling/routing scheme,
(c) simulated (HFSS) response for the rotated dielectric disk (θ = 20o), and (d)
simulated (HFSS) response for the offset dielectric disk (δ = 3.8 mm). (WR90,

DR: εr = 30, radius= 3.25 mm, and height= 3 mm.)
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Figure 1.11: Singlet based on dual-post resonators from [37]. (a) Basic struc-
ture, (b) coupling/routing scheme, (c) simulated (HFSS) response for different
height posts (h1 = 7.44 mm and h2 = 5.44 mm), and (d) simulated (HFSS)
response for rotated dual-post resonator (θ = 20o and h1 = h2 = 6.19 mm).

(WR90, Posts: radius= 1.5 mm, and separation= 8 mm.)
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The dominant mode of the feeding waveguide excites both resonating and non-

resonating modes in the FWG cavity, thus realizing both a pole and a TZ. The

structure therefore acts as a singlet. The location of the TZ is adjusted by chang-

ing the offset of the input/output irises from the FWG center axis. The structure

allows the shifting of FWG center axis relative to the feeding rectangular waveg-

uides, thus giving more coupling control. No increase in the cross-sectional size

relative to the standard rectangular waveguide is required for these singlets. Two

waveguide filters using the proposed singlets and waveguide sections have been

designed, manufactured and tested. Measurements show good agreement with the

simulations.

In the second part of the research, asymmetric iris coupled transverse rectangular

ridge resonators based singlets are proposed for the implementation of pseudoel-

liptic waveguide filters. The basic structure consists of a rectangular ridge that is

always centered and transverse to the waveguide center axis and can produce a TZ

above or below the passband. No rotation or offset of the ridge are required. No

rotation enables quicker design of the resulting filters by allowing the use of more

efficient analysis tools like FEST3D and mode matching method, in addition to

the general purpose simulators like HFSS and CST. Ridge is fixed at the center of

the waveguide axis which implies ease of manufacturing through CNC machining.

Feeding waveguide’s dominant mode acts as a non-resonating mode and creates

an alternate bypass path between source and load, thus realizing a TZ, while the

asymmetric irises excite the resonating mode in the ridge resonator, thus produc-

ing a pole. A third-order and a fifth-order filter have been designed, simulated

and manufactured. Measured results show good consistency with the simulated

data.

In the last part of this thesis, a new singlet based on U-shaped ridge resonators

for the implementation of inline pseudoelliptic waveguide filters is presented. The

basic structure consists of U-shaped ridge resonator located inside a rectangular

waveguide. The structure can realize both a pole and a TZ by either changing

its offset from the waveguide center axis or by using different length arms of the

U-ridge. The dominant mode of the feeding waveguide acts as the non-resonating
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mode and thus creates a bypass path between source and load, realizing a TZ.

The dominant mode also excites the resonating mode because of the asymmetries

introduced by either offset from waveguide center or by having different length

arms. A TZ below the pole is realized by introducing an offset of the U-shaped

ridge from the waveguide center axis. A TZ above the pole is implemented by

having different length arms. The two asymmetries can be introduced simulta-

neously to achieve further flexibility. A fourth-order filter is designed and tested.

Measurements show good agreement with the simulations.

1.5 Thesis Organization

The thesis is organized into the following chapters:

Chapter 1 provides an introduction to the pseudoelliptic waveguide filters, used

by modern microwave transceivers to achieve highly selective filtering functions,

by taking advantage of non-resonating modes. Thesis contributions and an outline

of this dissertation are also presented in this chapter.

Chapter 2 presents a detailed literature review regarding the use of non-resonating

modes to realize pseudoelliptic waveguide filters. Thesis motivation and its main

objectives are also explained in this chapter.

Chapter 3 introduces a new class of inline waveguide pseudoelliptic filters, using

a folded-waveguide (FWG) cavity resonator based singlet structure. The FWG

is fed by rectangular waveguides using irises. The dominant TE10 mode of the

waveguide excites both resonant and non-resonant modes in the FWG cavity. The

TE10 like mode of the FWG structure behaves as the non-resonating mode while

the resonant mode is the TE201 like mode. The dimensions and locations of the

irises are adjusted to achieve the required location of TZs.

Chapter 4 presents a new singlet structure for the implementation of waveguide

pseudoelliptic filters, using asymmetric iris coupled transverse rectangular ridge

resonator. This singlet makes use of a rectangular ridge that is fixed at center of
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the waveguide and is always transverse to the waveguide axis, thus making the

structure easier to design and manufacture.

Chapter 5 explains a U-shaped ridge based singlet, suitable for realization of

inline waveguide pseudoelliptic filters. The singlet is composed of a U-shaped ridge

that is placed inside a rectangular waveguide. A TZ is created by introducing an

offset from the waveguide center axis and/or by adjusting arms’ lengths. The

resulting asymmetry allows the dominant mode of the feeding waveguide to excite

the U-shaped ridge resonator and also creates an alternate bypass coupling path,

resulting into a pole and a TZ.

Chapter 6 presents the conclusion of this thesis along with some future recom-

mendations.



Chapter 2

Literature Review

2.1 Microwave Filters

All microwave systems including satellite and terrestrial communication, radar

and measurement systems, require microwave filters to pass the desired frequen-

cies while rejecting undesired frequency bands [3]. These filters can be realized

in different technologies namely waveguide, coaxial, dielectric resonator and pla-

nar implementations [9]. Three-dimensional (3D) resonators (waveguide, coaxial

and dielectric resonators) offer higher quality factors (and thus smaller insertion

losses) than planar implementations but require larger size and volume. The pla-

nar filters (microstrip, stripline, coplanar waveguide), however, are low cost and

of smaller size but provide low quality factor (larger insertion loss). Thus, there

exists a trade-off between size and insertion loss of resonators implemented in

various technologies [9], as shown in Fig. 2.1. Early history of microwave filter

development is given in Table 2.1.

2.2 Pseudoelliptic Waveguide Filters

Pseudoelliptic bandpass filter responses are preferred for modern microwave transc-

eiver frontends because of their ability to achieve sharper transition from passband

21
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Figure 2.1: Typical insertion loss versus relative size comparison of various
microwave resonators [9].

to stopband [4, 5]. This sharp transition is possible because of the availability of

finite frequency TZs in pseudoelliptic responses, thus enabling better frequency

selectivity. When low-loss/high-power-handling-capability is a concern, such fil-

ters are often based on waveguide technology because of the high quality factor

achievable in waveguide implementation [5, 6].

2.2.1 Using Conventional Techniques

Several methods to realize TZs in waveguide technology have been proposed in

literature, including cross-coupling between non-adjacent resonators and/or the

use of dual, triple, quadruple or quintuple mode cavities [6, 17, 44, 45, 48–66]. The

use of dual-mode cavities not only results in the generation of TZs but also leads to

reduction of physical size of the filter, thus finding utility in satellite applications

because of reduced payloads [6, 44]. Triple, quadruple or quintuple mode cavities

[57–66] based bandpass filters can potentially lead to further reduction of physical

filter size, however such implementations are extremely temperature sensitive [67].

These filters are also very sensitive to manufacturing errors [67]. Pseudoelliptic
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Table 2.1: Early history of microwave filters.

Contributors Development Year Ref.

R. M. Fano et
al.

Significant work was done on waveguide cavity
filters and coaxial filters during World War II

Early
1940s

Chaps. 9
and 10 of
[38]

P. I. Richards Showed how lumped circuit reactances can be re-
alized by open and short-circuited transmission
lines

1948 [39]

S. B. Cohn Showed that direct coupled resonator filters can
be achieved by using inverters between resonators

1957 [40]

G. Matthaei et
al.

Extensive reference on waveguide, coaxial and
stripline filters

Early
1960s

[2]

S. Cohn Proposed the use of dielectric resonators for real-
ization of microwave filters

1965 [41]

G. F. Craven et
al.

Evanescent mode waveguide filters 1966 [42, 43]

A. E. Atia et al. Introduced the coupling matrix representation by
applying the concept to dual-mode waveguide fil-
ters

Early
1970s

[17, 44,
45]

Vahldieck et al.,
Shih et al.

E-plane metal insert filters 1983 [46, 47]

R. Cameron Devised synthesis approach based on coupling
matrix representation for transversal networks

2002 [8, 21]

S. Amari et al. Introduced the concept of singlets and how non-
resonating nodes can be used to cascade singlets

2004 [25]

response can also be realized using the extracted pole synthesis method [68–72] or

by using frequency dependent coupling sections as inverters [73–76].

The above mentioned methods lead to folded-arrangements (to enable coupling be-

tween non-adjacent resonators), an increase in cross-sectional dimensions or are ex-

tremely sensitive to manufacturing tolerances and temperature variations [18, 32].

For applications demanding inline configurations [4], non-resonating modes based

waveguide pseudoelliptic filters provide a viable alternative. Such filters lead to

inline configuration and are comprised of singlets/doublets/resonators as cascaded

components, thus allowing modular design. They achieve positive/negative cou-

plings by inverting the phase difference between resonating and non-resonating

modes, thus do not require capacitive probes and are thus less sensitive to tem-

perature variations [23].
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2.2.2 Using Non-Resonating Modes

A relatively new approach of realizing pseudoelliptic response that has attracted

attention in the last decade is the use of non-resonating modes to create additional

energy paths [4, 23, 77]. The non-resonating modes, as the name imply, are not

resonant at the filter passband but are either propagating or evanescent. The

additional energy paths implemented by these non-resonating modes, result in the

realization of arbitrarily placed finite frequency TZs, while still keeping the inline

configuration.

The earliest work in this regard involved asymmetric irises in rectangular waveg-

uide [30, 31]. In this work, the asymmetric irises resulted in the excitation of non-

resonating TE20 mode while the resonating cavity mode was TE101 mode. Since

TE20 mode was evanescent, it decayed rapidly along the length of the waveguide,

thus making the bypass coupling weak and limiting the flexibility for the placement

of TZs.

These limitations were eliminated by utilizing enlarged width waveguide cavity

with resonating mode of TE201 [27, 28, 78–80], as shown in Fig. 2.2. The bypass

mode for this cavity was the propagating TE10 mode, thus making bypass coupling

strong enabling more flexible positioning of the TZ. This cavity with resonating

mode of TE201 and bypass mode of TE10 forms a singlet [25], and is capable of

realizing TZ below or above the passband, by appropriate positioning of the input

and output irises relative to the cavity center. A singlet [25] is a structure that

realizes a reflection zero along with a TZ.

A singlet structure presented in [81, 82] and also explained in [24] again used an

enlarged width rectangular waveguide cavity but with TE301 mode as the resonat-

ing mode, as shown in Fig. 2.3. The width dimension of the realized singlet was

significantly larger than that of a standard rectangular waveguide, making it less

suitable for microwave applications (< 30 GHz). These filters are more suited to

millimeter wave applications.

A more compact singlet structure can be implemented by using TM110 mode as the

resonant mode [29]. The basic structure along with coupling/routing scheme for
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Figure 2.2: Singlet based on an oversized TE201 cavity from [27, 28]. (a) Basic
structure, and (b) coupling/routing scheme. Arrows indicate the magnetic field

lines for different modes.
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Figure 2.3: Singlet based on an oversized TE301 cavity from [24, 82]. (a) Basic
structure, and (b) coupling/routing scheme. Arrows indicate the magnetic field

lines for different modes.

this singlet is given in Fig. 2.4. The cavity length was kept smaller (< λg/4) thus,

making TE10 the non-resonating mode. TZ can be positioned below or above the

passband by setting the positions of the input and output irises along the cavity

height.
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Figure 2.4: Singlet based on a TM110 cavity from [29]. (a) Basic structure,
and (b) coupling/routing scheme. Arrows denote the magnetic field lines for

different modes.
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Figure 2.5: Doublet based on a TM dual-mode cavity from [32]. (a) Basic
structure, and (b) coupling/routing scheme. Arrows indicate the magnetic field

lines for different modes.

Further compactness was achieved by combining the idea of TM dual-mode cav-

ity with the concept of non-resonating modes [32, 83–85] (see Fig. 2.5). The

non-resonating mode TM11 bypassed the two resonating modes TM120 and TM210

supported by the TM dual-mode cavity, to realize a structure having two reflection

zeros and two TZs, simultaneously. As a consequence each TM dual-mode cavity

realized two TZs, one on each side of the passband. The dual-mode cavity was
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Figure 2.6: Doublet based on an over-moded TM dual-mode cavity from
[88]. (a) Basic structure, and (b) coupling/routing scheme. Arrows denote the

magnetic field lines for different modes.

further generalized in terms of arbitrary positioning of TZs [33, 86]. This general-

ization allowed the implementation of asymmetric filtering responses i.e. the ones

with unequal number of TZs above and below the passband. To achieve further

compactness of filters based on TM dual-mode cavity, use of dielectric loading was

proposed [34, 87].

TM dual-mode cavity filters can also be realized by using high-order modes [88]

namely TM320 and TM230 as resonating modes, while any of the propagating

lower-order modes namely TE10, TE01, TM11 or TM22 can be utilized as the non-

resonating mode. Fig. 2.6 shows the basic structure and the coupling/routing

diagram for this doublet structure. The resulting filters are particularly suitable

for high frequency millimeter-wave applications [88].

Pseudoelliptic response can also be implemented by using the stubbed waveg-

uide cavity based filters [89, 90]. Such filters can either be realized in single-stub

or double-stub configurations. The single stub configuration shown in Fig. 2.7,

resulted in a doublet [5, 26] capable of realizing two poles and two TZs (The

resonating modes are TE201 and TM110 while the non-resonating mode is TE10).
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Figure 2.7: Doublet based on a stubbed waveguide cavity (single stub configu-
ration) from [89]. (a) Basic structure, and (b) coupling/routing scheme. Arrows

indicate the magnetic field lines for different modes.
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Figure 2.8: Doublet based on a central post waveguide cavity from [92]. (a)
Basic structure, and (b) coupling/routing scheme. Arrows indicate the magnetic

field lines for different modes.

This stubbed waveguide cavity can essentially be thought of as a combination of

the enlarged width waveguide cavity as given in [28] and TM cavity of [29]. The

double stub configuration could realize three poles because of three resonating

modes involved namely TM110, TE201 and TE011, while the non-resonating mode

is TE10 [89, 90].
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Table 2.2: Pseudoelliptic waveguide filters using non-resonating modes with
cross-sectional size larger than the standard waveguide.

Topology
[Ref.]
(Year)

Basic
Structure

Resonat-
ing
Mode

Non-
resona-
ting
Mode

No.
of
Poles

No.
of
TZs

RL
(dB)

IL
(dB)

Manufacturing
Difficulty/
Tuning
Effort

Singlet
[27,
28, 91]
(1994,
2005,
2020)

Enlarged
width rect-
angular
waveguide
cavity

TE201 TE10 3
5

1
3

>13
>16

0.38
N/A

Low

Singlet
[24, 82]
(2021,
2018)

Enlarged
width rect-
angular
waveguide
cavity

TE301 TE10 5 2 >18.9 0.7 Low

Singlet
[29]
(2003)

TM mode
rectangular
waveguide
cavity

TM110 TE10 4 3 >20 0.4 Low

Doublet
[32, 33]
(2010,
2011)

TM dual-
mode
rectangular
waveguide
cavity

TM120,
TM210

TM11 8 8 >16 0.6 High

Doublet
[88]
(2019)

TM dual-
mode
rectangular
waveguide
cavity

TM320,
TM230

TM11 4 4 >16 2.2 High

Doublet
[89]
(2019)

Stubbed
waveguide
cavity

TE201,
TM110

TE10 5 4 >16.5 0.5 High

Doublet
[92]
(2020)

Central
post in an
oversized
rectangular
waveguide

TE201,
Quasi-
TE301

TE10 7 2 >20 0.7 High

N/A: Not available, RL: Return Loss (Measured In-band), IL: Insertion Loss (measured at
center frequency)

Another way to achieve pseudoelliptic characteristic is proposed in [92] using

central-post resonators and is shown in Fig. 2.8. The central post was introduced

in an oversized rectangular waveguide cavity to bring the resonant frequency of

TE301 mode closer to that of TE201. As a consequence, a doublet [26] structure

was realized. TE201 and quasi-TE301 modes form the resonating modes while TE10

acts as the non-resonating mode.
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The above mentioned techniques lead to an increase in the cross-sectional size

relative to the standard all-pole waveguide iris filters. Table 2.2 presents a com-

parison of the above mentioned pseudoelliptic waveguide filters that result in cross-

sectional dimensions larger than those of a standard waveguide. This increase in

cross-sectional area makes the filter bulky and presents a limitation particularly

in “retrofit” [24] applications where all-pole filters of a pre-existing microwave sys-

tem need to be upgraded by better performance (pseudoelliptic) but similar size

filters. Thus there is a need of structures that can achieve pseudoelliptic charac-

teristic without requiring any increase in the cross-sectional dimensions relative to

a standard waveguide.

In Table 2.2 and Table 2.3, the manufacturing difficulty/tuning effort for different

filter structures is defined as low, medium or high. Low means the waveguide

filter is manufactured through standard CNC milling process and is comprised of

the main filter structure along with one or two lids. Low also means that after

manufacturing only a minimal or no tuning of the filter is required to achieve

the designed filtering response. Medium means the resulting filter consists of the

main filter structure with one or two lids and is manufactured through standard

CNC machining but definitely need some tuning by means of tuning screws for

the assembled filter to have acceptable measured performance. High means the

filter is composed of several components that are manufactured separately and

require precise assembly of different parts and tuning is also needed to achieve

good measured response.

For applications where this increase in cross-section is a concern, only a few meth-

ods are available in literature [18, 35–37, 93] that can create inline waveguide

filters capable of providing pseudoelliptic characteristic. However, majority of

these filters require significant post-manufacturing tuning effort, thus making the

fabrication process time consuming and tedious.

Dielectric pucks appropriately placed in a propagating rectangular waveguide can

be used to realize pseudoelliptic filters [35, 36]. The basic structure and the cou-

pling/routing diagram are shown in Fig. 2.9. The rotation and offset properties of
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Figure 2.9: Singlet based on a dielectric resonator (DR) located in a propa-
gating waveguide from [35, 36]. (a) Basic structure, and (b) coupling/routing

scheme. Arrows indicate the electric field lines for different modes.

1 LS

TE10

TE10Odd Symmetry

Mode of the

Dual-post

TE10
TE10

Input

TE10

Output

Resonant

Mode

(a) (b)

Figure 2.10: Singlet based on dual-post resonators from [37]. (a) Basic struc-
ture, and (b) coupling/routing scheme. Arrows show the electric field lines for

different modes.

the dielectric puck were exploited to realize a TZ either above or below the pole.

However, this arrangement requires fine positioning of each dielectric puck at a

particular angle in the waveguide, making the fabrication process cumbersome.

TZs can also be implemented by using dual post resonators [37, 94], as illustrated in

Fig. 2.10. The dual-post resonators having different post heights can realize a TZ

below the passband, while rotated dual-post resonators can be utilized to produce

a TZ in the upper stopband. These dual-post resonators have to be fabricated
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Figure 2.11: Singlet structure based on transverse and slant ridge resonators
from [18]. (a) Basic structure, and (b) coupling/routing scheme. Arrows indi-

cate the electric field lines for different modes.

separately and then push (or screw) fit into the waveguide, again making the

fabrication process tedious and less repeatable.

Rectangular ridge resonators based waveguide filters [18, 93] maintained the inline

filter configuration and are capable of producing TZs in the upper or lower stop-

bands, using rotation or offset properties of the rectangular ridge resonators. The

basic structure along with the coupling/routing scheme for this singlet are shown

in Fig. 2.11. This configuration has the advantage of ease of manufacturing be-

cause it involves only CNC machining of solid aluminum block and no additional

components are required, making it economical and repeatable for production pur-

poses. However, a TZ realized using offset of ridge resonator has limited flexibility

because of the physical constraints of the waveguide.

Table 2.3 shows a comparison of these pseudoelliptic filters which do not require

an increase in the cross-sectional area relative to a standard waveguide. Table 2.3

indicates that only a few methods are available that do not require an increase in

cross-sectional area relative to a standard waveguide. Even some of these avail-

able filters [35–37] require considerable post-manufacturing tuning effort. The

rectangular ridge resonators based waveguide filters reported in [18], on the other
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Table 2.3: Pseudoelliptic waveguide filters using non-resonating modes with
same cross-sectional size as a standard waveguide.

Topology
[Ref.]
(Year)

Basic
Structure

Resonating
Mode

Non-
resonating
Mode

No.
of
Poles

No.
of
TZs

RL
(dB)

IL
(dB)

Manufact-
uring Dif-
ficulty/
Tuning
Effort

Singlet
[35, 36]
(2015,
2015)

Dielectric
disks in
propa-
gating
rectan-
gular
waveguide

TE01δ TE10 3 3 >16.5 N/A High

Singlet
and
doublet
[37]
(2013)

Dual-post Odd sym-
metry
mode of a
dual-post
resonator

TE10 6 6 >18 0.55 Medium

Singlet
[18]
(2008)

Slant and
transverse
rectangu-
lar ridge

Ridge par-
allel plate
mode

TE10 5 3 >16 0.35 Low

N/A: Not available, RL: Return Loss (Measured In-band), IL: Insertion Loss (measured at
center frequency)

hand, are easy to machine and require little or no tuning effort, but a TZ realized

using offset of the ridge resonator has limited flexibility because of the physical

constraints of the waveguide (This limitation becomes more pronounced when the

filter passband is located closer to the lower recommended frequency range of the

standard waveguide). Thus there is a need for new structures that can implement

pseudoelliptic filters without requiring any increase in the cross-sectional area.

The resulting filters need to be easy to manufacture, offer flexibility in realization

of TZs at desired locations and require little or no post-manufacturing tuning.

2.3 Research Objectives

Non-resonating modes provide an attractive way of realizing pseudoelliptic waveg-

uide filters. These non-resonating modes create alternate energy-flow paths with-

out the need of any physical coupling connections between non-adjacent resonators

and thus results in filters that are easy to manufacture and do not require folded
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configurations. The resulting filters are modular and are comprised of singlets

or doublets as basic building blocks. As detailed in the previous section, several

methods are available in literature to realize pseudoelliptic response using non-

resonating modes. However, majority of these methods result in cross-sectional

area larger than the feeding waveguides (see Table 2.2). This increase in cross-

sectional area makes the filter bulky and presents a limitation particularly in

“retrofit” [24] applications where all-pole filters of a pre-existing microwave sys-

tem need to be upgraded by better performance (pseudoelliptic) but similar size

filters. Only a few techniques are available that do not require an increase in

cross-sectional area relative to a standard waveguide (see Table 2.3). Even some

of these available filters require considerable post-manufacturing tuning effort.

Thus there is a need of new structures that can realize pseudoelliptic filters without

requiring any increase in the cross-sectional area. The resulting filters should be

easy to manufacture, offer flexibility in realization of TZs at desired locations, re-

quire little or no post-manufacturing tuning. In this research, multiple candidates

for such filter implementations are considered.

In the first part, folded-waveguide (FWG) structure is investigated. The FWG

can essentially be thought of as a reduced height waveguide, folded at certain

locations. If the feeding waveguide has width a and height b, FWG with width 2a

and height slightly smaller than b/2 can fit into this feeding waveguide. Because

of having 2a as width, this FWG would be able to support both TE10 and TE20 as

propagating modes. Thus the structure has potential of using one of these modes

as non-resonating mode and the other one as resonant mode. The challenge would

be to be able to adjust the FWG center axis relative to the feeding waveguide

center axis while constraining the FWG inside the cross-section of the feeding

waveguides. It is worth mentioning that the oversized waveguide cavity based

singlets from [27, 28, 91] achieve this task easily by just changing the location

of the oversized cavity relative to the feeding waveguides, since those structures

are not constrained by the dimensions of the feeding waveguide. Additionally,

the FWG cavity will need to be excited in a way to have flexibility in setting

the locations of the TZ either below or above the pole. It is also expected that
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the FWG being a variation of reduced height rectangular waveguide would offer

reasonably good unloaded quality factor.

In the second part of the research, rectangular ridge resonator is explored as a

potential candidate for realization of inline pseudoelliptic waveguide filters. Rect-

angular ridge based singlets [18] are already proposed using rotation and offset

properties of the ridge. However, rotated ridge cannot be analyzed using more

efficient simulation tools like FEST3D and offset ridge means there is confined

space around the ridge from manufacturing point of view. Therefore, transverse

rectangular ridge centered inside a waveguide will be considered in this research.

Mechanism to excite the resonating and non-resonating modes will be devised

without involving any rotation of the ridge. The expected benefits of this ar-

rangement include quicker analysis of the structure, by using efficient FEST3D

simulator in addition to the use of more general simulation setups like HFSS and

CST. Another advantage would be to have ample space around the ridge so that

the structure can be manufactured easily using CNC milling process.

In the last part of this thesis, U-shaped ridge resonator based singlet structure

is considered. The U-shaped ridge will be placed inside a rectangular waveguide.

Excitation mechanisms that excite both resonating and non-resonating modes will

be explored. The mechanism devised must be able to offer flexibility so that a

TZ either below or above the pole can be realized. Since this U-shaped ridge can

be thought of as a rectangular ridge that has been reshaped into a ‘U’ shaped

structure, it is expected that more space will be available around the ridge making

the structure easy to machine.



Chapter 3

Filters Using Non-Resonating

Modes With Folded-Waveguide

Resonators

3.1 Introduction

In this chapter, we introduce a new singlet structure for realization of inline waveg-

uide pseudoelliptic filters, using non-resonating modes with folded-waveguide (FWG)

resonators. The singlet is comprised of an FWG resonator which is fed by input

and output waveguide sections using inductive irises, as shown in Fig. 3.1. By

adjusting the location of irises with respect to the FWG center axis, a TZ either

below or above the pole can be implemented. Additionally the proposed singlet

offers flexibility in adjusting the center axis of FWG relative to the center axis of

feeding rectangular waveguides. The filters realized using these singlets, do not

require any increase in the cross-sectional size with respect to the standard rectan-

gular waveguide. Two prototype pseudoelliptic filters are designed, manufactured

and tested. The experimental results of these prototype filters are close to the

simulations and thus validate the proposed singlet structure and the overall filter

topologies.

36
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Figure 3.1: Different views of the proposed FWG based singlet structure. (a)
Perspective views, (b) top and bottom views, and (c) side views.

3.2 Singlet Based on a Folded-waveguide (FWG)

Resonator

Folded-waveguide (FWG) structure can be thought of as a reduced height rect-

angular waveguide, folded at one or more suitable axis locations. The conceptual

development of two commonly used FWG topologies in literature [96–99], is shown

in Fig. 3.2. The equivalent reduced height rectangular waveguide along with elec-

tric field distribution of dominant (TE10) and first higher order (TE20) modes are

shown in Fig. 3.2(a). Fig. 3.2(b) shows the FWG achieved by two foldings of the

reduced height rectangular waveguide. Fig. 3.2(c) is achieved by one folding at

the center of the reduced height rectangular waveguide. Note that for both types
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of FWGs, the location of the FWG center axis is fixed and is marked by a cross

in the Fig. 3.2.

In contrast to the conventional FWG shown in Fig. 3.2(b), we propose a slightly

different FWG structure with a provision of adjusting the center axis of the FWG

with respect to the feeding rectangular waveguide, thus offering more flexibility

by allowing shifting of the dominant FWG mode electric field maximum relative

to the feeding rectangular waveguide electric field maximum. The cross-sectional

view of this proposed FWG structure is shown in Fig. 3.3, along with the electric

field distribution of the first two modes. The parameter r can be used to adjust

the location of the FWG center axis.

We propose a new singlet structure by using the FWG structure of Fig. 3.3

which is capable of realizing both a pole and a TZ either in the lower or in the

upper stopband. The FWG is fed by input and output inductive irises from two

rectangular waveguide sections which results in a singlet structure. Different views

of this singlet are shown in Fig. 3.1. The cross-sectional views of different parts

of the proposed singlet are shown in Fig. 3.4. The dominant TE10 mode of the

feeding rectangular waveguide sections can excite both the dominant (TE10 like

mode) and the first higher order (TE201 like mode) modes in an FWG section,

thus resulting in a singlet capable of realizing a pole and a TZ. Whether the TZ is

implemented below or above the passband depends on the location of irises with

respect to the FWG center axis and with respect to each other.

Fig. 3.5 shows the top view of the singlet structure along with magnetic field lines

for the resonating and the non-resonating modes. When both irises are at FWG

center axis, resonating mode is not excited leading to only source to load coupling.

When these irises are shifted away from the FWG center axis, the result is a pole

and a TZ. A TZ is realized below the passband when the irises are on same side

with respect to the FWG center while a TZ above the passband is implemented

when the irises are located on opposite sides of the FWG center axis. It is worth

mentioning that the proposed singlet structure can also be fed by FWG sections

instead of rectangular waveguide sections.
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Figure 3.2: Conceptual development of conventional FWGs from an equiv-
alent reduced height rectangular waveguide. (a) Reduced height rectangular
waveguide, (b) FWG obtained by two foldings of the equivalent reduced height
rectangular waveguide, and (c) FWG achieved by single folding at the center of
the equivalent reduced height rectangular waveguide. Red arrows show the elec-
tric field distribution of first two modes in each type of waveguide. ⊗ denotes

center axis for each type of waveguide.
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Figure 3.3: Proposed FWG with adjustable center axis. ⊗ denotes center
axis of the proposed FWG structure. Red arrows indicate the electric field

distribution for the dominant and the first higher order mode.
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Figure 3.4: Cross-sectional views of the proposed singlet in the transverse
plane. (a) Input iris, (b) FWG cavity, and (c) output iris. ⊗ denotes center

axis of the FWG structure.

The proposed singlet response can be represented by a 3× 3 normalized coupling

matrix (CM) given below [25].

M (Si) =


0 MS1 MSL

MS1 M11 M1L

MSL M1L 0

 (3.1)

The routing and coupling scheme for this singlet structure is given in Fig. 3.6.

A TZ can be implemented at different locations from the proposed singlet by
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Figure 3.5: FWG based singlet with irises: (a) centered at FWG center axis,
(b) on same side of FWG center axis, and (c) on opposite sides of FWG center
axis. Dotted lines: FWG center axis. Dashed arrows: Magnetic field lines for
TE201 like mode (resonating mode) in FWG. Solid arrows: Magnetic field lines
for TE10 mode in rectangular waveguide and TE10 like mode (non-resonating

mode) in FWG.
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Figure 3.6: Routing and coupling scheme of the proposed FWG based singlet.

changing certain physical parameters of the structure, as explained in the cases

below.
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3.2.1 Irises Centered at the Center Axis of FWG

In this case the feeding input and output irises are positioned at the center axis

of FWG [see Fig. 3.5(a)]. As shown by the magnetic field lines of Fig. 3.5(a),

the resonating mode of FWG (TE201 like mode) because of its odd symmetry can

not be excited by the even symmetry dominant TE10 mode of the rectangular

waveguide and therefore does not create any pole or any TZ i.e. MS1 = M1L = 0.

Bypass coupling between source and load, however is non-zero (MSL 6= 0), because

the feeding rectangular waveguide does excite the dominant (TE10 like) mode of

the FWG.

3.2.2 Irises on Same Side of FWG Center Axis

When the centers of the two irises are shifted away from the FWG center axis

and when both irises are located on the same side relative to the FWG center axis

[see Fig. 3.5(b)], the feeding TE10 mode of the rectangular waveguide can excite

both dominant and first higher order modes of the FWG, resulting in realization

of a pole and a TZ. As shown in Fig. 3.5(b), the magnetic field lines for dominant

mode of FWG are in phase with those of resonating (first higher order) mode of

FWG at the cavity output and hence the TZ is realized below the passband. Note

that this result is also consistent with the singlet implementation of [27, 28, 91],

using an oversized rectangular waveguide cavity with TE201 as resonant mode.

As shown in Fig. 3.7, location of the resulting TZ can easily be varied by changing

dimension d of input and output irises (here d1 = d2 = d). Additionally the

parameter r can be used to shift the location of FWG center axis. This shift

in location of FWG center axis is particularly useful for this case of same side

irises, since it offers more flexibility in realization of required singlet response and

since both irises are located on same side. All couplings (MS1 6= 0, M1L 6= 0 and

MSL 6= 0) are non-zero for this case.

Fig. 3.7(a) shows singlet response against variations in d, for r = 4 mm. The inset

shows the cross-sectional views of the different portions of singlet structure, for
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Figure 3.7: S21 versus d for the proposed singlet with irises on same side
of FWG center axis for (a) r = 4 mm, (b) r = 7 mm, and (c) r = 10 mm.
Insets of (a), (b) and (c) show the cross-sectional views of input iris, FWG
cavity resonator and output iris for r = 4 mm, 7 mm and 10 mm respectively.
(a = 22.86 mm, b = 10.16 mm, d1 = d2 = d, w1 = w2 = 8 mm, t = 2 mm and

s = 3 mm).
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r = 4 mm along with the location of FWG center axis. TZ below the passband is

realized for d = 1, 2, 3, ...10 mm. For d=11 mm, the two irises are very close to the

FWG center axis, and therefore the resonating mode is not excited. Thus neither

pole nor TZ is realized for d=11 mm.

Similarly, Fig. 3.7(b) and (c) shows the singlet responses for r=7 mm and r=10

mm, respectively. Note that Fig. 3.7 shows the responses for a singlet with

dimensions d1 of input iris and d2 of output iris as equal and thus MS1=M1L, which

is not essentially required by the singlet structure and thus these dimensions can

be set independently to achieve the desired response.

3.2.3 Irises on Opposite Sides of FWG Center Axis

For the case where input and output irises are located on opposite sides of FWG

center axis [see Fig. 3.5(c)], a TZ above the pole can be realized. Note that

the magnetic field lines for the non-resonating (dominant) and the resonant (first

higher order) modes are out of phase at the output of the singlet of Fig. 3.5(c),

hence creating a TZ in the upper stopband. We can adjust the location of TZ by

changing dimension d1 for input and d2 for output irises, as shown in Fig. 3.8.

Here all coupling coefficients namely MS1, MSL and M1L are non-zero because the

feeding TE10 mode of rectangular waveguide can excite both dominant and first

higher order modes of FWG.

Note that Fig. 3.8 shows the singlet for which parameter d1 of input and d2 of

output are set in terms of a new parameter d, as d1 = d and d2 = a− d−w2. The

insets show the cross-sectional views at different locations of the singlet structure.

Fig. 3.8(a) shows the singlet response for r = 4 mm. Here only d = 1 mm and

d = 2 mm are shown, because when d becomes further greater, the irises are no

longer on opposite sides of FWG center axis and will therefore realize TZ below

the passband instead (see Subsection 3.2.2).

Fig. 3.8(b) shows TZs implemented above passband when r = 7 mm. Here d can

become as large as 5 mm. Fig. 3.8(c) represents the responses for r = 10 mm.
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Figure 3.8: S21 versus d for the proposed singlet with irises on opposite sides
of FWG center axis for (a) r = 4 mm, (b) r = 7 mm, and (c) r = 10 mm.
Insets of (a), (b) and (c) show the cross-sectional views of input iris, FWG
cavity resonator and output iris for r = 4 mm, 7 mm and 10 mm respectively.
(a = 22.86 mm, b = 10.16 mm, d1 = d, d2 = a−d−w2, w1 = w2 = 8 mm, t = 2

mm and s = 3 mm).
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This case gives the widest range for variation in dimension d, to realize a TZ at

the required location in the upper stopband. d value close to 7 mm results in the

case of Subsection 3.2.1, thus producing neither a pole nor a TZ.

It is worth mentioning, that for ease of explanation, dimensions d1 of input iris

and d2 of output iris have been expressed in terms of a variable d (d1 = d and

d2 = a−d−w2). However, this constraint is not required by the structure and the

two parameters can be set independently of each other, thus giving more flexibility

in implementation of the desired singlet response.

3.3 Three-Pole/One-TZ Waveguide Filter

Higher order filters can be designed by cascading multiple singlets or by cascading

a combination of singlets and resonators [18, 19, 25]. In this section, a three-pole

filter with one TZ below the passband is designed. The TZ below the passband is

realized by using the singlet with irises on same side of FWG center axis [see Fig.

3.5(b)]. For this filter, the remaining two poles are realized by using FWG cavity

resonators operating in dominant TE101 like mode. Fig. 3.9 shows the routing

and coupling scheme for this three-pole filter. The CM is of the form

M =



0 MS1 0 0 0

MS1 M11 M12 M13 0

0 M12 M22 M23 0

0 M13 M23 M33 M3L

0 0 0 M3L 0


(3.2)

MS1

1 2 3 LS

M12 M23 M3L

M13

Figure 3.9: Routing and coupling scheme for the three-pole/one-TZ waveguide
filter
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Figure 3.10: Coupling matrix (CM), equivalent circuit and HFSS simulation
responses for the three-pole/one-TZ waveguide filter.

Optimization based technique [11] is utilized to synthesize the CM for the required

filter response. Fig. 3.10 shows the CM response. The synthesized CM is given

below in Eq. (3.3).

M =



0 1.0832 0 0 0

1.0832 −0.1426 0.8788 −0.6345 0

0 0.8788 0.6074 0.8788 0

0 −0.6345 0.8788 −0.1426 1.0832

0 0 0 1.0832 0


(3.3)

where computed values of M11, M22 and M33 can be used to determine the reso-

nant frequencies of FWG1, singlet (S2) and FWG3 section, respectively using the

equation below [18, 19].

f ir = 0.5f0

[√
(Mii × FBW )2 + 4−Mii × FBW

]
(3.4)
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Table 3.1: Resonant frequencies computed from the CM representation of the
designed three-pole/one-TZ waveguide filter.

i M ii f ir (GHz)

1 -0.1426 10.2214

2 0.6074 10.1093

3 -0.1426 10.2214

where f0 is the center frequency and FBW is the fractional bandwidth. For this

design f0 = 10.2 GHz and FBW = 0.3/10.2 = 0.0294. The resulting resonant

frequencies are as given in Table 3.1. Note that the positive values of Mii leads

to resonant frequencies smaller than f0 while negative values of Mii results in

resonant frequencies greater than f0.

To design this filter from the CM of Eq. (3.3), an equivalent circuit shown in Fig.

3.11 has been synthesized using a procedure similar to [95]. The equivalent circuit

consists of input and output couplings (KS1 and K3L), singlet (S2) represented

by its CM and folded waveguide sections operating in dominant resonant modes

(FWG1 and FWG3 of lengths `1 and `3, respectively). Basic microwave network

theory [100] has been utilized to represent each block of Fig. 3.11 as an ABCD

matrix. The individual ABCD matrices are then multiplied to obtain the overall

ABCD matrix of the filter.

[ABCDFilter] =
ABCDKS1 ×ABCDFWG1 ×ABCDS2×

ABCDFWG3 ×ABCDK3L

(3.5)

where ABCD matrices for input coupling, output coupling and FWG sections

operating in dominant mode can be given as [3], [100]

ABCDKS1 =

 0 jKS1

j/KS1 0



ABCDK3L =

 0 jK3L

j/K3L 0
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Figure 3.11: Equivalent circuit for the three-pole/one-TZ waveguide filter.

ABCDFWG1 =

 cos(β`1) jsin(β`1)

jsin(β`1) cos(β`1)



ABCDFWG3 =

 cos(β`3) jsin(β`3)

jsin(β`3) cos(β`3)


where β is the propagation constant of the dominant (TE10 like) mode in each

FWG section.

Singlet S-parameters are determined from its CM of Eq. (3.1), using equations

from [11] and using unity fractional bandwidth (FBW = 1). These S-parameters

are converted in to the required ABCD matrix by using the standard conversion

tables [100]. The complete equivalent circuit of Fig. 3.11 is then synthesized

using optimization based method [11, 95]. The required design parameters to be

synthesized are given as the vector below

x =
[
KS1 β0`1 M

(S2)
S1 M

(S2)
SL M

(S2)
11 M

(S2)
1L β0`3 K3L

]
(3.6)

The objective function used is given in Eq. (3.7), where ABCD parameters are

determined for each iteration and each frequency point, using Eq. (3.5) and then

ABCD to S-parameter conversion is carried out to obtain the overall S-parameters

[95].

φ =

n∑
u=1

Wpu |S11 (fpu)|2 +
m∑
v=1

Wzv |S21 (fzv)|2

+
n+1∑
w=1

(
|S11 (fw)| − 10−RL/20

)2 (3.7)
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Table 3.2: Synthesized equivalent circuit parameter values for the designed
three-pole/one-TZ waveguide filter.

Parameter Value

KS1 0.2471

K3L 0.2471

`1 15.57 mm

`3 15.57 mm

M (S2)


0 0.0344 −0.0332

0.0344 0.0180 0.0344

−0.0332 0.0344 0



where fpu and fzv represent the desired poles and TZs frequencies, respectively.

Wpu and Wzv are the weights for poles and TZs, respectively. These weights may

be adjusted to give more importance to some terms in the objective function. For

this filter design, Wpu = 1 and Wzv = 100 have been used. RL indicates the

required passband return loss of the filter. f1 and f2 are the frequency points

defined at the edges of the passband. f3 and f4 are additional frequency points

at which RL has the same value as that at the edge frequency points. n is the

number of poles and m is the number of TZs. For this three-pole filter f1 = 10.05

GHz, f2 = 10.35 GHz, f3 = 10.104 GHz, f4 = 10.254 GHz, n = 3, m = 1 and

RL = 20 dB. The synthesized equivalent circuit parameters are given in Table 3.2.

Fig. 3.10 shows the frequency response for the synthesized equivalent circuit, and

it agrees well with the CM response. Using the synthesized equivalent circuit of

Table 3.2, the physical dimensions of the filter can be obtained. Iris widths of

the input and output irises can be determined from the values of KS1 and K3L,

respectively, using the well known waveguide iris filter design method [9]. The

physical lengths for the two FWG sections (`1 and `3) are already determined

and are given in Table 3.2. To determine the physical dimensions of the singlet

S2 (shown in Fig. 3.1), full wave electromagnetic (EM) simulations are carried

out to achieve a close match of the simulated S-parameter response to that of the

singlet CM. Fig. 3.12 compares the coupling matrix response with the simulation
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Figure 3.12: CM and simulation responses of the singlet S2.

response, which indicates the two responses are almost similar particularly in the

vicinity of the pole and the TZ. The phase response of the simulated singlet is then

matched to that of the singlet CM to determine the locations of the input/output

reference planes for the simulated singlet structure.

The resulting dimensions are then used to create the filter structure in HFSS. Some

optimizations are required in this full wave EM simulator, since the equivalent

circuit model does not account for all the higher-order mode effects. Optimizations

are performed in HFSS and the resulting response is plotted in Fig. 3.10, which

indicates that the HFSS response is in good agreement with the CM and circuit

responses.

Manufacturing of the designed three-pole filter is carried out by CNC milling of

aluminum. The manufactured prototype filter is shown in Fig. 3.13.

A vector network analyzer is used to measure the S-parameter response of the man-

ufactured prototype. The measured results along with HFSS simulation results

are plotted in Fig. 3.14. These results show a good agreement of the measured

S-parameters to the simulated response. Measured in-band return loss is better
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(a)

(b)

Figure 3.13: Manufactured prototype of the three-pole/one-TZ waveguide
filter. (a) Top view with two lids, and (b) bottom view.

than 16.48 dB. Measured half-power bandwidth is 492.2 MHz against the simu-

lated value of 520 MHz. The inset of Fig. 3.14 also shows the close-up view of

the measured in-band insertion loss (IL). At center frequency of 10.2 GHz, the
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Figure 3.14: Measured and HFSS responses of the three-pole/one-TZ waveg-
uide filter.
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Figure 3.15: Measured and simulated group delay responses of the three-
pole/one-TZ waveguide filter.
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Figure 3.16: Routing and coupling scheme for the four-pole/two-TZ waveg-
uide filter.

measured IL is 0.375 dB instead of the simulated value of 0.134 dB. The measured

and simulated in-band group delay responses are compared in Fig. 3.15.

3.4 Four-Pole/Two-TZ Waveguide Filter

A four-pole pseudoelliptic waveguide filter with two TZs, one above and another

below the passband is designed by using two singlets and two half-wave rectangular

waveguide sections. The singlet implementing lower stopband TZ makes use of

irises on same side of FWG center axis [see Fig. 3.5(b)] while the singlet realizing

upper stopband TZ utilizes irises on opposite sides of FWG center axis [see Fig.

3.5(c)].

The routing and coupling scheme for this four-pole filter is shown in Fig. 3.16.

A 6× 6 CM of the form below, can be used to represent this filter response.

M =



0 MS1 MS2 0 0 0

MS1 M11 M12 0 0 0

MS2 M12 M22 M23 M24 0

0 0 M23 M33 M34 0

0 0 M24 M34 M44 M4L

0 0 0 0 M4L 0


(3.8)
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Table 3.3: Resonant frequencies computed from the CM representation of the
designed four-pole/two-TZ waveguide filter.

i M ii f ir (GHz)

1 -0.7159 10.3080

2 0.2461 10.1632

3 0.6086 10.1091

4 -0.0079 10.2012

To synthesize this CM, same methodology as explained in Section 3.3 is utilized.

The resulting CM is shown below as Eq. (3.9).

M =



0 0.9355 0.4262 0 0 0

0.9355 −0.7159 0.7193 0 0 0

0.4262 0.7193 0.2461 0.6090 −0.4372 0

0 0 0.6090 0.6086 0.7746 0

0 0 −0.4372 0.7746 −0.0079 1.0260

0 0 0 0 1.0260 0


(3.9)

where synthesized values of M11, M22, M33 and M44 can be utilized to determine

the resonant frequencies of singlet (S1), waveguide section (WG2), singlet (S3) and

waveguide section (WG4), respectively using Eq. (3.4). The resulting resonant

frequencies are as shown in Table 3.3. It is worth mentioning that the positive

values of Mii result in resonant frequencies smaller than f0 while the negative

values of Mii lead to resonant frequencies larger than f0. For this filter, f0 = 10.2

GHz.

The S-parameter response of the CM of Eq. (3.9) is given in Fig. 3.17. The

equivalent circuit of Fig. 3.18 is utilized to design this filter. The design procedure

is optimization based and is similar to the one explained in Section 3.3. ABCD

matrices are utilized to represent each block of the equivalent circuit. Table 3.4

shows the synthesized parameters for the equivalent circuit of Fig. 3.18.

For each singlet (S1 and S3), the S-parameter response of the CM [see Table 3.4]

is matched to that of the physical structure using HFSS. The comparison of CM
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Figure 3.17: Coupling matrix (CM), equivalent circuit and HFSS simulation
responses for the four-pole/two-TZ waveguide filter.

S1 S3

WG4WG2

IN OUTZ0=1 Z0=1 K4LM(S1) M(S3)

Figure 3.18: Equivalent circuit for the four-pole/two-TZ waveguide filter.

response with full wave simulation response for each singlet is shown in Fig. 3.19.

The simulated response compares well with the CM response for each singlet in

the vicinity of pole and TZ locations. Using the same steps as in Section 3.3,

the resulting dimensions are implemented in HFSS for this four-pole filter. The

simulated S-parameter response is shown in Fig. 3.17, which also compares it with

CM and circuit responses. The simulated response is in good agreement with the

CM and circuit responses particularly in close proximity of the passband and TZs

locations.
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Table 3.4: Synthesized equivalent circuit parameter values for the designed
four-pole/two-TZ waveguide filter.

Parameter Value

`2 19.302 mm

`4 19.179 mm

K4L 0.2851

M (S1)


0 0.1600 0.1193

0.1600 −0.0211 0.0346

0.1193 0.0346 0



M (S3)


0 0.0293 −0.0341

0.0293 0.0178 0.0371

−0.0341 0.0371 0
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Figure 3.19: CM and simulation responses of the two singlets (S1 and S3).

Manufacturing of the filter is carried out using CNC milling and the manufactured

prototype is shown in Fig. 3.20.

The filter’s measured response is shown in Fig. 3.21, which also shows the HFSS

simulated response. The measured S-parameters match well with the simulated
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(a)

(b)

Figure 3.20: Manufactured prototype of the four-pole/two-TZ waveguide fil-
ter. (a) Top view with lids, and (b) bottom view.

results. The measured return loss is better than 19.16 dB in the passband. Toler-

ance analysis is performed in HFSS using a Gaussian distribution with standard

deviation of 10 µm. For each iteration, all physical dimensions of the filter ex-

cept for a and b of the waveguide are randomly varied and the results of 50 such

iterations are shown as gray lines in Fig. 3.21. It is observed that the locations
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Figure 3.21: Measured and HFSS responses of the four-pole/two-TZ waveg-
uide filter.
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Figure 3.22: Measured and simulated group delay responses of the four-
pole/two-TZ waveguide filter.
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of TZs are insensitive to the manufacturing errors while the return loss is slightly

affected by these errors. The worst case passband return loss is 15.68 dB, making

this filter suitable for use with out the need of any tuning mechanism.

The close-up view of the in-band IL is shown in the inset of Fig. 3.21. Mea-

sured IL is 0.319 dB at 10.2 GHz in contrast to the simulated value of 0.156 dB.

From the measured IL, the unloaded quality factor for each singlet is estimated

as QSinglet
u = 1500 and for each waveguide section as QWG

u = 2795. Measured

half-power bandwidth is 360.9 MHz while the simulated value is 369.5 MHz. The

measured and simulated in-band group delay responses are shown in Fig. 3.22.

Table 3.5 compares the proposed structure with other previously reported non-

resonting modes based waveguide pseudoelliptic filters. The proposed filters are

easily manufactured through CNC milling, are less sensitive to manufacturing

errors, do not exceed the cross-sectional area dimensions of the feeding rectangular

waveguides and achieve good unloaded quality factors and insertion loss.

3.5 Chapter Contributions

• A new singlet structure is proposed by applying the concept of non-resonating

modes to folded-waveguide (FWG) cavity resonators.

• An FWG resonator fed by waveguides through irises results in excitation of

both resonating and non-resonating modes in the FWG cavity, thus realizing

both a pole and a TZ.

• The location of the TZ is adjusted by changing the offset of the input/output

irises from the FWG center axis.

• The FWG center axis can also be shifted relative to the feeding rectangular

waveguides, thus resulting in better coupling control.

• Cross-sectional size of the proposed singlet is the same as a standard rect-

angular waveguide.
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Table 3.5: Comparison with previously reported waveguide pseudoelliptic filters based on the concept of non-resonating modes.

Topology Basic
Structure

Resonating
Mode

Non-
resonating
Mode

Number
of Poles

Number
of TZs

Measured
In-band
RL (dB)

Measured
IL at center
frequency
(dB)

Cross-sectional
size relative
to standard
waveguide

Manufacturing
Difficulty/
Tuning Effort

Estimated
Qu from
measured
Results

Singlet
[27, 28, 91]

H-plane enlarged
width rectangular
waveguide cavity

TE201 TE10 3
5

1
3

>13
>16

0.38
N/A

Larger Low N/A

Singlet
[29]

TM mode rectangu-
lar waveguide cavity

TM110 TE10 4 3 >20 0.4 Larger Low N/A

Doublet
[32, 33]

TM dual-mode rect-
angular waveguide
cavity

TM120, TM210 TM11 8 8 >16 0.6 Larger High 4500

Singlet
[18]

Slant and transverse
rectangular ridge

Ridge parallel
plate mode

TE10 5 3 >16 0.35 Same Low N/A

Singlet
[95]

Transverse rectangu-
lar ridge with asym-
metric irises

Ridge
parallel plate
mode

TE10 3
5

1
2

>22
>10.38

0.28
0.862

Same Low 1363a

3680b

Singlet
[35, 36]

Dielectric disks in
propagating rectan-
gular waveguide

TE01δ TE10 3 3 >16.5 N/A Same High 5000

Singlet
and dou-
blet [37]

Dual-post Odd symmetry
mode of a dual-
post resonator

TE10 6 6 >18 0.55 Same Medium 2300

Singlet
This Work

Iris-coupled Folded-
waveguide (FWG)
cavity

TE201 like mode
of FWG

TE10 3
4

1
2

>16.48
>19.16

0.375
0.319

Same Low 1500a

2795b

N/A: Not available, RL: Return Loss, IL: Insertion Loss. aUnloaded quality factor of singlet. bUnloaded quality factor of waveguide section.
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• Two prototype filters using the proposed singlets and waveguide sections

have been designed, manufactured and tested.

• Measurements show good agreement with the simulations.

3.6 Summary

This chapter presented a new class of waveguide pseudoelliptic filters using a

folded-waveguide (FWG) cavity resonator. The FWG cavity was fed by rectangu-

lar waveguides which excite both the dominant TE10 like mode and first higher-

order TE201 mode in the FWG structure. The TE201 like mode was the resonant

mode resulting in a pole while TE10 like mode acting as a non-resonating mode

realized a TZ. The structure therefore behaved as a singlet with flexibility in set-

ting the location of the TZ either in the lower or upper stopband, by adjusting its

physical dimensions. The center axis of the FWG singlet could also be changed by

changing a certain physical dimension (r) of the FWG cavity, thus offering more

flexibility in achieving the required filter response. The proposed FWG structure

achieved a singlet response without the need of any increase in cross-sectional di-

mensions beyond those of a standard waveguide. Two prototype waveguide filters

were designed, simulated, manufactured and tested. The test results indicated a

good consistency with the simulations, thus validating the viability of the proposed

singlet structures and the designed pseudoelliptic filters.



Chapter 4

Filters Using Transverse

Rectangular Ridge Resonators

4.1 Introduction

In this chapter, we propose a new class of singlet capable of realizing pseudoelliptic

inline waveguide filters, using non resonating modes. The singlet is comprised of

a transverse rectangular ridge resonator with asymmetric irises, as shown in Fig.

4.1. The ridge resonator is at fixed location at the center of the waveguide and

is transverse to the waveguide axis. The asymmetric irises can be configured to

achieve a TZ either below (Fig. 4.1a) or above the passband (Fig. 4.1b), without

involving any rotation or offset of the ridge. Since, no rotation of the ridge is in-

volved, this will allow the usage of more efficient electromagnetic (EM) simulation

tools like FEST3D [101], in addition to the more general purpose segmentation

based (finite element or finite difference) EM simulators like HFSS or CST. Since,

the ridge resonator is fixed and centered at the waveguide axis with no offset, thus

no practical machining limitations are encountered. No offset, enables the ease of

machining by having ample space for the milling tool on each side of the ridge.

The dominant mode TE10 of the rectangular waveguide forms the non-resonating

mode enabling the direct source to load coupling, thus creating an alternate path

63
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Figure 4.1: Transverse rectangular ridge resonator with asymmetric irises (a)
on same side (b) on opposite sides.

to realize a TZ. The ridge is excited by higher order modes of the waveguide par-

ticularly TE20 mode (and to a lesser extent by other similar symmetry waveguide

modes like TE40, TE60, etc. ) which are a consequence of the discontinuity cre-

ated by asymmetric irises at the input and output of the singlet. The input/output

couplings to the resonator can be different from each other and are achieved by

dimensioning each asymmetric iris. Input/output coupling to the resonator can be

controlled by dimensioning each asymmetric iris with out any additional elements.

The singlet structures of [18] are capable of producing TZs in the upper or lower

stopbands, using rotation or offset properties of the rectangular ridge resonators.

The slant ridge is used to realize a TZ in the upper stopband. In other words, the

authors of [18] used the rotation angle as the design variable to implement a TZ

at the desired location in the upper stopband. However this slant ridge can not

be analyzed using the more efficient EM simulation tools like FEST3D or mode
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matching methods, and thus requires the general purpose but much slower sim-

ulation tools like HFSS and CST. In contrast, the singlet structures proposed in

this work, make use of ridge that is always centered and transverse with respect

to the waveguide axis and utilize asymmetric irises to realize TZs either above or

below the passband. This enables the proposed structure to be simulated using

FEST3D. Additionally, in [18] offset of transverse ridge from the waveguide center

axis is used to implement a TZ in the lower stopband. Note that this offset range

is limited because of the physical constraints of the waveguide. This limitation

is more pronounced if filter passband is located closer to the lower recommended

frequency range of the standard waveguide. On the other hand, the singlet struc-

tures proposed in this work do not involve any offset of ridge from the waveguide

center axis, thus allowing ample space for machining tools on both sides of the

ridge resonator. Same side irises are then used to excite the fixed centered ridge

to realize the TZ at the desired location in the lower stopband.

4.2 Singlet: Asymmetric Iris Coupled Transverse

Rectangular Ridge Resonator

The ridge can be modeled as a length of parallel plate line open circuited at both

ends [18]. The ridge resonate at the frequency f0, when the length ` is

` =
λ0
2

(4.1)

where λ0 is the free space wavelength at f0.

Being a half-wave length section of an open circuited parallel plate line, the trans-

verse ridge has positive electric field maximum at one end and a negative maximum

at the other end [see Fig. 4.2(a)]. The TE10 mode having a maximum electric field

at the center with diminishing fields at the side walls [see Fig. 4.2(b)], thus can

not excite the resonant mode of the ridge. The symmetry is broken by introduc-

ing asymmetric irises which then excite the higher order modes particularly TE20
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Figure 4.2: Cross-sectional views showing electric field distribution for (a)
fundamental resonant mode of transverse ridge inside a rectangular waveguide
(b) TE10 mode in a rectangular waveguide (c) TE20 mode in a rectangular

waveguide.

1 LS
JS1 J1L

JSL

TE10

ridge

Figure 4.3: Coupling and routing diagram of the proposed transverse rectan-
gular ridge based singlet.

mode [see Fig. 4.2(c)], that has a field configuration aligned to the ridge mode

and thus can excite the ridge resonator.

Thus, in the presence of asymmetric irises, the dominant mode of the rectangular

waveguide forms the source to load coupling (JSL), while the higher order modes
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- + - +

(a) (b) (c)

Figure 4.4: Transverse rectangular ridge resonator with (a) no irises (b) same
side irises (c) opposite side irises. Dotted arrows: source to load coupling (JSL).

Solid arrows: input and output to ridge couplings (JS1, J1L).

like TE20 couples energy to or from the resonator (JS1 or J1L), thus forming a

singlet.

The 3× 3 normalized coupling matrix of the form shown below can be utilized to

represent the response of the proposed ridge resonator structures.

M =


0 JS1 JSL

JS1 B JL1

JSL JL1 0

 (4.2)

The coupling and routing diagram for this singlet structure is as shown in Fig.

4.3.

Different filter responses can be achieved from the proposed singlet structure by

modifying the structure.

4.2.1 Transverse Rectangular Ridge Resonator With No

Irises

Here a rectangular ridge resonator is placed transverse to the waveguide axis [see

Fig. 4.4(a)]. For symmetry reasons explained above this ridge resonator will not
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Figure 4.5: Transverse rectangular ridge resonator with asymmetric irises on
same side. (a) S21 for different values of d, (b) S21 for different values of p, (c)
JS1 versus variations in d and p, and (d) JSL versus variations in d and p.
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be excited by the dominant TE10 mode of the rectangular waveguide and thus

behaves as just a capacitive discontinuity. This case does not create any pole or

any TZ i.e. JS1 = J1L = 0. Source to load coupling is not zero JSL 6= 0, because

of the TE10 mode of the waveguide.

4.2.2 Transverse Rectangular Ridge Resonator With Asym-

metric Irises on Same Side

When asymmetric irises are on the same side [see Fig. 4.4(b)], a TZ below the

passband can be realized. As shown in Fig. 4.5(a), location of the TZ can easily be

varied by varying dimension d of each iris. Some fine adjustment is also achievable

by changing distance p of each iris from the ridge [Fig. 4.5(b)]. In this case all

couplings are non-zero JS1 6= 0, J1L 6= 0 and JSL 6= 0. Fig. 4.5(c) shows source to

resonator coupling versus d and p. Fig. 4.5(d) gives plot of source to load coupling

versus d and p. Note that JS1 is positive and JSL is negative for same side irises.

It is worth mentioning that Fig. 4.5 shows the singlet for which d and p of input

and output irises are equal and thus JS1=J1L, which is not necessarily required by

the structure.

4.2.3 Transverse Rectangular Ridge Resonator With Asym-

metric Irises on Opposite Sides

For asymmetric irises located on opposite sides [see Fig. 4.4(c)], a TZ above the

passband can be realized. Location of the TZ can be changed by varying dimension

d and/or p, as shown in Fig. 4.6(a) and (b). All coupling coefficients namely JS1,

JSL and J1L are non-zero in this case. As shown in Fig. 4.6(c) and (d), both JS1

and JSL are positive thus leading to a TZ above the passband. Note that Fig. 4.6

shows the singlet for which d and p of input and output irises are equal and thus

JS1=J1L, which is not necessarily required by the structure.
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Figure 4.6: Transverse rectangular ridge resonator with asymmetric irises on
opposite sides. (a) S21 for different values of d, (b) S21 for different values of p,
(c) JS1 versus variations in d and p, and (d) JSL versus variations in d and p.
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It is worth mentioning, that for cases discussed in Subsections 4.2.2 and 4.2.3,

dimensions d and p, of each input and output irises can be adjusted independent

of each other. This means JS1 and J1L does not necessarily have to be the same,

leading to more flexibility in realization of desired filter responses.

4.3 Third-Order Pseudoelliptic Filter With One

TZ

A third-order filter with one TZ in the lower stop band is designed. Lower stopband

TZ is realized using the singlet with same side irises [see Fig. 4.4(b)]. The coupling

and routing diagram for this filter is shown in Fig. 4.7. The coupling matrix is of

the form

M =



0 MS1 0 0 0

MS1 M11 M12 M13 0

0 M12 M22 M23 0

0 M13 M23 M33 M3L

0 0 0 M3L 0


(4.3)

The coupling matrix for the required filter response is synthesized using optimiza-

tion based technique [11]. The coupling matrix response is shown in Fig. 4.8. The

synthesized coupling matrix is given below in Eq. (4.4).

M =



0 1.0821 0 0 0

1.0821 −0.0597 1.0041 −0.2663 0

0 1.0041 0.2670 1.0041 0

0 −0.2663 1.0041 −0.0597 1.0821

0 0 0 1.0821 0


(4.4)

To design the filter from this coupling matrix, an equivalent circuit shown in Fig.

4.9 has been synthesized. The equivalent circuit is comprised of input and output

couplings (KS1 and K3L), waveguide sections (WG1 and WG3 of lengths `1 and
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Figure 4.7: Coupling and routing diagram for the third-order filter with one
TZ.

`3 respectively) and singlet (S2). Using the basic microwave network theory [100],

each block of the equivalent circuit can be represented as ABCD matrix. The

resulting ABCD matrix of the complete filter is obtained by multiplying individual

matrices and is given as

ABCD =
ABCDKS1 ×ABCDWG1 ×ABCDS2×

ABCDWG3 ×ABCDK3L

(4.5)

where ABCD matrices for input and output couplings and waveguide sections may

be given as below [3], [100]

ABCDKS1 =

 0 jKS1

j/KS1 0



ABCDK3L =

 0 jK3L

j/K3L 0



ABCDWG1 =

 cos(β`1) jsin(β`1)

jsin(β`1) cos(β`1)



ABCDWG3 =

 cos(β`3) jsin(β`3)

jsin(β`3) cos(β`3)


where β is the phase constant of the TE10 mode in the rectangular waveguide.

The singlet ABCD matrix is obtained from scattering parameters by using stan-

dard conversion tables [100]. Singlet S-parameters can be obtained from its cou-

pling matrix of Eq. (4.2), using equations from [11].
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Figure 4.8: Comparison of coupling matrix, circuit, FEST3D and HFSS re-
sponses for the third-order filter.
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S2

0   JS1  JSL

JS1  B  J1L

JSL  J1L  0

WG1 WG3

Z0=1 Z0=1 K3L

Figure 4.9: Equivalent circuit for third-order filter with one TZ.

To synthesize the equivalent circuit of Fig. 4.9, optimization based methodology

[11] is utilized. The design parameters to be obtained through optimization are

given as the vector below

x =
[
KS1 `1 JS1 JSL B J1L `3 KL3

]
(4.6)

The cost function utilized is given in Eq. (4.7), where the S-parameters for each

iteration and each frequency point are obtained using Eq. (4.5) and converting
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Table 4.1: Synthesized equivalent circuit parameter values for the designed
third-order filter.

K S1 `1 `3 K 3L

0.3142 18.825mm 20.963mm 0.3332

J S1 J SL B J 1L

0.0477 -0.0217 0.0079 0.0503

the ABCD to S-parameters.

φ =

n∑
i=1

wpi |S11 (fpi)|2 +
m∑
j=1

wzj |S21 (fzj)|2

+ (|S11 (f1)| − S11req)
2 + (|S11 (f2)| − S11req)

2

(4.7)

where S11req = 10−RL/20. fpi and fzj are the required poles and TZs frequencies,

respectively. wpi and wzj are the weights for poles and zeros, respectively, which

may be adjusted to give more importance to certain terms in the cost function.

wpi = 1 and wzj = 100 have been used for this third-order filter design. RL is

the required return loss in the passband of the filter. f1 and f2 are the frequency

points at the edges of the passband. m is the number of TZs and n is the number

of poles. For this filter f1 = 10.1 GHz, f2 = 10.4 GHz, RL = 20 dB, n = 3 and

m = 1.

The synthesized equivalent circuit parameters are as shown in Table 4.1. The

frequency response of this synthesized equivalent circuit has been plotted in Fig.

4.8, and it compares well to the coupling matrix response.

Using the synthesized equivalent circuit [see Table 4.1], the physical dimensions

of the filter can be determined. Using KS1 and K3L, iris width of the input and

output irises, respectively, can be determined using the well known inductive iris

based filter design procedure [9]. The physical lengths for the two waveguide

sections are already synthesized and are given in Table 4.1. For the singlet S2,

full wave electromagnetic simulations have been used to match the S-parameter

response of the synthesized singlet coupling matrix, to the actual structure of Fig.

4.4(b). The comparison of circuit response and the simulation response is shown



Pseudoelliptic Filters Using Transverse Rectangular Ridge Resonators 75

8 8.5 9 9.5 10 10.5 11 11.5 12

Frequency (GHz)

-100

-80

-60

-40

-20

0

S
2

1
 (

d
B

)

Circuit

Simulation

Figure 4.10: Comparison of circuit and simulation responses of the singlet S2.

in Fig. 4.10, which shows the two responses are almost similar. The reference

planes at the input and output of the simulated singlet structure are adjusted, to

achieve phase response almost similar to that of the singlet coupling matrix phase

response.

The resulting dimensions are then utilized to draw the structures in FEST3D and

HFSS. Some optimizations are essential in these 3D electromagnetic simulation

tools, since the circuit model does not cater for all the higher-order mode effects.

Optimizations are first carried out in FEST3D and then finalized in HFSS. The

resulting responses are shown in Fig. 4.8, which indicate that FEST3D and HFSS

responses are a good match to the coupling matrix and circuit responses.

The designed third-order filter is manufactured using CNC milling of aluminum

blocks. Photograph of manufactured prototype is shown in Fig. 4.11.

The measurements are carried out on a vector network analyzer. The measured

results along with simulated response are shown in Fig. 4.12. These results indi-

cate a good agreement of the measured S-parameters to the simulated response.

Detailed view of the passband insertion loss is shown in the inset of Fig. 4.12,
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Figure 4.11: Manufactured prototype of the third-order filter.
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Figure 4.12: Comparison of measured and HFSS responses of the third-order
filter.
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Figure 4.13: Comparison of measured and FEST3D broadband responses of
the third-order filter.

which indicates the measured insertion loss of 0.28 dB at center frequency of 10.25

GHz, instead of the simulated value of 0.1 dB. Measured 3dB bandwidth is 483.8

MHz in contrast to the simulated bandwidth of 489 MHz.

Fig. 4.13 shows the comparison of measured and simulated spurious responses. It

can be seen that the upper stopband extends up till 14.65 GHz while no spurious

response is observed in the lower stopband.

4.4 Fifth-Order Pseudoelliptic Filter With Two

TZs

A fifth-order pseudoelliptic filter with two TZs above the passband is designed by

using two singlets and three half-wave waveguide sections. The singlets utilized

make use of opposite side irises as shown in Fig. 4.4(c). The coupling and routing

diagram for this filter is shown in Fig. 4.14.
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Figure 4.14: Coupling and routing diagram for the fifth-order filter with two
TZs.

The filter can be represented by a 7× 7 coupling matrix of the form shown below

M =



0 MS1 0 0 0 0 0

MS1 M11 M12 M13 0 0 0

0 M12 M22 M23 0 0 0

0 M13 M23 M33 M34 M35 0

0 0 0 M34 M44 M45 0

0 0 0 M35 M45 M55 M5L

0 0 0 0 0 M5L 0


(4.8)

This coupling matrix is synthesized using the same method as explained in Section

4.3, and is given below as Eq. (4.9).

M =



0 1.0135 0 0 0 0 0

1.0135 0.0325 0.8606 0.0938 0 0 0

0 0.8606 −0.0947 0.6307 0 0 0

0 0.0938 0.6307 0.0867 0.5937 0.2690 0

0 0 0 0.5937 −0.3495 0.8228 0

0 0 0 0.2690 0.8228 0.0325 1.0135

0 0 0 0 0 1.0135 0


(4.9)

The frequency response of the coupling matrix of Eq. (4.9) is shown in Fig.

4.15. To design this filter, the equivalent circuit of Fig. 4.16 is utilized. The

design procedure make use of optimization based strategy and is similar to the
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Figure 4.15: Comparison of coupling matrix, circuit, FEST3D and HFSS
responses for the fifth-order filter.
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Figure 4.16: Equivalent circuit for the fifth-order filter with two TZs.

one described in Section 4.3. Each block of the equivalent circuit is represented

by its ABCD matrix. The synthesized parameters of the equivalent circuit of Fig.

4.16 are shown in Table 4.2.

For each singlet S2 and S4, the frequency response of the circuit [see Table 4.2] is

matched using HFSS. The S-parameter response comparison between circuit and

full wave simulation for each singlet is shown in Fig. 4.17. The simulated response

match the circuit response for each singlet reasonably well.

Using the same procedure as in Section 4.3, the resulting dimensions are realized
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Table 4.2: Synthesized equivalent circuit parameter values for the designed
fifth-order filter.

K S1 `1 `3 `5 K 5L

0.2931 18.901mm 19.068mm 20.875mm 0.3093

S2 J S1 J SL B J 1L

0.0409 0.0073 -0.0028 0.0302

S4 J S1 J SL B J 1L

0.0284 0.0220 -0.0103 0.0411
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Figure 4.17: Comparison of circuit and simulation responses of the singlets.

in FEST3D and HFSS for the fifth-order filter. The results of simulations are

shown in Fig. 4.15, which shows good consistency with the coupling matrix and

circuit responses. The filter is manufactured and is shown in Fig. 4.18.

The measured results for this fifth-order waveguide filter are shown in Fig. 4.19,

which also compares the measured S-parameter response with HFSS simulated re-

sponse. The measured S21 match well with the simulated response. The measured

S11 response indicate that the return loss is deteriorated partially in the passband

which is attributed to machining tolerances.



Pseudoelliptic Filters Using Transverse Rectangular Ridge Resonators 81

Figure 4.18: Manufactured prototype of the fifth-order filter.
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Figure 4.19: Comparison of measured and HFSS responses of the fifth-order
filter.

To understand the cause for this deterioration in return loss, tolerance analysis

is carried out using FEST3D. For each iteration, random error with a Gaussian

distribution is added to all filter dimensions, except for the dimensions a and b

of the rectangular waveguide. In FEST3D, 50 iterations are performed with the

standard deviation of 12.5 µm. The results are shown in Fig. 4.20. It is observed



Pseudoelliptic Filters Using Transverse Rectangular Ridge Resonators 82

8 8.5 9 9.5 10 10.5 11 11.5 12

Frequency (GHz)

-140

-120

-100

-80

-60

-40

-20

0

S
 P

ar
am

et
er

s 
(d

B
)

Designed

Random Error

S21

S11

Figure 4.20: Tolerance analysis of the fifth-order filter.
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Figure 4.21: Comparison of measured and FEST3D broadband responses of
the fifth-order filter.

that the return loss is more sensitive to manufacturing errors while the locations

of TZs are less influenced by these errors.
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The inset of Fig. 4.19 shows the close-up view of the in-band insertion loss.

Measured insertion loss is 0.475 dB at 10.175 GHz, instead of the simulated value

of 0.24 dB. Measured insertion loss is 0.862 dB at center frequency of 10.25 GHz,

instead of the simulated value of 0.25 dB. The increase in insertion loss at center

frequency is because of the deteriorated return loss at this frequency, which can be

estimated using the S parameters unitary condition for a lossless network [100] that

implies |S11|2+ |S21|2 = 1. Thus the measured dissipation loss at 10.25 GHz is 0.45

dB. Using this measured dissipation loss, unloaded quality factor of a waveguide

section is estimated as QWG
u = 3680 and that of a ridge resonator as Qridge

u = 1363.

Measured 3dB bandwidth is 343.4 MHz in contrast to the simulated bandwidth of

353.3 MHz.

The comparison of measured and simulated spurious responses is shown in Fig.

4.21, which indicates that the upper stopband extends up till 14.6 GHz while no

spurious response is observed in the lower stopband.

4.5 Chapter Contributions

• A new class of waveguide filters based on asymmetric iris coupled transverse

rectangular ridge resonators is proposed.

• The basic singlet consists of a rectangular ridge that is always centered and

transverse to the waveguide center axis.

• A TZ either above or below the pole can be produced without requiring any

rotation or offset of the ridge.

• No rotation allows quicker analysis and design of the resulting filters by

allowing the use of more efficient tools like mode matching technique and

FEST3D.

• Ridge is always located at the center axis of the rectangular waveguide mak-

ing the structure easy to machine.

• A third-order and a fifth-order filter have been designed and manufactured.
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• Measurements indicate a good consistency with simulated data.

4.6 Summary

A new singlet structure for the realization of waveguide pseudoelliptic filters, using

asymmetric iris coupled transverse rectangular ridge resonators was proposed in

this chapter. This singlet made use of dominant TE10 mode of the rectangular

waveguide as non-resonating mode to create a source-to-load bypass coupling and

thus realizing a TZ either above or below the passpand, while the asymmetric irises

coupled energy to the ridge resonator by means of higher order waveguide modes

to realize a pole. The ridge was fixed at the center of the waveguide and was always

tranverse to the waveguide axis, thus making the structure easier to design and

manufacture. By properly locating the asymmetric irises relative to each other,

a TZ either below or above the pole could be produced without involving any

rotation of the ridge, thus allowing the use of more efficient EM analysis tools like

FEST3D, in addition to the more general purpose segmentation based tools like

HFSS and CST. This allowed quicker design of filters based on the proposed singlet

structures. The ridge was always centered and thus enabled enough space for

machining tools around the structure, resulting in ease of manufacturing through

CNC milling process. Two prototype waveguide filters, one with three poles and

one TZ and another with five poles and two TZs were designed, manufactured and

measured. Measurements were in good agreement with simulations thus validating

the practicability of the proposed singlet structure for the realization of waveguide

pseudoelliptic filters.



Chapter 5

Filters Using U-shaped Ridge

Resonators

5.1 Introduction

In this chapter, we propose a new singlet structure to realize pseudoelliptic inline

waveguide filters that does not require any increase in the cross-sectional area rela-

tive to the feeding rectangular waveguides. The singlet is comprised of a U-shaped

ridge located inside a rectangular waveguide, as shown in Fig. 5.1. When the U-

shaped ridge is centered in the waveguide and has equal length arms, neither a pole

nor a TZ is created. However, offsetting the U-shaped ridge from the center of the

waveguide results in a TZ in the lower stopband. A centered U-shaped ridge with

different length arms, realizes a TZ in the upper stopband. These asymmetries

resulting from either offset from waveguide center axis or different length arms

make it possible to excite the U-shaped ridge resonator and also at the same time

TE10 mode of the rectangular waveguide acting as a non-resonating mode creates

a bypass coupling between the source and the load, thus implementing a singlet

structure. Two such singlets along with two half-wavelength rectangular waveg-

uide sections are utilized to design a fourth-order filter with two TZs. This filter

85
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Figure 5.1: Structure of the proposed U-shaped ridge based singlet. (a) 3D
view, (b) top view, and (c) side view.

is manufactured and tested. The results are consistent with simulations thus jus-

tifying the suitability of the proposed singlet structure for the design of waveguide

pseudoelliptic filters.

The advantage of the proposed U-shaped ridge is that it is compact particularly in

direction a of the waveguide (i.e. dimension `2 is significantly smaller than dimen-

sion a, as shown in Fig. 5.1) and thus allows significant space around the U-shaped

ridge and therefore offset property can be easily applied on a U-shaped ridge. The

offset property can also be utilized with rectangular ridge as demonstrated in [18],

but the limited space around the rectangular ridge, may present a constraint in re-

alization of the desired singlet response. Additionally U-shaped ridge offers larger

source-to-resonator coupling than that achieved by rectangular ridge resonators of

[18, 95], thus making U-shaped ridge based singlets appropriate as first and last
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(a) (b)

a a

Figure 5.2: Top views showing electric field distribution for (a) transverse
rectangular ridge inside a rectangular waveguide [18] with an offset of 1 mm from
waveguide center axis, and (b) proposed U-shaped ridge inside a rectangular

waveguide with an offset of 1 mm from the waveguide center axis.

filter elements. The limited coupling can be mitigated in the filters of [18] by using

ridge taps. However, U-shaped ridge based singlets do not require these additional

ridge taps because of the higher source-to-resonator coupling achievable in these

singlets.

5.2 Singlet: U-shaped Ridge

The field distribution of a rectangular ridge placed inside a rectangular waveguide

can be approximated by that of a parallel plate line open circuited at each end

[18, 95], as shown in Fig. 5.2(a). The proposed U-shaped ridge based singlet is

obtained by re-forming a rectangular ridge into the shape of the letter ‘U’ and

then placing the resulting U-shaped structure inside a rectangular waveguide, as

shown in Fig. 5.1. The field distribution still stays almost the same, even after

folding the rectangular ridge at multiple locations to form a U-shaped ridge (see

Fig. 5.2), provided the width, w of the ridge is kept significantly smaller than

its overall length. Thus U-shaped ridge can still be modeled as a half-wavelength

parallel plate line that is open-circuited at each end.

When the U-shaped ridge resonator is symmetrically placed at the center of the

rectangular waveguide and has equal length arms, the even symmetry dominant

(TE10) mode of the waveguide is incapable of exciting the odd symmetry dominant
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Figure 5.3: Coupling/routing scheme and coupling matrix for the proposed
U-shaped ridge based singlet.
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Figure 5.4: U-shaped ridge resonator. (a) Centered with same length arms,
(b) offset with same length arms, and (c) centered with different length arms.
Solid arrows indicate input/output to U-shaped ridge couplings (JS1,J1L). Dot-

ted arrows denote source-to-load bypass coupling (JSL).

mode (parallel plate mode [95] of a half-wavelength transmission line) of the U-

shaped ridge resonator. As a consequence, neither pole nor TZ is created. The

pole-TZ pair can be produced by breaking the symmetry, by either introducing

offset of U-shaped ridge from the center axis of the waveguide or by having different

lengths of the U-shaped ridge arms.

Thus after the asymmetries are introduced, the dominant mode of the feeding

waveguide not only excites the U-shaped ridge resonator but also creates a bypass

coupling between source and load, thus realizing a singlet characteristic.

The coupling/routing scheme along with the normalized coupling matrix repre-

sentation [18] for the proposed U-shaped ridge singlet are given in Fig. 5.3.
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Different filtering characteristics are achievable from the proposed U-shaped ridge

structure, as demonstrated in the following Subsections.

5.2.1 Centered U-shaped Ridge With Same Length Arms

In this case, a U-shaped ridge resonator having equal length arms, is centered

at the waveguide axis, as shown in Fig. 5.4(a). Because of the symmetry of

this U-shaped ridge resonator, it cannot be excited by the dominant TE10 (even

symmetry) mode of the waveguide and thus produces neither a pole nor a TZ. For

this case JS1 = J1L = 0. Source-to-load coupling however is non-zero (JSL 6= 0),

since the TE10 mode of the waveguide does create a bypass coupling between

source and load.

5.2.2 Offset U-shaped Ridge With Same Length Arms

When a U-shaped ridge with equal length arms is moved away from the rectangular

waveguide’s center axis, as shown in Fig. 5.4(b), a TZ below the pole is produced.

The location of the TZ can easily be changed by adjusting the offset of the U-

shaped ridge from the waveguide’s center axis, as shown in Fig. 5.5(a). This offset

can be adjusted by varying the dimension d [see Fig. 5.1]. Here all couplings are

non-zero (JS1 6= 0, J1L 6= 0 and JSL 6= 0). Fig. 5.5(b) shows plots of source-

to-resonator coupling (JS1), source-to-load coupling (JSL) and resonator-to-load

coupling (J1L) versus the parameter d. Note that both JS1 and J1L are positive

while JSL is negative for the offset U-shaped ridge with same length arms, thus

creating a TZ in the lower stopband.

5.2.3 Centered U-shaped Ridge With Different Length Arms

For the centered U-shaped ridge of Fig. 5.4(c), a TZ above the pole can be

implemented by having different length arms. Location of TZ can be adjusted

by changing dimension `1, as shown in Fig. 5.6(a). All coupling coefficients are
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Figure 5.5: Offset U-shaped ridge resonator with same length arms. (a) S21
for different values of d. (b) JS1, JSL and J1L versus variations in d. (WR-90
waveguide, `1 = 5.45 mm, `2 = 8.5 mm, `3 = 5.45 mm, w = 2.5 mm and h = 2

mm).
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Figure 5.6: Centered U-shaped ridge resonator with different length arms.
(a) S21 for different values of `1. (b) JS1, JSL and J1L versus variations in `1.
(WR-90 waveguide, d = 7.18 mm, `2 = 8.5 mm, `ridge = `1 + `2 + `3 = 19 mm,

`3 = `ridge − `2 − `1, w = 2.5 mm and h = 2 mm).
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Figure 5.7: Structure of the proposed U-shaped ridge based singlet with input
and output irises. (a) Top view, and (b) side view.

non-zero for this case (JS1 6= 0, JSL 6= 0 and J1L 6= 0). As shown in Fig. 5.6(b),

JS1, J1L and JSL are all positive thus resulting in a TZ above the passband.

5.2.4 Offset U-shaped Ridge With Different Length Arms

In this case, both asymmetries namely the offset of U-shaped ridge from the waveg-

uide center axis and having different lengths of U-shaped ridge arms, are applied

simultaneously. This results in more flexibility in realization of the required fil-

tering response. Further coupling control is achievable by introducing inductive

irises at the input and output of this singlet structure, as shown in Fig. 5.7.

5.3 Fourth-Order Prototype Filter

A fourth-order filter with two TZs, one in the lower stop band and another in

the upper stopband is designed. The filter is comprised of two U-shaped ridge

based singlets and two half-wavelength rectangular waveguide sections. The cou-

pling/routing scheme for the designed filter is given in Fig. 5.8. The coupling

matrix representation is given in Eq. (5.1).
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Figure 5.8: Coupling/routing scheme for the fourth-order filter.

M =



0 MS1 MS2 0 0 0

MS1 M11 M12 0 0 0

MS2 M12 M22 M23 M24 0

0 0 M23 M33 M34 0

0 0 M24 M34 M44 M4L

0 0 0 0 M4L 0


(5.1)

For the required filtering response, the coupling matrix synthesis is carried out by

using an optimization based method [11]. The resulting coupling matrix is shown

below in Eq. (5.2). The coupling matrix response is plotted in Fig. 5.9.

M=

M =



0 0.8324 −0.5952 0 0 0

0.8324 0.9316 0.5405 0 0 0

−0.5952 0.5405 −0.3333 0.6807 0.3085 0

0 0 0.6807 −0.4597 0.8317 0

0 0 0.3085 0.8317 −0.0078 1.0233

0 0 0 0 1.0233 0


(5.2)

The filter design is carried out using a procedure similar to the one explained in

[22, 95]. The design procedure starts with the synthesis of an equivalent circuit

of the form shown in Fig. 5.10. The equivalent circuit is comprised of multiple

blocks including U-shaped ridge based singlets (S1 and S3), waveguide sections
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(WG2 and WG4 of lengths `2 and `4, respectively) and an output coupling (K4L).

Each of these blocks is represented as an ABCD matrix [9]. The overall ABCD

matrix of the fourth-order filter can then be expressed in terms of the individual

ABCD matrices, as shown below.

ABCD =
ABCDS1 ×ABCDWG2 ×ABCDS3×

ABCDWG4 ×ABCDK4L

(5.3)

where ABCD matrices for the two waveguide sections and the output coupling can

be given as below [9, 22]

ABCDWGi =

 cos(β`i) jsin(β`i)

jsin(β`i) cos(β`i)



ABCDK4L =

 0 jK4L

j/K4L 0


where i = 2, 4 and β represents the phase constant of the TE10 (dominant) mode

in the waveguide sections.

For each singlet, the S-parameters are obtained from its coupling matrix of Fig.

5.3 by using the methodology from [11]. The resulting singlet S-parameters are

then converted into ABCD parameters by utilizing the standard conversion tables

[9].

To synthesize the equivalent circuit of Fig. 5.10, an optimization based strategy

[11, 22, 95] is used. The design parameters to be synthesized through optimization

can be given as the vector shown below

x =
[J

(S1)
S1 J

(S1)
SL B(S1) J

(S1)
1L `2 J

(S3)
S1 J

(S3)
SL

B(S3) J
(S3)
1L `4 K4L]

(5.4)

The objective function utilized is the same as [22]. The resulting synthesized

equivalent circuit parameters are given in Table 5.1. The S-parameter response of
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Figure 5.9: Coupling matrix, equivalent circuit and simulation responses for
the fourth-order filter.

S1 S3

WG4WG2

IN OUTZ0=1 Z0=1 K4L

0  JS1 JSL

JS1 B J1L

JSL J1L 0

0  JS1 JSL

JS1 B J1L

JSL J1L 0

Figure 5.10: Equivalent circuit for the fourth-order filter.

Table 5.1: Synthesized equivalent circuit parameters for the fourth-order filter.

J
(S1)
S1 J

(S1)
SL B (S1) J

(S1)
1L `2 `4

0.1423 -0.1646 0.0271 0.0260 19.0282mm 19.1808mm

J
(S3)
S1 J

(S3)
SL B (S3) J

(S3)
1L K 4L

0.0325 0.0240 -0.0135 0.0398 0.2850

the synthesized equivalent circuit is shown in Fig. 5.9, and it is a good match to

the coupling matrix response.
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Figure 5.11: Coupling matrix and simulation (HFSS) responses for the sin-
glets.

Using Table 5.1, the physical dimensions of the fourth-order filter are obtained.

Using K4L, iris width of the output iris is calculated using the standard waveguide

iris filter design procedure [9, 105]. For each singlet (S1 and S3), the physical

dimensions of the singlet shown in Fig. 5.1 (or Fig. 5.7), are synthesized by

carrying out full wave electromagnetic (EM) simulations in HFSS and by matching

the resulting S-parameter amplitude response to that of the synthesized singlet

coupling matrix (of the form shown in Fig. 5.3 and values given in Table 5.1).

For singlet S3, additional coupling control is achieved by having input and output

irises with the singlet structure of Fig. 5.1, as explained in Subsection 5.2.4. For

each singlet, the comparison of singlet coupling matrix response and the HFSS

simulated response is given in Fig. 5.11, which shows the two responses match

closely in the vicinity of TZ and pole locations. Adjustment of input and output

reference planes is then carried for each singlet structure of Fig. 5.1 (or Fig. 5.7),

by matching the simulated phase response to the phase response of the synthesized

singlet coupling matrix.

The resulting dimensions are then used to draw the complete filter structure in
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Figure 5.12: Manufactured prototype of the fourth-order filter.

HFSS. Some optimizations have to be carried out in HFSS, as the equivalent circuit

model does not account for all the higher order mode effects. After optimizations

are carried out in HFSS, the simulated response is shown in Fig. 5.9. It can be

seen from the Fig. 5.9, that the HFSS response is a good match to the coupling

matrix and circuit responses, particularly in close proximity of TZs and poles.

The designed fourth-order filter is manufactured using CNC milling of aluminum.

Photograph of the manufactured prototype is shown in Fig. 5.12.

S-parameters of the manufactured prototype filter are measured using a network

analyzer. The measured response along with the simulated results are shown in

Fig. 5.13. These results show a good agreement of the measured S-parameter

response to the simulated response.

The measured passband return loss is better than 18.21 dB. The measured 3dB

bandwidth is 348.5 MHz while the simulated value is 360 MHz. A zoomed-in view

of insertion loss is given in the inset of Fig. 5.13. The measured insertion loss at

10.2 GHz is 0.382 dB against the simulated value of 0.198 dB.

Table 5.2 presents a comparison of the proposed structure with other pseudoelliptic

waveguide filters, available in literature. The proposed singlet results in filters
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Figure 5.13: Measured and simulation responses of the fourth-order prototype
filter.

that are easier to manufacture through milling, achieve good IL (and RL) and are

realized without the need of increase in the cross-sectional area with respect to a

standard waveguide. In contrast to [22], the proposed structure leads to smaller

length filters. Additionally, the proposed filter only requires one interface (one lid)

during manufacturing, instead of two required by the filters based on [22]. These

advantages are achieved at the expanse of slightly higher IL (lower Qu) than [22].

5.4 Chapter Contributions

• A new singlet structure using non-resonating modes with U-shaped ridge

resonators is presented.

• A U-shaped ridge resonator is located inside a rectangular waveguide and

can be used to realize both a pole and a TZ by either changing its offset

from the waveguide axis or by having different length arms.
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Table 5.2: Comparison with other pseudoelliptic waveguide filters that fit into the standard waveguide cross-sectional area.

Topology Basic
Structure

Resonating
Mode

NRM No.
of
Poles

No.
of
TZs

Measured
In-band
RL
(dB)

Measured
IL at f 0

(dB)

f 0

(GHz)
Manufacturing
/Tuning
Effort

Filter
Lengtha

(mm)

Estimated
Qu

Singlet
[36]

Dielectric disk
in waveguide

TE01δ TE10 3 3 >16.5 N/A 5.7 High N/A 5000

Singlet/
doublet
[37]

Dual-post Odd symme-
try mode

TE10 6 6 >18 0.55 9.0 Medium 71 2300

Singlet
[22]

Iris-coupled
Folded-
waveguide
cavity

TE201 like
mode

TE10 4 2 >19.16 0.319 10.2 Low 82.52 1500b

Singlet
[18]

Slant and trans-
verse rectangu-
lar ridge

Ridge
parallel plate
mode

TE10 5 3 >16 0.35 10.25 Low 65 N/A

Singlet
[95]

Asymmetric
iris coupled
transverse ridge

Ridge
parallel plate
mode

TE10 3
5

1
2

>22
>10.38

0.28
0.862

10.25 Low 48.27
77.28

1363b

Singlet
This
Work

U-shaped ridge Ridge
parallel plate
mode

TE10 4 2 >18.2 0.382 10.2 Low 60.85 1152b

N/A: Not available, NRM: Nonresonating Mode, TZs: Transmission Zeros, RL: Return Loss, IL: Insertion Loss, f0: Center Frequency.

Qu: Unloaded quality factor estimated from measured results. aWithout the input/output waveguide sections. bSinglet Qu.
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• The feeding waveguide can excite both non-resonating and resonating modes,

thus realizing a singlet structure.

• When the U-shaped ridge is located at an offset from the waveguide center

axis a TZ below the pole is realized.

• For a U-shaped ridge having different length arms, a TZ above the pole can

be implemented.

• A fourth-order filter is designed and tested. Measurements show good agree-

ment with the simulations.

5.5 Summary

This chapter presented a new singlet structure based on a U-shaped ridge res-

onator, capable of realizing both a pole and a TZ, thus making it suitable for the

implementation of inline pseudoelliptic waveguide filters. The basic structure was

comprised of a U-shaped ridge placed inside a rectangular waveguide. When the

ridge was located at an offset from the waveguide center axis, the result was a

singlet with a TZ realized below the pole. While a centered U-shaped ridge with

different length arms, implemented a TZ above the pole. The two properties could

be realized simultaneously to have more flexibility in achieving the desired filter-

ing response. The proposed U-shaped ridge allowed a wide range of offsets from

the waveguide’s center axis and was easy to machine using standard CNC milling

machining. The structure offered higher source-to-resonator couplings, thus did

not require any additional ridge taps, making the structure easier to design. A

fourth-order filter with two TZs was designed by using two U-shaped ridge sin-

glets. The filter was manufactured and its measured results compared well with

the simulations, thus demonstrating the viability of the proposed U-shaped ridge

structures for the implementation of waveguide pseudoelliptic filters.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In the first part of this research, a new class of inline waveguide pseudoelliptic

filters, using a novel singlet structure based on folded-waveguide (FWG) cavity

resonator has been presented. The FWG is fed by rectangular waveguides using

irises that excite both resonant and non-resonating modes. The dimensions and

locations of the irises are adjusted to achieve the required location of TZs. Proper

placement of input and output irises relative to each other and relative to the FWG

center axis, leads to implementation of TZs either below or above the passband.

Additionally, it is demonstrated that FWG center axis could also be adjusted thus

providing more flexibility in realizing the required singlet response. The proposed

singlet structure does not require any increase in the cross-sectional size relative

to the standard rectangular waveguide. The proposed singlet structures have been

used to design a three-pole filter with one TZ below the passband and a four-pole

filter with two TZs, one below and other above the passband. Manufacturing

tolerance analysis of the four-pole filter indicates that the filter performance is

not very sensitive to manufacturing errors, with worst-case return loss of 15.68 dB

and TZs locations almost the same as their designed locations. The two prototype

filters are manufactured using CNC milling process and characterized by a vector

101
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network analyzer. The measurements show a good consistency with the simulated

data, thus verifying the practicality of the proposed singlet structure and the

resulting filters. The pseudoelliptic waveguide filters designed using FWG based

singlets are easy to machine, less sensitive to manufacturing tolerances thus do not

require post manufacturing tuning, achieve good quality factor and insertion loss

and do not require an increase in the cross-sectional area compared to a standard

waveguide.

In the second part of the research, a new singlet structure for the implementa-

tion of waveguide pseudoelliptic filters, using asymmetric iris coupled transverse

rectangular ridge resonator has been proposed. This singlet makes use of a rect-

angular ridge that is fixed at center of the waveguide and is always transverse

to the waveguide axis, thus making the structure easier to design and manufac-

ture. The ridge is excited by asymmetric irises, whose dimensions are adjusted to

achieve the required location of TZs. It has been shown that by proper placement

of asymmetric irises relative to each other, a TZ either below or above the pass-

band can be realized without involving any rotation of the ridge, thus enabling

quicker design of the resulting filters by allowing the use of more efficient analysis

tools like FEST3D, in addition to the more general purpose methods like HFSS.

A centered ridge enables the ease of manufacturing through machining. The pro-

posed structure makes use of rectangular waveguide’s dominant TE10 mode as a

non-resonating mode to create an alternate energy path from source to load, thus

realizing a TZ, while the asymmetric irises excite the ridge resonator, enabling

the overall structure to act as a singlet capable of producing both a pole and

a TZ. The proposed singlets along with half-wave waveguide sections have been

used to design and manufacture a third-order waveguide filter with one TZ in the

lower stopband and a fifth-order waveguide filter with two TZs in the upper stop-

band. These filters are manufactured by CNC milling of aluminum blocks and are

characterized. The measured results are compared to simulated responses, which

validated the proposed singlet structure and the design methodology. The waveg-

uide filters designed using rectangular ridge based singlets are easy to design and

manufacture, require minimal or no post-tuning effort and result in inline waveg-
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uide filters requiring no increase in cross-sectional area beyond that of the feeding

waveguides.

In the third part of this research, a new singlet structure based on a U-shaped

ridge resonator, suitable for realization of inline waveguide pseudoelliptic filters is

presented. The singlet is composed of a U-shaped ridge that can be placed inside

a rectangular waveguide at an offset from the waveguide center axis and/or its

two arms’ lengths can be made different from one another. The resulting asymme-

tries enable the dominant mode of the feeding rectangular waveguide to not only

excite the U-shaped ridge resonator but also create an alternate bypass coupling

path, resulting in the realization of both a pole and a TZ. By adjusting different

dimensions of the proposed singlet a TZ either above or below the pole can be cre-

ated. The proposed singlet allows ample space around the structure, making the

singlet easy to machine and gives flexibility in achieving wide range of offset from

the waveguide center axis. The structure can achieve higher source to resonator

couplings without the need of additional ridge taps, in contrast to the rectangular

ridge based singlets. A fourth-order filter with two TZs is designed by using two

U-shaped ridge singlets. The filter is manufactured and the results are in good

agreement with the simulated response, thus demonstrating the feasibility of the

proposed U-shaped ridge singlets for the realization of pseudoelliptic waveguide fil-

ters. The U-shaped ridge based filters can achieve pseudoelliptic response without

requiring any increase in cross-sectional dimensions beyond those of a standard

waveguide, are easier to machine and provide flexibility in realization of TZs at

required locations either above or below the passband.

This research presents multiple new classes of inline pseudoelliptic waveguide fil-

ters, based on singlets comprising of FWG and ridge resonators, using the concept

of non-resonating modes. The resulting filters do not require any increase in cross-

sectional area relative to the feeding waveguides, making them particularly suitable

for “retrofit” [24] applications, where all-pole filters of a pre-existing microwave

system need to be upgraded by better performance (pseudoelliptic) but similar

size filters. Additionally, these filters are easy to manufacture, require little or no

post-manufacturing tuning and offer flexibility in realization of TZs at the required
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locations in the upper or lower stopband.

6.2 Future Work

Tunability: Tunable filters can provide significant mass and weight reduction

by replacing the conventional filter banks in a microwave communication systems.

High Q tunable filters can offer adjustable center frequency and/or bandwidth, and

thus can find applications in reconfigurable satellite systems as well as terrestrial

radio links. The waveguide filters designed based on the proposed singlet structures

offer good quality factor, and thus tunability of these proposed singlets may be

explored in future work.

Multiband: Dual-band and multi-passband filters can have more than one pass-

bands and thus are attractive for microwave communication systems requiring

multiple passbands. Instead of using several bandpass filters, the use of multiband

filter can offer significant reduction in size and weight of such microwave systems.

The proposed singlet structures offer flexibility in setting the locations of TZs, and

thus as an extension the same concept may be extended for the implementation

of multiband filters, by designing filters with in-band TZs.

Doublets: This work presents multiple new singlet structures, which make use

of non-resonating modes to bypass a resonant mode and hence realize a pole and

a TZ. An extension would be to consider new doublet structures where non-

resonating modes can bypass two resonant modes to realize two poles and two

TZs. Currently the doublets that exist in literature have cross-sectional areas sig-

nificantly larger than those of feeding waveguides (See Chapter 2). New doublets

with cross-sectional areas similar to those of feeding waveguides would provide an

elegant solution for realizing compact pseudoelliptic waveguide filters.
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line microwave filters with N+1 transmission zeros generated by frequency-

variant couplings: Coupling-matrix-based synthesis and design,” IEEE

Transactions on Circuits and Systems II: Express Briefs, vol. 69, no. 3,

pp. 824–828, 2022.

[103] A. I. Abunjaileh and I. C. Hunter, “Direct synthesis of parallel-connected

symmetrical two-port filters,” IEEE Transactions on Circuits and Systems

II: Express Briefs, vol. 57, no. 12, pp. 971–974, 2010.



Bibliography 117

[104] Y. Feng, S. Fang, S. Jia, and Z. Xu, “Tri-layered stacked substrate in-

tegrated waveguide bandpass filter using non-resonant nodes excitation,”

IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 69, no. 3,

pp. 1004–1008, 2022.

[105] M. Salek, X. Shang, R. C. Roberts, M. J. Lancaster, F. Boettcher, D. Weber,

and T. Starke, “W-band waveguide bandpass filters fabricated by micro laser

sintering,” IEEE Transactions on Circuits and Systems II: Express Briefs,

vol. 66, no. 1, pp. 61–65, 2019.


	Author's Declaration
	Plagiarism Undertaking
	List of Publications
	Acknowledgement
	Abstract
	List of Figures
	List of Tables
	Abbreviations
	Symbols
	1 Introduction
	1.1 Microwave Filters
	1.1.1 Pseudoelliptic Response

	1.2 Coupling Matrix Representation for Microwave Filters
	1.2.1 Synthesis of Coupling Matrix Using Optimization

	1.3 Pseudoelliptic Waveguide Filters Using Non-Resonating Modes
	1.4 Thesis Contributions
	1.5 Thesis Organization

	2 Literature Review
	2.1 Microwave Filters
	2.2 Pseudoelliptic Waveguide Filters
	2.2.1 Using Conventional Techniques
	2.2.2 Using Non-Resonating Modes

	2.3 Research Objectives

	3 Filters Using Non-Resonating Modes With Folded-Waveguide Resonators
	3.1 Introduction
	3.2 Singlet Based on a Folded-waveguide (FWG) Resonator
	3.2.1 Irises Centered at the Center Axis of FWG
	3.2.2 Irises on Same Side of FWG Center Axis
	3.2.3 Irises on Opposite Sides of FWG Center Axis

	3.3 Three-Pole/One-TZ Waveguide Filter
	3.4 Four-Pole/Two-TZ Waveguide Filter
	3.5 Chapter Contributions
	3.6 Summary

	4 Filters Using Transverse Rectangular Ridge Resonators
	4.1 Introduction
	4.2 Singlet: Asymmetric Iris Coupled Transverse Rectangular Ridge Resonator
	4.2.1 Transverse Rectangular Ridge Resonator With No Irises
	4.2.2 Transverse Rectangular Ridge Resonator With Asymmetric Irises on Same Side
	4.2.3 Transverse Rectangular Ridge Resonator With Asymmetric Irises on Opposite Sides

	4.3 Third-Order Pseudoelliptic Filter With One TZ 
	4.4 Fifth-Order Pseudoelliptic Filter With Two TZs
	4.5 Chapter Contributions
	4.6 Summary

	5 Filters Using U-shaped Ridge Resonators
	5.1 Introduction
	5.2 Singlet: U-shaped Ridge
	5.2.1 Centered U-shaped Ridge With Same Length Arms
	5.2.2 Offset U-shaped Ridge With Same Length Arms
	5.2.3 Centered U-shaped Ridge With Different Length Arms
	5.2.4 Offset U-shaped Ridge With Different Length Arms

	5.3 Fourth-Order Prototype Filter
	5.4 Chapter Contributions
	5.5 Summary

	6 Conclusion and Future Work
	6.1 Conclusion
	6.2 Future Work

	Bibliography

