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Abstract

Keywords – Absorptive Filter, Waffle-Iron Filter, Transversal Broadwall Waveguide Slots,

Harmonic Pad

This dissertation presents a synthesis method for broadband high-power absorptive mi-

crowave filters by cascading a wide stop-band waffle-iron filter with an absorptive harmonic

pad.

The classical image impedance synthesis methods for waffle-iron filters are updated to

allow for non-uniform boss patterns, which enable control over both the stop-band at-

tenuation and pass-band reflection of the filter. By optimising an accurate circuit model

equivalent, computationally intensive numerical EM optimisation are avoided. The non-

uniform waffle-iron filter achieves the same electrical specification as similar filters in

literature, but in a smaller form factor. The prototype presented displays less than -21

dB in-band reflection over 8.5 - 10.5 GHz, with stop-band attenuation in excess of 50 dB

over the harmonic bands 17 - 31.5 GHz and 30 dB over the 34 - 42 GHz. The prototype is

designed to handling 4 kW peak power incident in the transmitted band, and is 130 mm in

length. Minimal full-wave tuning is required post-synthesis, and good agreement is found

between synthesised and measured responses. Additionally, a completely novel oblique

waffle-iron boss pattern is proposed.

For the absorptive harmonic pad, transversal broadwall slots in rectangular waveguide,

coupling to an absorptive auxiliary guide, are investigated in the presence of standing

wave surface current distributions. An accurate circuit model description of the cascaded

structure is developed, and optimised to provide a required level of input match in the

presence of an arbitrary reflective filter. Using numerical port parameter data of the waffle-

iron filter, a harmonic pad is developed that provides -12.5 dB input reflection match

across the band 17 - 21 GHz with up to 1 kW peak incident power handling capability,

yet is only 33 mm in length. Again, good agreement is found between synthesised and

measured responses of the cascaded structure.
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Opsomming

Sleutelwoorde – Absorberende Filter, Wafelyster filter, Transversale Breëwand Golfleier-

gleuwe, Harmoniekdemper

Hierdie proefskrif stel ’n sintesetegniek voor vir wyeband, hoëdrywing absorberende mikro-

golffilters deur ’n kaskade kombinasie van ’n verlieslose wafelysterfilter met ’n wye stop-

band, en ’n absorberende harmoniekdemper.

Die klassieke sintesemetodes vir wafelyster filters word aangepas om nie-uniforme tandpa-

trone toe te laat, wat beheer oor beide die filter se stopband attenuasie en deurlaatband

weerkaatsing moontlik maak. Deur die optimering van ’n akkurate stroombaanmodel

van die filter kan berekeningsintensiewe numeriese EM optimering vermy word. Die nie-

uniforme wafelysterfilter behaal dieselfde spesifikasies as soortgelyke gepubliseerde filters,

maar is meer kompak. Die vervaardigingsprototipe handhaaf minder as -21 dB intree-

weerkaatsing oor die deurlaatband van 8.5 - 10.5 GHz, asook attenuasie van meer as 50

dB oor die stopband 17 - 31.5 GHz en 30 dB oor 34 - 42 GHz. Die prototipe is on-

twerp om 4 kW intree kruindrywing te hanteer in die deurlaatband, en is 130 mm lank.

Die metode vereis minimale verstellings tydens volgolf simulasie, en die meetresultate

stem goed ooreen met die gesintetiseerde gedrag. ’n Nuwe skuinstandpatroon word ook

voorgestel vir wafelyster filters.

Vir die harmoniekdemper word transversale breëwandgleuwe in reghoekige golfleier wat

koppel na ’n absorberende newegolfleier ondersoek in die teenwoordigheid van staande-

golfpatrone in oppervlakstroom. ’n Akkurate stroombaanmodel van ’n gleufkaskade word

ontwikkel, en geoptimeer om ’n vereiste intreeweerkaatsing te bewerkstellig in samewerk-

ing met ’n arbitrêre weerkaatsende filter. Deur gebruik te maak van poortparameterdata

van die wafelysterfilter word ’n 33 mm lange hamoniekdemper ontwikkel wat ’n maksi-

mum intreeweerkaatsing van -12.5 dB oor die band 17 - 21 GHz handhaaf vir kruindry-

wingsvlakke van tot 1 kW. Goeie ooreenstemming tussen gesintetiseerde en gemete resul-

tate word weereens waargeneem vir die volledige saamgestelde struktuur.
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Chapter 1

Introduction

Microwave filters are an integral part of any microwave system, whether in radar, satellite

communications or any number of other applications. Generally, filtering is achieved

by passive near-lossless filters, which maintain band selectivity by reflecting out-of-band

energy from the input port back to the source device or network. These filters feature

close to 0 dB reflection across all frequencies except the transmission band, as shown

in Fig. 1.1 as S11A, with a negligible proportion of untransmitted energy absorbed by

dissipation.

An absorptive filter, in contrast, attenuates out-of-band energy by absorbing it inside

the filter, rather than reflecting it back to the source. The device effects near-lossless

transmission with out-of-band reflection far below 0 dB, as shown in Fig. 1.1 as S11B.

The reduction in reflection may be across all frequencies, or isolated to specific required

absorption bands, as shown in Fig. 1.1 as S11C.

f0 f1

S21
S11A
S11B
S11C

Figure 1.1:
Example transmission and reflection responses of lossless and absorptive
band-pass filters.

Absorptive filters are used when reflected out-of-band can have significant adverse effects

1
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on the source device or network.

f0

f2

f0 S11 @ f0 ≈ 0
S2(f2)1(f0) > 0
S22 @ f2 ≈ 1

f0

(a) General application.

f0: P1 + A dB

Reflection
f2: P1 + A dB – B dBc

f0: P1

(b) Application with amplifiers.

LO: f0

IF: f1 RF: f1 + f0

Reflection
Leak: f0

(c) Application with mixers.

Figure 1.2:
Common applications of absorptive filters.

Consider, for instance, the cascade of a filter and an arbitrary network or device in

Fig. 1.2(a). The device is matched for an incident signal at f0, performing some function

on it before re-transmitting it to the rest of the network. If the device creates a spurious

signal at f2, it has to be isolated from the rest of the subsequent network by a cascaded

filter. The filter rejects the incident f2 by reflecting it back to the source device.

If, additionally, the device features a poor output reflection match at f2, the spurious

signal is reflected, again, back to the filter, where it is again rejected and reflected to the

source. Eventually, a resonance at f2 is formed on the line connecting the device and

the spurious rejection filter. Depending on power levels and the nature of the device,

this could either inhibit the proper operation of the device, or in extreme cases, lead to

component damage.

If the magnitude of the reflection at the filter (for f2) is reduced to below 0 dB, the

reflected signal is effectively attenuated, and the magnitude of the standing wave pattern

at f2 is reduced to levels that do not inhibit the operation of the device.

A typical example of such an arrangement is shown in Fig. 1.2(b). When RF amplifiers

are driven into saturation, as usually is the case with power amplifiers in pulsed and CW

radar transmitters, they generate harmonic products at integer multiples of the transmit
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signal frequency. These harmonics may not be radiated by the antenna. If the harmonic

components are suppressed with reflective filters, they are reflected back to the amplifier

where they can affect the voltage and current waveforms. This can lead to reduced output

power or a ripple in the frequency response of the transmitter. A high-power broadband

absorptive filter is clearly preferred for this application.

Another application, with lower power handling requirements, is the cascade of a mixer

and a filter in Fig. 1.2(c). The filter is placed to prevent the leaked LO signal from the

mixer to propagate to the rest of the system. However, the magnitude of the reflected

leakage signal may, for some applications, be sufficient to severely degrade the mixer’s

performance. The conventional approach would be to place an attenuator between the

mixer and the filter. This would attenuate the reflected leakage incident at the mixer’s

output, but would also attenuate the signal. If the reflective filter is replaced by an

absorptive filter, the magnitude of this reflection can be reduced to an acceptable level.

1.1 State of the art

Numerous examples of absorptive filters, or other structures with some absorptive filtering

properties, exist in literature. For high-power broadband applications, the most common

solution is the leaky wall filter. These filters attenuate an incident travelling wave in

waveguide by coupling energy to an exterior structure through a series of appropriate

apertures, usually narrow slots [1]. The exterior structure may either be longitudinal

auxiliary waveguides placed in parallel to the main guide [2, 3] or individual waveguides

for each aperture [1, 4, 5, 6]. In both cases, the transmission band cut-off is determined by

the cut-off frequency of the auxiliary waveguides, above which the energy is coupled to the

auxiliary guides and dissipated inside the guides’ absorptive loads. Typical commercial

X-band filters achieve -40 dB S21 and -7.5 dB S11 over a stop-band that covers three

harmonics [7]. Moreover, they can operate at 500 W CW and 5 kW peak, but are bulky

devices of around 300 mm in length. Additionally, very little control over the shape of the

transmission band reflection response is possible. A more complete discussion of leaky

wall filters is presented in §2.4.

Another common approach to absorptive filtering is cascading a high-power non-reciprocal

or four-port device with a reflective filtering structure, such as circulators [8] or -3 dB /

90◦ quadrature hybrids in both planar [9, 10] and waveguide implementations [11, 12].

The incident signal is coupled, through the device, to a network that features an input

reflection match at some frequencies, but full reflection at others. At reflection frequencies,
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the reflected signal is directed to a third port as the filter’s output, whereas at matched

frequencies, the network absorbs an incident signal, and no energy is reflected to the

output port. In all cases, the input and output ports remain isolated, and an input

reflection match is achieved across all frequencies. These solutions are limited by the

power handling capabilities and bandwidths of the coupling devices, as discussed in §2.6.

Absorptive filtering can also be achieved by dual phase path cancellation [13, 14, 15],

with one path being a low-Q notch filter, and the other a lossy band-pass filter. At most

frequencies, the low-Q notch filter allows for lossless transmission, and the lossy band-

pass filter does not affect the signal’s propagation. However, at a chosen frequency, the

signal attenuated by the notch filter is recombined out-of-phase with a signal of equal

magnitude transmitted (with significant dissipative attenuation) by the band-pass filter.

This cancellation results in a high-Q notch, matched at all frequencies. Though inherently

simple, the solution only provides absorptive filtering over very narrow bandwidths, as

discussed in §2.5.

Some digital spectrum shaping filters [16, 17, 18] and gain slope equalisers [19] have also

been demonstrated to exhibit absorptive filtering properties. Though synthesisable solu-

tions, they generally feature transmission responses unfavourable from a strictly harmonic

rejection perspective (slow roll-off, pass-band rounding), and have only been implemented

for low-power planar applications with lumped-element dissipative components. They are

discussed further in §2.10 and §2.12.

A number of other structures with frequency selective absorption properties have been

proposed, but not developed into synthesised absorptive filters. Lossy dielectric resonators

in waveguide [20, 21] (§2.7), planar etched rings with lumped element resistors placed in

waveguide [22, 23] (§2.8) and quarter-wavelength chokes in stainless steel circular wave-

guide [24] (§2.9) all exhibit resonance absorption: the absorption of the energy incident on

the structure at its resonant frequency (by dielectric heating, dissipation in surface mount

resistors, or dissipation by the finite conductivity of the waveguide material, respectively),

whilst not affecting transmission at other frequencies. Due to the limited power handling

capability of the surface mount resistors used in etched rings, they are unsuitable for

high-power applications. The lossy dielectric resonators require exact synthesis of mate-

rial properties (tan δ and εr), and the stainless steel chokes (though capable of operation

at very high power levels) require wide-band transitions from circular waveguide to rect-

angular waveguide.

Additionally, no general cascaded insertion loss synthesis theory exists by which to syn-

thesise filters based on these components, even though all three can be represented by
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simple lossy resonator circuit models. The theories available for lossless [25, 26, 27] and

predistorted [28] filters are not applicable to absorptive filter synthesis, as shown in §2.2.

The best attempts at finding such a theory are discussed in §2.3, and rely on even-odd

reflection synthesis of symmetrical absorptive networks [29, 30], Baum cycles [31, 32] or

non-series-parallel realisations [33, 34].

If absorption is restricted to specific bands, as illustrated by S11C in Fig. 1.1, a particular

solution is of interest. A harmonic pad, as discussed in §2.11 [35, 36, 37, 38, 39], is

effectively any device that features frequency selective absorption in a specific band and

lossless transmission elsewhere. If such a device is cascaded with a broadband reflective

filter, signals in the transmission band of the reflective filter are passed with very little

attenuation, while signals in the stop-band are redirected and absorbed by the harmonic

pad. In this way, the input match of a specific harmonic band may be improved without

affecting the transmitted band. This solution has been proposed [1, 35, 39], but no

implementations have been published.

Implementations of harmonic pads using 0 dB couplers over the signal bandwidth have

been published [37, 36], but these limit the filter transmission bandwidth to that achievable

by the coupler. The use of leaky wall filters as harmonic pads is suggested [35, 37], but

has not been developed in literature to date.

For a reflective filter in such an application, a very wide stop-band is required. Coupled

resonator waveguide filters are high-power devices suitable to be used as reflective filters in

conjunction with a harmonic pad, but their stop-band capabilities are limited by spurious

transmission spikes at multiples of the centre frequency [26]. Corrugated waveguide filters

[26, 40] and waffle-iron filters [41, 42, 43] (discussed in Chapter 3) have spurious-free

stop-bands over multiple harmonics, but waffle-iron filters have the added advantage of

maintaining identical stop-band responses for all incident waveguide modes, which make

these filters the recommended [38] choice for such an application. However, the classical

synthesis theories for waffle-iron filters [25, 44] are fairly limited, and rely on uniform boss

dimensions and spacing which does not allow direct control over the in-band reflection

response. Recent publications [45, 46, 47] have synthesised waffle-iron filters with non-

uniform boss patterns, but rely on computationally intensive mode matching (MM) or

finite element method (FEM) optimisation of the filter dimensions.
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1.2 Proposed solution outline

This dissertation develops a high-power broadband absorptive filter by cascading a har-

monic pad and a lossless filter with a wide reflective stop-band in WR-90 waveguide. A

compact slotted waveguide structure is used as a harmonic pad, designed to efficiently ab-

sorb the standing wave created by a specific reflective filter at its stop-band frequencies,

without affecting the in-band transmission or reflection response of the filter. A non-

uniform waffle-iron filter is implemented as reflective filter, with the synthesis method

improved to allow for greater control over the transmission band reflection response with-

out the need for full-wave optimisation.

To guide the design process, the specifications as set out in Table 1.1 will serve as devel-

opment goals. Additionally, the design is required to operate at 8 kW peak and 500 W

average power levels over the transmission band at an altitude of 3000 m, with -15 dBc

power handling capability required for the second filter harmonic.

Table 1.1:
Target specifications for absorptive filter development.

S11 [dB] S21 [dB]
8.5 - 10.5 GHz < −25 > −1

17 - 21 GHz < −15 < −65
25.5 - 31.5 GHz < −10 < −60

34 - 42 GHz – < −55
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1.3 Original contributions

This dissertation will demonstrate the following original contributions:

• An accurate circuit model based synthesis method for non-uniform waffle-iron filters

is presented, allowing control over both the filter’s stop-band attenuation and in-

band reflection response. This method relies on optimisation of a circuit model,

instead of the computationally intensive full-wave optimisation.

• A general design algorithm for developing a compact harmonic pad designed for

a specific reflective filter, is developed. This method, which also relies on compu-

tationally inexpensive circuit model optimisation, is used in conjunction with an

accurate simplified circuit model representation of transversal broadwall waveguide

slots to develop an harmonic pad capable of high-power broadband absorption.

• A cascaded combination of a harmonic pad and a waffle-iron filter to form an absorp-

tive filter with excellent stop-band attenuation and absorption, is presented. This

structure is significantly more compact than the commercially available absorptive

filters.

• In addition to the contributions mentioned previously, the dissertation also proposes

a completely new class of ultra-compact waffle-iron filters with oblique boss patterns.

Methods to increase the spurious-free operating bandwidth of transversal broadwall

slots are also demonstrated.

1.4 Dissertation layout

Chapter 2 provides an extensive review of the published literature on absorptive filtering

solutions, highlighting the need for a novel approach. Chapter 3 presents the circuit model

based synthesis algorithm for non-uniform and oblique waffle-iron filters, as well as mea-

sured results of a manufactured prototype. Chapter 4 investigates the use of transversal

broadwall slots and auxiliary absorptive waveguides to synthesise harmonic pads, and also

presents a manufactured prototype. Finally, Chapter 5 concludes the dissertation with

an evaluation of both synthesis methods, and recommendations for future development.



Chapter 2

Literature review

2.1 Introduction

This chapter examines the state of the art of absorptive filtering, reviewing different ap-

proaches and evaluating each approach’s ability to address the problem stated in the

previous chapter. A quick review of classical lossless microwave filter theory is also in-

cluded, to state clearly its applicability to the stated problem. The chapter concludes

with a general summary of the shortcomings of current solutions, and highlights the need

for a novel approach.

2.2 Synthesis of lossless and dissipative filters

The general synthesis of lossless microwave filters by insertion loss methods is the subject

of an extensive body of literature [25, 26, 27]. The classical synthesis of two-port networks

by insertion loss methods was first proposed by Sydney Darlington [33], and has since re-

placed image impedance synthesis [25] as the mainstay of filter synthesis techniques. In

short, Darlington proved that any positive real function can be synthesised as an input

impedance function (known as a Foster reactance function [48]) of a lossless passive re-

ciprocal two-port network, terminated in a load resistor. This lossless network may be

decomposed into sections of first- or second-order sections, each of which produce a single

transmission zero at infinity or zero frequency (“A” and “B”-sections), a finite real fre-

quency zero (“C”-sections) or complex transmission zeros (“D”-sections). These sections

are comprised of linear reactive components: inductors, capacitors and transformers.

A key step in the insertion loss synthesis approach is the calculation of an input impedance

8
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(a)
Ideal lossless synthesised filter (–), and
response with lossy components (– –).

(b)
Predistorted lossless synthesised filter (–),
and response with lossy components (– –).

Figure 2.1:
Transmission response of filters with lossy components, with and without
predistorted synthesis.

function from a synthesised transmission approximation function. In lossless synthesis,

this is done by using the Feldtkeller equation

|S11|2 + |S21|2 = 1 (2.1)

to establish a unique relationship between the transmission and reflection response of

a lossless network. If, however, energy is to be dissipated (neither transmitted, nor re-

flected), the previous identity is invalidated. This means that the synthesis of a prescribed

input impedance no longer guarantees a specified transmission response.

In addition to this effect on the synthesis approach, finite dissipation has important prac-

tical implications as well. Not only does it increase the in-band insertion loss, but it

also makes the transmission response over the band uneven by increasing the roll-off at

the band edges, creating “round” transmission shoulders, as shown in Fig. 2.1(a). From

a synthesis perspective, this corresponds to a shift of transfer poles toward −σ on the

complex plane.

An approach frequently taken in this case is to design a filter to have a prescribed level

of in-band transmission loss (effected by the finite dissipation of the filter components),

but with a flat transmission band. This technique is called predistortion [26, 28] and

involves synthesising a lossless filter with its transfer poles shifted a distance +σp on the

complex plane, a value determined by the uniform finite Q of the resonators or reactive

components used. This has the effect of creating a lossless transmission response with

transmission peaks (0 dB) at the band edges (shown in Fig. 2.1(b)) which, in the presence

of finite dissipation, creates a flat transmission band.

Though synthesised finite dissipation is an eventual effect of predistortion, the synthesis
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itself remains that of a lossless network. Even if lossy theoretical resonators were to be

considered, the bulk of the dissipation still occurs in-band (rather than out-of-band, as

is required of an absorptive filter). An independent synthesis of absorption response, as

required with an absorptive filter, is still not possible.

2.3 General synthesis theory of absorptive filters

A variation of the predistortion technique involves synthesis of filters with non-uniform

resonator Q, where the loss is distributed throughout the network [28, 29]. By making

the distribution of loss through the network the function of a synthesis process (unlike

predistortion, where all resonators are assumed to have equal Q) the synthesis of filters

with frequency selective absorption becomes possible.

The unique relationship between transmission and reflection in a lossless filter, which is

ordinarily lost in the presence of dissipation, can be regained if the filter is constrained

to be symmetric. In this case, even and odd mode admittances Ye and Yo can be defined,

where Ye is the input admittance at either port for even excitation, and Yo that for odd

excitation of the two ports. These are related to the network’s transmission and reflection

parameters by

S21 =
Ye − Y0

(1 + Ye) (1 + Yo)

S11 =
1− YeY0

(1 + Ye) (1 + Yo)

(2.2)

Even and odd reflection coefficients can now be defined as

S11 + S21 =
(1 + Yo) (1− Ye)
(1 + Ye) (1 + Yo)

=
1− Ye
1 + Ye

= Se

(2.3)

S11 − S21 =
(1 + Ye) (1− Yo)
(1 + Ye) (1 + Yo)

=
1− Yo
1 + Yo

= Se

(2.4)

where Se is the even mode reflection coefficient, and So the odd mode reflection coefficient.

Note that the definition of Se requires the cancellation of an (1 + Yo) factor, and that of So

requires the cancellation of (1 + Ye). This is only possible if all system poles are assigned
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either to Se or to So. It is because of these constraints of symmetrical networks that a

unique relationship between S11 and S21 is established, even in the presence of dissipation.

The method has, as yet, only been implemented to synthesise input reflection functions

with 0 dB reflection at infinite frequencies ([29, 49, 30, 50, 51, 52], among others). There

is, however, no inherent restriction in the method that requires this choice. In principle,

it could be adapted to synthesise an absorptive filter with infinite frequency reflection less

than 0 dB, or even filters with less out-of-band reflection than in-band insertion loss (if

some in-band dissipation is permitted).

Unfortunately, though the method produces an positive real input impedance, the required

component extractions tend to be either non-real or negative values, or require asymmetric

pole placements, ruling out the use standard Darlington sections. The use of Baum cycles

[31, 32] or Bott-Duffin [33] and other non-series-parallel realisations [34] have proven more

effective than simple cascade synthesis, but significant efforts have, as yet, not produced

an implementable circuit model for an absorptive filter using this method. A single,

general theory of absorptive filtering remains elusive.

2.4 Leaky wall filters

Leaky wall filters are one of the oldest known solutions for achieving attenuation by

absorption, rather than reflection. A large and well-established body of literature exists

on the solution type. In its simplest form, a leaky wall filter comprises simply of a cascade

of slots in rectangular [2] or coaxial [3] waveguide, which couple to a single auxiliary

waveguide with absorptive end-loads, as shown in Fig. 2.2(a). These apertures, though

having a minimal effect at transmission frequencies, “leak” a travelling wave into the

auxiliary guiding structure at frequencies above the auxiliary guide cut-off. Since this

auxiliary structure contains some absorptive material, the signal is not transmitted at

the auxiliary guide ports, but dissipated in the guide. The filter’s level of attenuation

and reflection is determined by the number and spacing of the coupling apertures, whilst

the filter’s transmission band edge is determined solely by the cut-off frequency of the

auxiliary guide fc. Greater control may be achieved by sectioning the auxiliary guide into

distinct absorptive resonating cavities, allowing each aperture to terminate into its own

auxiliary waveguide cavity at the expense of decreasing the absorptive bandwidth of each

slot [1]. Performance may be enhanced further by bending the leaky wall main guide into

a spiral [38], though this increases the manufacturing complexity.
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(a) Single auxiliary guide. (b) Multiple auxiliary guides.

Figure 2.2:
Leaky wall filter configurations for two slots.

A more advanced design is achieved by allowing each aperture to couple into its own

auxiliary waveguide, terminated by an absorptive load, as shown in Fig. 2.2(b). Since

these waveguides are much longer than the previously noted sectioned cavities in leaky

wall filters, they support a coupled waveguide travelling wave mode, and not a single cavity

resonance mode. These waveguides may be rectangular [4, 1], elliptic [5] or round [6], and

the coupling is determined by the size and shape of the aperture. The transmission band

edge of the filter is determined by the cut-off frequency fc of the auxiliary waveguides,

which is above the highest required transmission frequency. These filters are inherently

low-pass, with the lower operating frequency determined by the cut-off wavelength of the

main guide.

With the notable exception of the study in [4] (where an approximate uniform structure is

analysed to determine the attenuation constant), there is no published synthesis procedure

for leaky wall filters that involves more than choosing auxiliary waveguides with a suitable

fc and selecting the minimum number of sections to achieve the required attenuation.

The single auxiliary guide structures described in [2, 1, 53] typically achieve better than 0.3

dB insertion loss and an input reflection coefficient of below -20 dB across the transmission

band, with around 30 dB insertion loss and less than -14 dB reflection at moderately high

frequencies. The performance may be enhanced by lengthening the filter and adding more

cascaded apertures.

Far superior performance is achieved with individual auxiliary guided structures [5, 6],

with in-band transmission loss of less than 0.1 dB and input reflection of below -25 dB

across the transmission band, whilst absorbing second, third and fourth harmonics with

more than 30 dB insertion loss and around -15 dB input reflection.

Current commercial filters [7] include filters that achieve -20 dB input reflection and 0.5



Chapter 2 – Literature review 13

dB insertion loss across the X-band band, maintaining -40 dB S21 and -7.5 dB S11 over

the 16.4 - 37.2 GHz stop-band. This specific filter can operate at 500 W CW and 5 kW

peak, and is 300 mm in length.

Leaky wall filters are inherent low-pass, high-power filters, but allow for very little in-

sertion loss control over the transmission band. Since an average coupling value for a

transversal slot is only -10 dB [3], typical examples require 50 - 200 coupling apertures

to achieve 40 dB insertion loss, and the more advanced designs require an individually

machined auxiliary waveguide for each aperture. Though the reward for the complex man-

ufacturing is very broad-band absorption, a simpler solution might provide the required

absorption of specific harmonic bands.

2.5 Dual phase path cancellation

Dual phase path cancellation, though an intuitively simple arrangement, has received

little interest before the advent of the 21th century, where it has been fueled by interest in

compact, frequency-agile filter solutions. Two independent bodies of literature exist on

dual phase path cancellers. The first, an example of which can be found in [13], considers

two parallel network blocks, as shown in Fig. 2.3(a). If total resonance absorption at a

single frequency is assumed, a unique definition of T2 exists for any given T1. If T1 is now

assumed to be a lossy transmission line of length λ/4, it is found that T2 takes the form of

a cascade of lossy resonators, as shown in Fig. 2.3(b). By combining the two, T2 acts as a

phase inverter, recombining the signals out-of-phase. This creates a transmission null by

absorbing the energy in the lossy structures, thus keeping the input reflection coefficient

low. In this case, two coupled resonators (in the T2 path) are required to absorb a single

frequency.

A second approach is proposed in [14], where the model is presented as the out-of-phase

combination of a low-Q notch filter, and a band-pass filter with high insertion loss, as

shown in Fig. 2.3(c). The resulting response is a high-Q notch matched at all frequencies.

This theory is later adapted for frequency-agile cascaded [15] and biquad [54] resonators,

as well as a single dual-mode [10] resonator. Here, the required absorption is achieved

by the losses associated with the substrate the filter is etched on, without the need for

explicitly including absorptive material in the filter.

The current implementations of this technique are all on planar media around S and C

band (1 - 2 and 2 - 4 GHz) and display input reflection coefficients at all frequencies of
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(a)
Osipenkov’s two arbitrary
network blocks.

i o121 2

(b) The resulting Osipenkov synthesis.

0

0

(c) Jachowski’s approach.

Figure 2.3:
Dual phase-path cancellation approaches.

-10 dB or better, with most (like [15] and later work) featuring -20 dB or better input

reflection at resonance. The magnitude of the insertion loss of the transmission nulls vary

from 35 dB in [10] to an impressive 120 dB in [13].

The only attempt at wider bandwidths is made in [54], where the concept is demonstrated

for a fourth-order network with 0.5% bandwidth.

This class of solution is features an exact analytical synthesis method and maintains

adequate input match over all frequencies. It is, however, inherently restricted to notch

and narrow-band implementations.

2.6 Directional reflection mode filters

The first examples of directional reflection mode filters precede even leaky wall filters, but

recent interest into this topology has been driven by research into frequency-agile appli-

cations in planar media. Two distinct solution types may be categorised as directional

reflection mode filters. The first [8] uses a circulator as non-reciprocal device, as shown
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in Fig. 2.4(a). The filter’s input is connected to port 1, some lossy network connected to

2, and the output to 3. Incoming signals at transmission frequencies are reflected off the

network at 2 and directed to 3, whilst out-of-band signals are absorbed by the network

at 2. The reflection response of the network at 2 is then, effectively, the transmission

response of the filter, whilst port 1 is matched at all frequencies (provided that port 3

is terminated in a matched load). This approach is limited by the bandwidth and finite

isolation of practical circulators.

K
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f 1

K
2, 

Q
2, 

f 2

K
3, 

Q
3, 

f 3

(a) Using a circulator.

o

0

0

(b) Using a -3 dB / 90◦ hybrid coupler.

Figure 2.4:
Reflection mode filter topologies.

Another approach involves replacing the circulator with a -3 dB / 90◦ hybrid coupler, as

shown in Fig. 2.4(b). Ports 1 and 4 are, respectively, the input and output of the filter,

whilst 2 and 3 are connected to two lossy resonators with identical coupling K, quality

factor Q and centre frequency f0. At f 6= f0, ports 2 and 3 are effective open circuits,

and a signal incident from 1 experiences full reflection at both ports. These reflected

signals then recombine in-phase at port 4, but 180◦ out-of-phase at port 1, allowing for

transmission. At f0, the resonators act like matched loads, and no signal is reflected back

to either port 1 or port 4. In both cases, port 4 remains isolated from port 1, and the

filter remains matched at all frequencies.

Early implementations used high-power waveguide quadrature hybrids with high cut-off

waveguides and resistive end-loads [12] or lossy dielectric resonating cavities [11] acting

as loads, whilst later publications use lumped element [9, 10] and Schottky diode [51]

resonators as loads. Again, the bandwidth of the 90◦ hybrid becomes the determining

factor in this class of filters.

The earliest waveguide implementations [12] achieved 500 MHz bandwidth at 9.3 GHz,

with -19 dB in-band and -14 dB out-of-band reflection coefficient. The earliest planar

implementations [9] were matched notch filters, with more than 30 dB insertion loss at

1.5 GHz whilst maintaining better than -15 dB match from DC to 3 GHz. Variable ab-
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sorption from -2 to -30 dB has also been demonstrated in [51]. Reflection mode filters

could potentially operate as absorptive filters in high-power environments, but the band-

width will always be limited by the bandwidth of the directional structure (circulator or

quadrature hybrid).

2.7 Cascaded lossy dielectric resonators

Figure 2.5:
Lossy dielectric resonator stub.

Another approach to absorptive filtering is resonance absorption, achieved by cascading

lossy dielectric resonators along rectangular waveguide. These may be placed in the main

guide [20] or partially fill waveguide sidewall stubs [21], as shown in Fig. 2.5. By numerical

optimisation of both the dimensions and electrical properties (relative permittivity εr and

loss tangent tan δ) of these resonators, notch or band-stop filters may be synthesised that

are matched at all frequencies.

Absorption of up to 50% per resonator has been documented, with a cascade of two

resonators achieving up to -35 dB harmonic suppression. Another interesting application

is alternate cascading of dielectrically loaded and empty cavities, which causes dissimilar

input reflection coefficients at the two ports. At the resonant frequency of the two cavities,

one port may exhibit full reflection, with the other port achieving a -20 dB input reflection

match. A full filter synthesis would require either a full numerical optimisation of these

dielectric resonators, or a general theory of absorptive filtering. In both cases, these

solutions require exact synthesis of both the permittivity and loss tangent of the dielectric

material. Also, applying this solution in a high-power environment could compromise the

resonators due to dielectric heating.
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2.8 Etched loaded rings in waveguide

Much like the previous technology, absorptive resonators can be constructed as shown

in Fig. 2.6. A ring, or two rings, are etched on a substrate and placed in rectangular

waveguide normal to the incident wave. These rings are then loaded with some lumped

element. The original publication [55] uses SMD capacitors and inductors, but later papers

implement absorptive rings with lumped element resistors [22] and varactor diodes [56], as

well as a combination [57]. The cascadability was also demonstrated in [56], with further

enhancements in the circuit model description and synthesis techniques of cascaded rings

in [23]. The operation of this type of filter is based on the incident TE10 mode, which

y

x
z

Figure 2.6:
Etched ring in rectangular waveguide, loaded with surface mount resistors.

couples to the ring at the ring’s resonant frequency, creating a circular current. As the

current flows, energy is dissipated in the loaded lumped elements. The latest results

reported by [57] indicate a typical input reflection of below -5 dB, with 30 dB insertion

loss at resonance.

As with the previous technology, this structure is inherently a waveguide solution. How-

ever, the use of small surface-mount devices with limited power handling capability makes

it unattractive for high-power applications.

2.9 Chokes in stainless steel circular waveguide

Absorptive resonators can also be constructed by placing chokes in circular stainless steel

waveguide [24], shown in Fig. 2.7. At the frequency where the depth of the choke around

the guide is approximately λ/4, the ~H-field (and, consequently, surface current) concen-

trates in the choke. The relatively low conductivity of stainless steel causes dissipation

at this frequency of increased surface current density. By cascading two chokes at a spe-

cific distance of separation (referred to as a matched pair), greater absorption is achieved

than the sum total two individual chokes. Such matched pairs are shown to suppress an



Chapter 2 – Literature review 18

Figure 2.7:
Single choke in circular waveguide.

harmonic at 11.4 GHz by as much as 20 dB (10 dB in a 2.5% bandwidth around 11.4

GHz) whilst maintaining a return loss of below -30 dB [24]. More remarkably, the filter

can easily maintain operation at 22.5 kW CW.

This topology achieves resonance absorption, but the filter synthesis would again require

a general synthesis theory or extensive numerical optimisation. What makes this solution

particularly attractive, is the very high power handling capability, as well as the fact that

no special absorptive material is required in construction. Circular waveguide is, how-

ever, required for its operation, and the transition from circular to rectangular waveguide

provides a unique set of challenges (especially over the bandwidth required by the initial

specification).

2.10 Digital spectrum shaping

A number of digital spectrum shaping filters have been shown to exhibit absorptive fil-

tering properties.

(a) Loaded capacitors. (b) Loaded inductors.

Figure 2.8:
Digital spectrum shaping circuits with absorptive filtering properties.

In [16], a lumped-element LC filer implemented in microstrip and coplanar waveguide was

adapted for optimal group delay by placing a lumped element resistor in series with each

capacitor, as shown in Fig. 2.8(a). Not only did the group delay response improve, but
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the filter exhibited below 0 dB reflection at higher levels of insertion loss, which is the

very definition of absorptive filtering.

Another publication, by Djordjević et al [17], aims to design a filter with quasi-Gaussian

transmission response by examining different configurations of resistive loading in lumped

element LC filters. Again, the result was the synthesis of an absorptive low-pass filter

(Shown in Fig. 2.8(b)), later adapted to a band-pass topology [18].

Even simple designs, as shown in [16], can exhibit 20 dB insertion loss with below -15 dB

input reflection coefficient at sufficiently high frequency. The absorption does however

give the filter a slow roll-off, which makes it an unappealing solution from an attenuation

perspective. Similar results where achieved in [17].

The results in [18] are somewhat unique since the principle of band-pass absorptive fil-

tering is demonstrated without the need for multiple phase paths. The filter prototype

features -15 dB match across all frequencies, with less than 2 dB insertion loss around 1

GHz. As before, the filter’s response is marked by slow roll-off. Due to the planar medium

of implementation, no power handling data has, as yet, been published.

The techniques published above may, in future, be adapted to synthesise generalised

absorptive filters, since they demonstrate clear absorptive filtering properties.

2.11 Harmonic pads

An completely different approach to absorptive filtering is proposed by Leo Young in [35,

36, 37], with brief references elsewhere in literature [25, 38, 1, 39, 58]. The solution requires

a harmonic pad, which is defined as any network device with near-lossless transmission in

a band, and matched attenuation out-of-band, to be cascaded with a traditional reflection-

mode filter, as shown in Fig. 2.9.

The purpose of the harmonic pad is to absorb some out-of-band energy (f1 in Fig. 2.9)

in both the transmitted and reflected directions. This distinguishes it from frequency-

selective absorptive solutions, where the absorptive structure itself carries the full burden

of stop-band attenuation. The cascaded pad serves only to improve the input match

out-of-band, and may be designed for a specified input match level, as well as specific

harmonic bands.

Shortened leaky wall filters have been proposed as possible implementations of harmonic

pads [1, 35, 39] but no example of the development of leaky wall filters for the express
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f0 f1 f0 f1

f0

f1

Figure 2.9:
Layout and operation of harmonic pad (left), used in conjunction with re-
flective filter (right) to form an absorptive filter. Example parameters S21

(–) and S11 (– –) of both blocks are shown.

purpose of implementation as harmonic pads, has been published to date. The use of a

helical transmission line filter (discussed in §2.12) is demonstrated in [58], but the design

features greater than 2 dB insertion loss across the transmission band.

Young himself published two developments of harmonic pads both using 0 dB couplers.

The first uses a branch-line coupler with reflective filters in its branches [36], to form an

device that integrates filtering and harmonic pad functions. This design features below

0.3 dB insertion loss and below -19 dB input reflection coefficient over an 12% bandwidth

around 1.3 GHz, with below -10 dB reflection from 2.3 to 7 GHz. The structure is,

however, difficult to design and expensive to manufacture [37].

The second approach uses a cascade of two -3 dB Riblet short-slot couplers [37] to form

a 0 dB coupler from the input port of the harmonic pad to the reflective filter, whilst

terminating the coupler’s other two ports in matched loads. This is done to avoid the

need for coupling over the full stop-band of the filter, which is the main restriction in the

use of -3 dB hybrids in reflection mode filters. Two devices were tested, one with broadwall

coupling, the other with sidewall coupling. Both feature input reflection coefficients of

below -32 dB and less than 0.13 dB insertion loss across a 7.2% transmission band around

2.8 GHz. The sidewall couplers suppress up to the fifth harmonic (up to 16.2 GHz) to

below -7 dBc, whilst broadwall couplers achieve similar results, but only up to the third

harmonic cut-off (10.8 GHz). Similar to the previously discussed -3 dB hybrids, limited

transmission bandwidth is achievable with 0 dB couplers.
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Without exception, waffle-iron filters are proposed as companion reflective filters, due to

their very wide spurious-free stop-bands, compactness and multi-mode operating capabil-

ity [38].
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2.12 Other solutions

A number of other papers feature structures or designs with inherent absorptive filtering

properties.

2.12.1 Gain equalisers

As with the digital spectrum shaping filters mentioned previously, gain equaliser circuits

[19] (as shown in Fig. 2.10) have been shown to exhibit absorptive filtering characteristics.

These models are synthesised with transmission line sections and lumped element resistors,

and are cascadable. Again, no general synthesis theory is provided, and no high-power

implementations exist.

Z1

Z 2 Z 2

R1 R1
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R1 R1
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Figure 2.10:
Four two-port gain equaliser circuits with absorptive filtering properties. All
lines are one quarter wavelength at centre frequency.

2.12.2 Uniform line etched on absorptive material

An approach that requires no filter synthesis, is to use ferrites as substrates in planar

transmission lines [59, 60]. Here, at frequencies where the ferrite is saturated, near-lossless

transmission occurs, with absorption at higher frequencies. This is inherently a planar

solution, and since filter cut-off frequency is determined by the material properties of the

ferrite, the synthesisable transmission band is limited by the available ferrite materials.
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2.12.3 Ferrite slab in waveguide

An alternative use of ferrites is the field rotation filter proposed in [61]. A flat sheet of

magnetized ferrite is placed in the floor of a rectangular waveguide, creating a transmission

notch which is perfectly matched at all frequencies. The notch frequency is adjusted by

changing the magnetization of the ferrite. This is a true high-power waveguide solution,

but the magnetization of ferrites is an undesirable manufacturing step, and the filter is

inherently narrow-band.

2.12.4 Voltage controlled attenuator with frequency-selective
FET’s

By arranging FET transistors into a π-network [62], the inherent dissipative and frequency-

selective properties of these components may be exploited to achieve frequency-selective

absorption. This is, however, a weak filtering solution, with poor selectivity and depen-

dence on the electrical properties of the packaging.

2.12.5 Helical transmission line filters

A helical transmission line filter resembles a coaxial line with a centre conductor bent

into the shape of a tapered helix, and the outer conductor lined with absorptive material

[58, 38]. The helix is an open periodic structure, which allows propagation along the helical

centre conductor in an 8% bandwidth around a centre frequency, with all other frequencies

radiated by the helix antenna into the surrounding absorptive material. Though capable of

wide stop-bands and high power handling capability, the structure only achieves adequate

input reflection match when connected by coaxial ports, and would require ultra-wideband

transitions to operate in a waveguide system.

2.12.6 Non-directional narrow-band coupling

The last absorptive filtering solution proposed (somewhat similar to the use of 0 dB

couplers in [37]) uses a narrow-band non-directional coupler to couple to an output port,

as has been done with coupling to an antenna in [63]. The device consists of a narrow-

band non-directional coupler, connected on one side to an input port and a matched load,

and to an output port on the other side. Over a narrow transmission band, most of the

energy incident on the coupler is directed to the output port, with very little dissipated
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in the matched load. Outside the coupling bandwidth, the incident signal passes through

the one side of the coupler unaffected, and is dissipated in the matched load. In both

cases, an input reflection match is maintained. This approach requires coupling k > 0.9,

and would necessarily lead to a very narrow transmission band.

2.13 Conclusion

An extensive overview of theoretical and practical examples of absorptive filtering, has

been provided. Of these, very few operate at high power levels in waveguide, and even

fewer over significant bandwidths.

None of the planar devices (digital spectrum shaping filters, dual phase path cancellation

devices, etched loaded rings in waveguide) are capable of maintaining operation at incident

power levels up to 8 kW, and feature other disadvantages such as slow stop-band roll-off

(in the case of digital spectrum shaping filters) and narrow bandwidth (dual phase path

cancellers). Reflection mode filters, whether implemented using circulators or -3 dB /

90◦ hybrids, are limited by the operating bandwidth of the coupling device (as well as by

finite isolation, in die case of circulators). Even though the operating bandwidth might

cover the required pass-band of 8.5 - 10.5 GHz, it would require development of a special

ultra-wideband device to maintain operation above 40 GHz. Lossy dielectric resonators

require exact material property synthesis, and the operation of circular stainless steel

chokes would be limited to the bandwidth of the transitions from circular to WR-90

waveguide required.

For high-power broadband applications, the leaky wall filter offers the best current solution

for broadband high-power absorptive filtering. If, however, absorption alone is used for

attenuation, the required device would be in excess of 300 mm in length. The same level of

attenuation over the same multiple harmonic stop-band can be achieved by a significantly

smaller, lighter and cheaper reflective filter [38]. The published implementations of 0 dB

couplers as harmonic pads [37, 36] demonstrates the effectiveness of this approach, but

this solution is limited by the achievable bandwidth of the 0 dB couplers. Leaky wall

filters do not suffer this bandwidth restriction.

Employing a shortened leaky wall filter as a harmonic pad (as proposed, but not developed,

in [35, 37, 1]) in cascade with a wide-band reflective filter, offers a number of advantages

over using a leaky wall filter in isolation, or using couplers as harmonic pads.
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• The burden of stop-band attenuation is transferred to the reflective filter, which

means that the target specification for absorption is no longer -65 dB (the attenua-

tion of the filter) but only -15 dB (the required input reflection match).

• The harmonic pad can be synthesised to target specific absorptive bands, unlike the

unavoidable full-band absorption performed by the leaky wall filter in isolation or

using 0 dB couplers in the transmitted band. This leads to a further reduction in

size.

• A single aperture absorbs more energy from a standing wave (created by the stop-

band reflection of the reflective filter) than it does from a travelling wave, further

reducing the number of apertures required.

• By synthesising a custom harmonic pad for a specific reflective filter, phase inter-

action and specific local maxima in standing wave surface current can be exploited

to further reduce the number of apertures required to achieve a prescribed level of

absorption.

• The in-band signal is not required to couple through any (hybrid or 0 dB) coupling

device, which means that the transmission bandwidth of the solution is not limited

by any coupling bandwidth.

As suggested by [35, 25, 38, 36, 37, 39] and others, a waffle-iron filter offers the best option

as broadband reflective filter. The synthesis of this type of filter is discussed in the next

chapter.
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Non-uniform and oblique waffle-iron
filters

3.1 Introduction

Waffle-iron low-pass filters were first invented by Seymour B. Cohn et al at the Stanford

Research Institute in 1957 [41, 42, 43] and have since become a popular solution for

harmonic suppression. This is due to the wide stop-band, typically covering up to the

four times the cut-off frequency [64], which may be extended even further by cascading

two or three waffle sections [65]. Another advantage is that all propagating TEm0 modes 1

have the same cut-off frequency [44], unlike the equally well known corrugated waveguide

filters [40]. The classical structure, as shown in Fig. 3.1, consist of uniform multi-ridged

rectangular waveguide, with equal width transverse grooves, forming rows and columns of

rectangular bosses or pegs on the waveguide floor and ceiling. Later designs replace these

square bosses with round pegs [66], which increased the power handling capability by

1.3 [65]. Since the spacing between opposing peg ends are typically less than full-height

waveguide, the filter is matched using stepped or tapered E-plane sections.

The main drawback to these filters is that both classical synthesis methods, outlined

in [25] as Cohn’s Corrugated Filter Data Design and T-Junction Equivalent Circuit of

Marcuvitz Design, only allow for the synthesis of a specified stop-band, with no direct

control over pass-band response. The only reference made to pass-band match is that it

is considered good practice choose the upper stop-band frequency f1 > 1.43fc, the actual

highest required transmission frequency.

Recognising the restrictions uniform bosses place on the response of the filter, a number of

1All non-TEm0 modes are reflected by the transition to the reduced height main guide.

26
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(a) Cut-away perspective view.
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Figure 3.1:
Classical uniform waffle-iron filter.

CAD solutions have been developed in recent years [45, 46, 47]. The waffle iron structure

is modeled by a series of general scattering problems, or solved utilising hybrid mode

matching (MM) / finite element method (FEM), which allows transversal grooves to be

optimised for both adequate stop-band response, as well as equiripple transmission across

a defined frequency band. Traditional synthesis methods are, however, used for initial

values [47].

This chapter will revisit the circuit model based synthesis of [25], but apply it to the

non-uniform waffle iron filters proposed by [45], [46] and [47]. Secondly, this circuit model

based approach will be used to investigate waffle-iron filters with bosses rotated for oblique

incidence to the dominant TE10 mode propagation, in that way synthesising a phase path

along the TEM propagation directions.
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3.2 Classical synthesis techniques

Two classic synthesis methods exist for waffle-iron filters. The first is based on Cohn’s

corrugated waveguide filter data, the other, Marcuvitz’s models for waveguide stubs.

Both rely on image impedance methods to match a specific periodic section below a cut-

off frequency f1, and pick an infinite attenuation frequency f∞ below an upper stop-band

frequency f2, as shown in Fig. 3.2. Transmission occurs below fc, and the stop-band

between f1 and f2. No particular transmission or reflection is required between fc and f1,

which makes this a so-called “buffer-band” between the transmitted and rejected bands.

f
0
     f

c
     f

1
     f

∞ f
2
     

Figure 3.2:
Definition of frequencies f0, fc, f1, f∞ and f2 for waffle-iron filters.

A short description of each method is provided here.

3.2.1 Cohn’s corrugated waveguide filter model synthesis

The first method, by Cohn [25], involves first designing a corrugated waveguide filter

to render the required stop-band, replacing references to guide wavelength λg0 by free-

space wavelength λ0. Once the transversal groove widths (forming the corrugations) are

determined, identical longitudinal grooves are placed to achieve TEM filtering (the details

of this step is discussed in §3.4.1), and b′ (the spacing between two opposing solid ridges

in a corrugated waveguide filter) is reduced to b′′ to compensate for the decrease in shunt

capacitance of the discontinuity. The image impedance calculations rely on the circuit
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model shown in Fig. 3.3, where the transmission lines of alternating impedance Z1 and Z2

represent the section of reduced height and full height (of b′ and b) waveguide of lengths l

and l′, respectively. The shunt capacitance C2 compensates for transition effects, and C1

for capacitance between two adjacent corrugations.

1 22

1

12

Figure 3.3:
Cohn’s corrugated waveguide filter model, single section.

The synthesis method does not involve the circuit model itself, but rather uses the design

graphs published in [67], which provide dimensions for the required stop-band frequencies.

The synthesis (based on equations and figures in [25]) proceeds as follows:

1. Choose the upper cut-off frequency fc and upper stop-band frequency f2.

2. Select frequencies f1 and f∞, based on the rules of thumb f1 > 1.43fc and f∞ ≈
0.8f2.

3. Choose values for b′ and l/b.

4. Use the selections in Step 3, as well as λ1/λ∞, to find b0/λ1 and b/λ1 from Fig. 7.04-5.

Subsequently, calculate b0, b and l.

(a) Iterate steps 2-4 until satisfactory values of b and l are found.

5. Use Fig. 7.04-6 to calculate parameter G, and Eq. 7.04-14 to find l′

(a) Iterate steps 2-5 until a satisfactory value of l′ is found.

6. Use Eq. 7.04-16 to calculate the bT , the height of the main guide providing an

optimal match to the waffle-iron filter, and Eq. 7.05-1 to calculate the boss spacing

b′′.

(a) Iterate steps 2-6 until a satisfactory value of b′′ is found.

From the trial-and-error nature of the synthesis, it is clear that it is a time-consuming

approach which requires several iterations to find a design. Further more, it is only

accurate for l/b′ > 1 (i.e, shallow, wide transversal grooves), and grows increasingly



Chapter 3 – Non-uniform and oblique waffle-iron filters 30

inaccurate for smaller b′/b . This is due to the field distribution inside the transversal

grooves becoming less like those of the full-height guide (Fig. 3.4) and more like those of

short-circuited waveguide stubs. For cases of l/b′ ≤ 1 and arbitrary b′/b, designs based

on Marcuvitz’s waveguide T-junctions yield better results.

Figure 3.4:
TE10

~E-field distributions in waveguide height variations which support
stepped-impedance (left) and short-circuited series stub (right) models, re-
spectively.

3.2.2 Marcuvitz’s waveguide T-junction model synthesis

As with the previous method, designs based on Marcuvitz’s data synthesise filter di-

mensions in terms of free-space (rather than TE10 waveguide mode) wavelength. The

transversal grooves are not, however, modelled as sections of high impedance transmis-

sion lines, but rather lengths of short-circuited series waveguide stubs, also shown in

Fig. 3.4. An electric wall is placed in the H-plane between the bosses, to simplify the

analysis.

The circuit model used for these sections is shown in Fig. 3.5, as first published in the

classical text by Nathan Marcuvitz [68]. It compensates for capacitive discontinuities in

the E-plane (Ca), but also energy stored at the discontinuity planes (Lb, Cd) and inductive

coupling to the groove (Lc). It is valid for stub widths and boss spacings of less than λ/2.

Two electrical equivalents (using single reactances and reference plane shifts, respectively)

are also published in [68]. For each of the three models, analytical equations are provided,

as well as design graphs.

The design proceeds in much the same way as the previous method, with initial selections

of the relevant frequencies and dimensions b′, l′ and l. Dimension b is chosen to ensure

the stubs have an equivalent length (with consideration to the shifted reference plane) of
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Figure 3.5:
Marcuvitz’s model for reactive compensation of waveguide discontinuities,
as used in waffle-iron filter synthesis. The circuit makes use of electrical
symmetry.

λ∞/4. Eq. 4 in [44] is then used to calculate f1 and f2. This process is iterated (with

adjustments to b′, l and l′) until a satisfactory stop-band response is found. Finally, b′′ is

calculated using Eq. 7.05-1 in [25], and bT (the terminating guide height) using Eq. 7.07-7.

3.2.3 Half-inductive and half-capacitive terminations

A lumped element equivalent of a stepped impedance filter model uses capacitors to

represent sections of low impedance line, and inductors as an equivalent of high impedance

lines [69]. If this equivalency is applied to waffle-iron filters, transversal rows of bosses

(which correspond to sections of low impedance line, under Cohn’s stepped impedance line

model description) are referred to as capacitive sections, whereas sections of transversal

grooves are referred to as inductive sections. Classical waffle-iron filter boss patterns

are designed to terminate at either side with either half width (l/2) transversal grooves,

or half width (l′/2) rows of bosses, as shown in Fig. 3.6. This is referred to as half-

inductive and half-capacitive terminations, respectively. In terms of Marcuvitz’s model,

these correspond to terminations in either half-impedance stubs, or half lengths of main

guide.

The differences in transmission and reflection response of the two filters are shown in

Fig. 3.6(b). In each case, the filter is of 6th order with bT , b′′, l and l′ all set to 1.875 mm

and b to 9.375 mm. Both filters are of equal length and width a = 22.5 mm, with seven

longitudinal grooves (the outer two of which are of width l/2). The half-inductive model

has a total of 7 transversal grooves of which the first and last are of width l/2, and 6 rows

of bosses of length l′. The half-capacitive model has 7 rows of bosses of which the first
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(a)
Boss patterns with half-inductive (left)
and half-capacitive (right) inputs.
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(b) Comparative electrical responses.

Figure 3.6:
Comparative responses of uniform filters with half-capacitive and half-
inductive input sections.

and last are of width l′/2, and 6 transversal grooves of width l.

The half-inductive filter exhibits a bandwidth improvement of 23% both in transmis-

sion band (given the same waveguide lower cut-off frequency due to the identical main

guide width a) and stop-band, as well as 5 dB lower in-band reflection response than the

half-capacitive filter, in keeping with the findings of [66]. If the wider stop-band is not

required, the half-capacitive filters have the advantage that, for equivalent dimensions

(and therefore, power handling capability), the width of the buffer band is reduced. The

increased input reflection can easily be corrected by adjusting the input waveguide height.

A choice of half-inductive or half-capacitive inputs may therefore be made based on the

filter specifications.
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3.3 Non-uniform filters

A simple extension on the classical design methods is to allow for non-uniform boss length

l′ and transversal groove width l, as shown in Fig. 3.7. This would allow control over the

transmission response, as well as better prediction of the stop-band without the time-

consuming iterative designing. Until now, this has only been possible using full-wave

optimisation [45, 46, 47], a time-consuming and computationally intensive process.

l´1 l´2 l´3 l´n-2 l´n-1 l´n

l1 l2 l3 lm-2 lm-1 lm

b

b´´

a

w

w´

w/2

bTb´´b

Figure 3.7:
Non-uniform waffle-iron filter dimensions.

In this work, a new technique based on fast and simple circuit optimisation, is presented.

This method relies on simple, yet accurate circuit models of non-uniform waffle-iron filters.

3.3.1 Circuit model

As a first step in the proposed technique, simple and accurate circuit model representations

of non-uniform waffle-iron filters need to be identified. This is done by comparing S-

parameters of various circuit model prototypes to the full-wave simulation results of a

half-capacitive non-uniform filter. The dimensions of the full-wave model are used to

construct equivalent circuit models based on different synthesis approaches; effectively,

applying each synthesis process in reverse.

For the purpose of verifying the accuracy of a proposed circuit model, the choice of half-
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capacitive or half-inductive termination is arbitrary. This is because an accurate circuit

model representation of a non-uniform boss pattern would be accurate for an arbitrary

boss or groove width at either end of the filter, effectively negating the need for an explicit

half-inductive or half-capacitive termination. For classical synthesis techniques, the half-

inductive filter is clearly advantageous. However, in this case, the half-capacitive model

is chosen simply for its lower f2, requiring full-wave simulation at lower frequencies and,

therefore, less simulation time.

The models described are the best ones found after extensive inquiries and experimen-

tation on numerous non-uniform waffle-iron filters. For the sake of clarity, detailed de-

scriptions of the alternative choices which yield poorer results (implementing or omitting

reactive compensation, using λ0 or λg, calculating impedances based on b′ or b′′) are

omitted.

The dimensions of the full-wave model used to benchmark the circuit models, are based

on uniform model dimensions in [25], with some random variations to boss lengths and

transversal groove widths to create the non-uniform boss pattern.

In all cases, the circuit models are constructed and simulated in AWR Microwave Office

8.02, and compared to a full-wave simulation model in CST Microwave Studio 2009.

Cascaded stepped-impedance line model

port h 1l 1 porth n-1 l n

Figure 3.8:
Stepped-impedance circuit model with incomplete reactive compensation.

The first circuit model approach evaluated is the stepped-impedance model shown in

Fig. 3.8, with reactive compensation for steps in waveguide height as prescribed in Fig. 5.07-

11 in [25]. The line impedance is approximated as directly proportional to waveguide

height [25]. The terminating guide height bT is used as the 1 Ω reference height, with

all other impedances calculated as Zx = bx/bT . The height b′, calculated from Eq. 7.05-1

in [25], is used to calculate the low line impedance Zl, and not the actual boss spacing

b′′. This is done to include the effect of the longitudinal grooves into the model. The

main cavity height b is used to calculate the high impedance line Zh. Lastly, the port

impedance Z0 is determined from the value b0 calculated from Eq. 7.05-2 in [25]. The

electrical line lengths of the ideal transmission lines in the circuit model are based on the
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lengths l and l′ as fractions of TE10 wavelength λg at a transmission frequency of 10 GHz.

Except for the omission of the capacitors placed in parallel with the high impedance lines,

this model is similar to the one used in Cohn’s corrugated waveguide model (Fig. 3.3).

The significant difference is that this model is based on TE10 longitudinal propagation,

and not TEM propagation. All dimensions and circuit parameters are shown in Table 3.1,

with the full-wave and circuit simulated results shown in Fig. 3.9.

Table 3.1:
Stepped-impedance circuit model parameters derived from benchmark non-
uniform filter dimensions. All dimensions refer to Fig. 3.7.

Full-wave [mm] Circuit [Ω] / [◦] / [F]
a 22.86 f0 10 GHz
b 8 Zh 2.67
bT 3 Zport 0.75
b′′ 2 Zl 0.79
l1 2.5 θ1 22.63
l2 2.2 θ2 19.92
l3 2.2 θ3 19.92
l4 2.5 θ4 22.63
l′1 1.2 θ′1 10.87
l′2 2.4 θ′2 21.73
l′3 2.2 θ′3 19.92
l′4 2.4 θ′4 21.73
l′5 1.2 θ′5 10.87
w 2.286 C 8.488× 10−12

w′ 2.286
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Figure 3.9:
Evaluation of stepped-impedance circuit model for non-uniform filters.
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The model predicts f1 and f2 to within 2%, and the maximum in-band reflection coefficient

to within 5 dB. The accuracy of the placements of f1 and f2 confirms the validity of the

choice in wavelength, opting for TE10 λg instead of TEM λ0. However, it underpredicts the

stop-band roll-off both at the upper and lower edge, as well as the maxiumum attenuation.

The reason lies the field distributions in the transversal grooves, shown in Fig. 3.10.

The electric field on the symmetric E-plane of the filter is shown at a transmission fre-

quency of 10 GHz (Fig. 3.10(a)) and a stop-band frequency of 26 GHz (Fig. 3.10(b)). For

a stepped-impedance line, the expectation is a y-directed ~E-field (where y is directed in

the height of the main guide, and x over the width) over the full height of the transversal

groove, as shown in Fig. 3.4. This is not the case.

(a) ~E-field distribution at 10 GHz. (b) ~E-field distribution at 26 GHz.

Figure 3.10:
Electrical field distributions inside non-uniform filters.

What is found, is an y-directed ~E-field over the height of the waveguide between the bosses

(supporting a transmission line model in these sections), but an z-directed ~E-field in the

transversal groove decreasing for higher values of y (similar to that shown in Fig. 3.4 for

short-circuited series stubs). This field distribution is even more prominent at the first

transversal groove at stop-band operation. The internal field distribution therefore does

not support a stepped-impedance circuit model, but rather a short-circuited series stub

model. This is in line with the observation that the stepped-impedance model is best

suited for “wide shallow grooves” [42], which is not the case here.

Short-circuited series stub model

In keeping with the previously observed field distributions, a short-circuited quarter-

wavelength stub model is used for the second class of circuit model. The model, shown

in Fig. 3.11, is identical to the one used in Marcuvitz’s data, except that (as with the

previous example) λ0 is substituted with λg. Impedances Z0, Zs and line lengths θi (as



Chapter 3 – Non-uniform and oblique waffle-iron filters 38

line 1
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Figure 3.11:
Short-circuited series stubs circuit model with full reactive compensation.

shown in Fig. 3.11) are determined as with the stepped-impedance model. A notable

difference from the previous stepped-impedance model shown in Fig. 3.8, is the absence

input- and output discontinuity capacitor C ′. Given the small step from bT to b′′, the

capacitor does not contribute significantly to the accuracy of the model, and is therefore

omitted.

The circuit model values are shown in Table 3.2, with its S-parameters in Fig. 3.12 com-

pared to the same full-wave model S-parameters used to evaluate the stepped-impedance

model. Stub lengths are chosen λg/4 length at f∞.

The following should be noted on the use of this model:

• Ideal TEM lines are used in circuit modelling, whereas it is assumed that the wave-

guide filter operates with TE10 waveguide lines. It is therefore necessary to transform

the resulting frequency response of the circuit model to an equivalent waveguide re-

sponse by a frequency transformation. It follows that the waveguide specifications

would then also have to be transformed to TEM frequencies for circuit optimisation.

• The reactive compensation values are calculated at a specific wavelength. In all

cases, this wavelength is chosen as the the TE10 mode guide wavelength λg at the

centre of the transmission band, since it is here that accuracy is required for the

synthesis of the in-band reflection response.

• Single values of Ca, Lb, Lc and Cd are used throughout the circuit, based on an

average transversal groove width2 l. This is done to simplify the circuit optimisation

processes, which would otherwise require a re-calculation of each reactive element

each time a stub or line impedance is altered. The model, though simple to use, is

only valid for for near-uniform boss patterns.

2The notable exception is in half-inductive filters, where the narrow transversal groove is explicitly
modeled as l/2.
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Table 3.2:
Short-circuited series stub model parameters derived from benchmark non-
uniform filter dimensions.

Full-wave [mm] Circuit [GHz] / [Ω] / [◦] / [F] / [H]
a 22.86 f0 7.5461
b 8 f∞ 25.85
bT 3 Zport 1
b′′ 2 Zline 1.052
l1 2.5 Zs1 1.315
l2 2.2 Zs2 1.157
l3 2.2 Zs3 1.157
l4 2.5 Zs4 1.315
l′1 1.2 θ1 10.87
l′2 2.4 θ2 21.73
l′3 2.2 θ3 19.92
l′4 2.4 θ4 21.73
l′5 1.2 θ5 10.87
w 2.286 Ca 2.691× 10−12

w′ 2.286 Lb 556.842× 10−12

Lc 7.888× 10−12

Cd 393.2658× 10−15

• An electric wall is placed along the central xz-plane of the filter, as with the model

in [68].

• As the stepped-impedance model is better suited for shallow, wide grooves, so this

model is better suited for narrow, deep grooves (l/b′ ≤ 1).

• The reactive values are calculated based on the formulas provided in [68]. Recent

publications have presented more accurate equivalent representations of waveguide

T-junctions [70], but rely on more complex computation, and do not provide gener-

alised formulas for the simple circuit representation crucial to this synthesis method.

Despite these restrictions, the model predicts the lower stop-band frequency f1 to within

2.7% and the upper stop-band frequency f2 to within 1%. The reflection levels in the

transmission band are modelled more accurately, though the frequencies of the reflection

maxima predicted 12% higher by the circuit model than by the full-wave simulation. The

most significant feature of this model, though, is the improved prediction of stop-band

roll-off. This enables the designer to determine the required filter order during circuit

synthesis.
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Figure 3.12:
Evaluation of short-circuited stub model description of non-uniform filters.

3.3.2 Suppression of higher order modes

The above results only show the S-parameters of the dominant TE10 mode. However,

since the stop-band of the filter extends above the cut-off frequencies of higher order

modes, it is imperative that the operation of the filter be verified for these modes as well.

In fact, it is specifically because of the suppression of higher order modes that waffle-iron

filters are preferred above corrugated waveguide filters.

To verify the suppression of higher order modes, S11 and S21 for the TE20 and TE30 mode

excitation of the filter in Table 3.2 are shown in Fig. 3.13(a). These modes are shown to be

subject to the same attenuation in their respective propagating bands as the fundamental

mode. This is the significant advantage waffle-iron filters hold over corrugated waveguide

filters, where higher order modes have to be considered individually [71, 26].

Of more concern, is the cross-coupling between the TE10 and TE30 modes, as shown in

Fig. 3.13(b). The output magnitude of the TE30 mode can reach levels comparable to

the stop-band attenuation required by the filter, and will be exacerbated by asymmetries

due to manufacturing tolerances. This effect should be investigated and considered in any

final design.
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TE20 and TE30 transmission and reflection
responses.
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Coupling between the odd modes TE10

and TE30.

Figure 3.13:
Higher-order modes in non-uniform waffle-iron filters.

3.3.3 Synthesis example

To illustrate the synthesis procedure, a waffle-iron filter is synthesised to meet specification

set “A” in Table 3.11. The first step is to transform the TE10 specification frequencies to

TEM frequencies by the relation

fTEM =
c

2π

√(
2πfTE10

c

)2

−
(π
a

)2

(3.1)

to the values in Table 3.3

Table 3.3:
Transformation of TE10 specification frequencies to TEM optimisation fre-
quencies.

f [GHz] TE10 TEM
Transmission band Lower 8.5 5.41

Upper 10.5 8.20
First stop-band Lower 17 15.68

Upper 21 19.95
Second stop-band Lower 25.5 24.64

Upper 31.5 30.81
f∞ 24.25 23.35

These frequencies will be used as targets for circuit model optimisation.

At this point, the classical transmission line filter synthesis using Kuroda’s identities

[69] might be considered. Unfortunately, this synthesis theory (apart from not taking

into account reactive transition effects) relies on uniform stub and line lengths, which is
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exactly the restriction this synthesis method is designed to overcome. Modern synthesis

techniques for corrugated waveguide filters [26] rely on uniform line lengths and non-

uniform stub lengths, neither of which are true here. In the absence of a synthesis theory

for non-uniform cascaded lines and stubs, circuit model optimisation is implemented.

Electrical line lengths will be optimised around a frequency of 6.87 GHz, which corre-

sponds to a TE10 mode f0 of 9.5 GHz. The short-circuited stubs will have an electri-

cal length of 90◦ at f∞ = 23.35 GHz. This corresponds to an initial stub length of

λg∞/4 = 3.21 mm and an overall height b = 2 × ls + b′′ = 8.42 mm, as illustrated in

Fig. 3.7.

The physical dimension a is chosen as 22.86 mm, to allow matching to standard WR-

90 waveguide without the need for H-plane steps. Maximum power handling capability

(discussed in §3.5) motivates a choice of b′′ = 2 mm. A half-capacitive approach is chosen

due to width and the proximity of the stop-band to the transmission band.

Next, initial values of θ(i) and Zs(i) have to be selected. Initial values of l ≈ l′ ≈ w ≈ w′ ≈
b′′ are chosen, in an attempt to create an even geometry inside the filter. This is assumed

to result in an even electric field distribution, avoiding localised ~E-field breakdown at

high power levels. In line with this choice, all bosses and transversal grooves are given

an initial length of l = l′ = 2 mm, with the first and last rows of bosses being of length

l′/2 (in keeping with the half-capacitive approach). To allow for an integral number of

longitudinal grooves of equal length, w and w′ are chosen as 2.286 mm, which renders

approximately square bosses. This is done as a further effort to create an even geometry

in the filter. This choice allows for 4 equal-width longitudinal grooves of width w, and

another two along the sides of width w/2, as well as five longitudinal rows of bosses of

width w′.

The boss lengths l′ are calculated as fractions of guide wavelength at 9.5 GHz

θ =
l′

λg
× 360

≈ 16.5◦

These same electrical lengths are then used as initial TEM line lengths at 6.87 GHz in the

circuit model (with the exception of θ1 and θn+1, which are chosen as 8.25◦ due to the half-

capacitive input). Since b′′ = l, the values of Z0, Zl and Zs(i) are all set to 1 Ω. Finally,

the formulas provided in [68] are used to calculate the circuit parameters (based on the

previously selected initial dimensions) of Ca = 2.78 × 10−12 F, Lb = 654.79 × 10−12 H,

Lc = 7.63 × 10−12 H and Cd = 562.83 × 10−15 F. It is important to note that the model

in [68] is defined in terms of solid waveguide ridges, without longitudinal grooves. This
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means that b′′ cannot be used in these calculations, but rather the effective solid-ridge

boss spacing of b′, which is found by an iterative solution of the relation provided in [25]

b′ = b′′

 l′

l + l′
+

2

π

l

l + l′

arctan

(
b′′

l

)
+ log

√1 +

(
l

b′′
)

)2
 b′′

l

−1

(3.2)

A circuit optimiser is now used to optimise the values of Zl, Zs(1,2,...,n), f∞ and θ(1,2,...,n+1).

To allow synthesis of an electrically symmetrical structure, and to reduce the number of

optimisation variables, symmetrical stub impedances and line lengths are chosen equal

(eg. Zs(1) = Zs(n), θ(i+1) = θ(n)). It is important to note that a localised optimiser is

required, to ensure final values which preserve the quasi-uniform nature of the boss pat-

tern. Excessive dimensional adjustments would invalidate the uniform choice of reactive

compensation (since it is determined for an average geometry), and could lead to the

violation of the requirement of narrow, deep grooves. Initially, n = 6 transversal grooves

are modelled and optimised, but the stop-band roll-off is found inadequate. Repeating

the procedure for n = 8 transversal grooves proved satisfactory.

The result of this optimisation is shown in Table 3.4, as well as the resulting dimensions

in Table 3.5. An additional parameter generated by the circuit model optimisation is

f1(TEM), the upper stop-band frequency, which will be used to design bT .

After these values are recorded, the resulting changes have to be applied to the physical

dimensions. The TEM frequencies f∞ and f1 are converted back to TE10 frequencies

f1 = 15.28 GHz and f∞ = 26.86 GHz. The new value of ls is then calculated as λg∞/4 =

2.88 mm and the new value of b as 7.75 mm.

Next, the transversal groove widths li are calculated based on the relative rescaled values

of stub impedances Zs(i) and line impedance Zl. It follows that

li =
Zs(i)
Zl

b′′ (3.3)

given that the value of b′′ remains fixed, for the purpose of maintaining the power han-

dling capability of the filter. Similarly, the boss lengths are rescaled proportional to the

optimised values of θi by the relation

l′i =
θiλg0
360

(3.4)

where λg0 is the wavelength of the filter centre frequency f0 = 9.5 GHz.

The impedance Z0 = 1 Ω is referenced to a waveguide height b0. Its value is found by the

relative change of Zl as

b0 =
b′Z0

Zl
(3.5)
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which enables the calculation of the final terminating guide height bT as

bT =
b0√

1−
(
f0
f1

)2
(3.6)

Table 3.4:
Progressive development of short-circuited stub circuit model values for non-
uniform filter.

Parameter Initial Optimised
f0 6.878 6.878
f∞ 23.347 26.050
Zport 1 1
Zline 1 0.825
Zs1 1 1.102
Zs2 1 1.052
Zs3 1 1.129
Zs4 1 1.036
Zs5 1 1.036
Zs6 1 1.129
Zs7 1 1.052
Zs8 1 1.102
θ1 8.25 10.88
θ2 16.50 18.22
θ3 16.50 18.52
θ4 16.50 17.87
θ5 16.50 18.43
θ6 16.50 17.87
θ7 16.50 18.52
θ8 16.50 18.22
θ9 8.25 10.88
Ca 2.776× 10−12 2.776× 10−12

Lb 645.778× 10−12 645.778× 10−12

Lc 7.625× 10−12 7.625× 10−12

Cd 562.833× 10−15 562.833× 10−15

The full-wave simulation results of the resulting structure are shown in Fig. 3.14. To

improve this response, full-wave tuning of only two parameters need to be performed.

The stop-band is adjusted by tuning3 b, and the pass-band reflection by tuning bT . This

is indicated in Table 3.5 by the amount of tuning in brackets. All other dimensions remain

unchanged from their values calculated by the synthesis process. This representation is

followed in all following tables as well.

3“Tuning” refers to manual adjustment of specific dimensions in a full-wave simulation to achieve a
specific change in electrical response, whereas optimisation refers to a programmed algorithm incremen-
tally changing all dimensions, with a specific electrical response as goal function. Tuning is, therefore,
far less time consuming and computationally intensive than optimisation.



Chapter 3 – Non-uniform and oblique waffle-iron filters 45

Table 3.5:
Progressive development of physical dimensions for example non-uniform
waffle-iron filter. Dimensions indicated as (–) remain unchanged.

Dimension [mm]: Initial From circuit optimisation Full-wave tuned
a 22.86 22.86 –
b 8.42 7.75 8.20 (+5.8%)
bT – 3.66 4.48 (+22.4%)
b′′ 2 2.00 –
l1 2 2.67 –
l2 2 2.55 –
l3 2 2.74 –
l4 2 2.51 –
l5 2 2.51 –
l6 2 2.74 –
l7 2 2.55 –
l8 2 2.67 –
l′1 2 1.32 –
l′2 2 2.21 –
l′3 2 2.24 –
l′4 2 2.16 –
l′5 2 2.23 –
l′6 2 2.16 –
l′7 2 2.24 –
l′8 2 2.21 –
l′9 2 1.32 –
w 2.286 2.286 –
w′ 2.286 2.286 –
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Figure 3.14:
Example synthesis of non-uniform filter.
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To compensate for the remaining inaccuracy in synthesis, i.e. that of the reduced trans-

mission bandwidth (12.8% achieved, compared to 21% synthesised), it is simply necessary

to optimise the circuit model for 40% wider transmission bandwidth than is required by

the specification. It is for this reason that later examples are optimised to wider goals

than required by specifications for similar levels or reflection.

3.3.4 Synthesis evaluation

The model suffers from slight inaccuracy in the transmission band reflection response

(particularly the frequency shift in local maxima and minima of reflection), and the trans-

mission bandwidth is narrower than that predicted by the circuit model. This inaccuracy

can be compensated for in synthesis by optimising the circuit model for 40% wider goal

functions than is required by the eventual filter. The required dimensional adjustments

to improve the input reflection coefficient and stop-band attenuation are easy to perform,

since the input reflection coefficient is predominantly a function of bT , and the stop-band

centre predominantly a function of b. It is also important to point out that no full-wave

adjustments to other internal dimensions (l′i or li) are required, which highlights the first-

iteration synthesis accuracy of the model. Ultimately, the model is a useful representation

of non-uniform waffle-iron filters, and is used for further development.
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3.4 Oblique waffle-iron filters

All waffle-iron filter boss patterns (both uniform and non-uniform) discussed up to now,

rely on perturbations normal to the propagation of an incident TEm0 modes. The next

section proposes a novel approach to boss pattern design by synthesising perturbations

at an oblique angle of incidence to the propagating TEm0 modes.

3.4.1 Diagonal TEM propagating mode perturbation

A TEm0 mode propagating in rectangular waveguide can also be described as the sum of

two diagonally propagating TEM modes in the guide [72, 73], as shown in Fig. 3.15. The

propagating angle of the diagonal mode θ is such that the path length from sidewall to

sidewall is a multiple of half a free-space wavelength λ0. Any considered TEM phase path

is, therefore, only valid at multiples of some fixed frequency f0. In corrugated waveguide

a
TEm0

θ

0

X' Y'z=0

φ

Figure 3.15:
Decomposition of TEm0 modes into diagonal TEM modes.

filters, frequency selectivity is achieved by periodic variations in the TEm0 transmission

path. Since different TEm0 modes have different wavelengths at a specific frequency

of propagation, the physical width of the corrugation corresponds to a synthesised phase

length only for a single mode, usually the fundamental TE10 mode. This is why corrugated

waveguide filters have dissimilar transmission and reflection responses for different incident

modes [40].

By cutting uniform longitudinal grooves into the solid ridge corrugations, as is done

to create waffle-iron filters, uniform perturbations along the TEM propagating phase

paths are formed. In this view, it is effectively the TEM mode that is filtered, and

since all propagating TEm0 modes decompose into the same two diagonal TEM paths at

a specific frequency, the filter has similar transmission responses for all incident TEm0

modes [41, 42]. Furthermore, because of the reduced waveguide height b′ leading into the
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filter, the orthogonal TE0n modes are reflected before reaching the filter, and may safely

be neglected during synthesis.

Two restrictions apply when perturbing these reflected TEM phase paths. Consider two

plane waves propagating in directions A and B, as shown in Fig. 3.16(a). Placing a

corrugation across the waveguide to perturb TEMA would require a ridge be placed across

the waveguide width along X−X ′, normal to the incident plane wave. Similarly, the other

propagating plane wave TEMB requires a ridge along Y −Y ′. Placing these two ridges as

indicated would cause incidence of TEMA on Y − Y ′ at an oblique angle θ′, and similarly

TEMB on X − X ′, leading to unequal propagation distances from source to ridge for

different parts of the plane wave. By choosing θ = 45◦, as shown in Fig. 3.16(b), the

oblique incidence to the plane wave is avoided. In this case, a TEM plane wave may

either propagate with normal incidence to a ridge, or propagate parallel to a ridge. By

choosing this value of θ, the width of the waveguide a is made a function of the desired

synthesis frequency f0 by the nλ0/2 relationship previously discussed.

Another restriction is illustrated in Fig. 3.16(c), where paths A and B are both perturbed

by a phase length φ by ridges X and Y formed by X − X ′ to X1 − X ′1 and Y − Y ′ to

Y1−Y ′1 , respectively. From the illustration, it is clear that ridge X perturbs not only phase

path A, but also B, though a phase length nπ/2 further than the perturbation of ridge

Y . The result, from a synthesis perspective, is that any phase path perturbation has to

repeat every nλ0/4, where n is determined by the reflection angle θ and the guide width

a. Physically, this restriction requires axial symmetry along the length of the waveguide

of any chosen perturbation pattern.

In traditional uniform waffle-iron filters, both these restrictions are inherently satisfied by

forming ridged perturbations with uniformly spaced square or circular bosses, as shown

in Figs. 3.17(a) and 3.17(b). Instead of using solid ridges for perturbation, as is the case

with corrugated waveguide filters, solid ridges are approximated by perforated diagonal

ridges (shown in Fig. 3.17(d)). The uniform bosses provide a uniform perturbation path

along several different angles of inclined TEM propagation (corresponding to different

frequencies), provided the centre-to-centre spacing of the bosses are a small fraction of a

wavelength [42].

If, at a single specified frequency f0, the uniform pattern is adapted to allow immediate

transition from open to ridged guide, “diamond” (45◦ rotated square) bosses are formed,

as shown in Fig. 3.17(c). This leads to a perturbation normal to a TEM path, but oblique

to TEm0 propagation. As before, the phase paths are periodically perturbed by a ridged

obstacle subject to the restrictions previously stated. The previously stated restriction of
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Figure 3.16:
Restrictions to TEM phase path perturbation.
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small dimensions compared to wavelength, still applies.

(a) Regular square bosses. (b) Regular round bosses. (c) Regular diamond bosses.

(d)
Sectioned boss pattern view, showing
approximation of full ridge.

3 42

1

132

1

1

4

4

4

(e) Oblique diamond bosses.

Figure 3.17:
Different uniform and oblique boss patterns.

Just as in the preceding non-uniform synthesis, the diamond pattern in Fig. 3.17(c) may

be altered to allow for non-uniform values of boss length φ. A typical oblique waffle

pattern is shown in Fig. 3.17(e), where a sequence of line lengths φ1, φ2, φ3 and φ4, as

well as unequal groove widths, are repeated. If an adequate circuit model description of

this structure can be found, it would lead to the same control over both the transmission

and in-band reflection responses of the filter, as previously shown for the non-uniform

case.

3.4.2 Circuit model

As before, the synthesis of the boss pattern in Fig. 3.17(e) requires an accurate cir-

cuit model description. Both stepped-impedance and short-circuited stub models will be

re-evaluated for this topology, using a prototype full-wave model loosely based on the
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dimensions of the non-uniform filter evaluated in the previous section.

What should be noted for this topology, is that a half-capacitive approach is followed

consistently. A half-inductive step (φ1 in Fig. 3.17(e)) creates a triangular prism cavity

in the corners of the boss pattern, of which the cross-sectional length is a poor indication

of either stub impedance or stepped line length. The half-capacitive stub, though still ill-

defined as a line length, does not create the additional inconvenience of a cavity resonance.

Stepped-impedance model

The first synthesis approach uses the same capacitively compensated stepped-impedance

model used for the non-uniform filters, as shown in Fig. 3.8. The example model uses

a square pattern of a = 26.729 mm, which means the overall length of diagonal TEM

propagation is
√

2a, or 37.8 mm. This is equal to λ0 at f0 = 7.94 GHz, the centre frequency

of the filter. Inside a diagonal length of λ0/2, four transversal grooves of unequal width

are placed (with symmetry around the point λ/4). In reference to Fig. 3.17(e), this means

that φ1 = φ5 and φ2 = φ4. The half-capactive short boss length φ5 and φ1 are combined

in the middle of the filter to form one average sized boss, as φ1 and φ4 are merged in

Fig. 3.7 for the case of four bosses.

Since the synthesised phase path is TEM, and not TE10, no frequency transformation

is required between the physical and electrical models. Using f0 as frequency, electrical

lengths of the high impedance (li) and low impedance (l′i) lines are established as shown

in Table 3.6.

As before, line impedances Zport, Zl and Zh are calculated by

Zi =
bi
b0

Z0

where b0 is calculated from Eq. 7.05-2 in [25], and a reference value of Z0 = 1 Ω is chosen.

The actual boss separation b′′ (not the equivalent full-ridge separation b′, as was used in

the previous non-uniform synthesis) is used to calculate low impedance line, whilst b is

still used to calculate the high impedance. Unlike the non-uniform model, there is no

uniform longitudinal boss width w′ or groove width w, since w and w′ are, effectively, l

and l′, respectively. This requires the use of mean values of l and l′ to be used in Eq. 3.2

to calculate b′. This establishes b′ as 2.3746. The resulting circuit model parameters are

shown in Table 3.6.

A comparison of the full-wave and circuit simulated results is shown in Fig. 3.18(a). Apart

from the similar general shape of the response, there is little correspondence between the
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(a) Electrical response.

(b) ~E-field distribution at 26 GHz.

Figure 3.18:
Evaluation of stepped-impedance circuit model for oblique filters.
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Table 3.6:
Stepped-impedance model parameters derived from benchmark oblique filter
dimensions.

Full-wave [mm] Circuit
a 22.86 f0 [GHz] 7.937
b 8 Zh 3.00
bT 3 Zport 1.12
b′′ 2 Zl 0.89
l1 2.5 θh1 23.81
l2 2.2 θh2 20.95
l3 2.2 θh3 20.96
l4 2.5 θh4 23.81
l′1 1.2 θl1 11.43
l′2 2.4 θl2 22.86
l′3 2.2 θl3 20.95
l′4 2.4 θl4 22.86
l′5 1.2 θl5 11.43

C 7.425× 10−12

circuit and full-wave models’ S-parameter responses. This is due to the ~E-field distribu-

tion (shown in Fig. 3.18(b)) which does not support a stepped impedance transmission

line model. The approach is dismissed as inadequate, and not considered for further

development.

Short-circuited series stubs

The development of the short-circuited series stub model is identical to that used previ-

ously for non-uniform filters (using the same circuit model shown in Fig. 3.11), except for

two key aspects. Firstly, fTE10 and λg is replaced by fTEM and λ0 in calculating f∞ and θi.

Secondly, average values of l and l′ are used instead of w and w′ to calculate the reactive

compensation for the Marcuvitz model [68]. The synthesis centre frequency f0 is derived

from the cross-sectional length of the filter
√

2a, as with the stepped-impedance model.

The resulting parameters and electrical responses are shown in column #1 of Fig. 3.19.

As seen in Fig. 3.19(a), this circuit model is less accurate applied to oblique filters than

it is when applied to non-uniform filters. This is attributed to the fact that the θ = 45◦

propagation path of Fig. 3.15 is only valid at multiples of a single frequency: in this case,

7.937 GHz. The stop-band is estimated at 18.7% lower than in the full-wave simulation,

and the reflection levels at local maxima differ by as much as 3.7 dB. Although the roll-

off is better predicted than was the case with the stepped-impedance model, significant

full-wave tuning would be required post-synthesis for this model to be used in a design
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Table 3.7:
Short-circuited stub model parameters derived from benchmark oblique filter
dimensions.
Full-wave [mm] Circuit #1 #2
a 22.86 f0 7.937 GHz 7.937 GHz
b 8 f∞ 25 GHz 25 GHz
bT 3 Zport 1.124 2.572
b′′ 2 Zl 0.89 2.0
l1 2.5 Zs1 0.937 2.5
l2 2.2 Zs2 0.824 2.2
l3 2.2 Zs3 0.824 2.2
l4 2.5 Zs4 0.937 2.5
l′1 1.2 θ1 11.43 11.43
l′2 2.4 θ2 22.86 22.86
l′3 2.2 θ3 20.95 20.95
l′4 2.4 θ4 22.86 22.86
l′5 1.2 θ5 11.43 11.43

Ca 2.5233× 10−12 –
Lb 513.0047× 10−12 –
Lc 6.667× 10−12 –
Cd 638.342× 10−15 –
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(a) Electrical response, synthesised.
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(b) Electrical response, simplified model.

Figure 3.19:
Evaluation of short-circuited stub model description of oblique filters.
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algorithm.

In light of this required full-wave tuning, the model is simplified by

• Removing all reactive compensation (Ca, Lb, Lc and Cd)

• Omitting the rescaling step from b′′ to b′ to calculate Zl

• Foregoing the use of f1 to calculate bT , instead using b0 (still derived from b′) as

input impedance reference

The response of this highly simplified model shown in Fig. 3.19(b) (with circuit parameters

shown in column #2 of Table 3.7) over-estimates f2 by 15.7%, but f1 to within 1.5%.

Input reflection levels are not tracked as accurately, but the frequencies of local minima

and maxima are better estimated (typically to within 12%).

Even though both short-circuited stub models are more accurate than the stepped-

impedance model, neither achieve the same level of correspondence with full-wave sim-

ulated results as was achieved with the Marcuvitz model and non-uniform filters. More

full-wave tuning would be required post-synthesis for oblique filters than for non-uniform

filters, whichever model is chosen for further development. However, the same predomi-

nant tuning parameters (bT for input reflection match, b for stop-band centre) apply. To

keep the design process as simple as possible, the simpler of the two models is retained

for further synthesis of oblique filters.

3.4.3 Synthesis example

Using the simplified short-circuited series stub model, an example filter is designed by

optimisation of the circuit model parameters. The optimisation was perfomed with speci-

fication set “A” in Table 3.11 as target. A detailed diagram of the oblique boss pattern is

shown in Fig. 3.20. Different initial choices are made as to dimensions and operating fre-

quency (compared to the non-uniform filter synthesis), since the filter is more constrained

in its design. Dimension a is now a function of a predetermined synthesis frequency f0,

which is selected as the centre of the transmission band. For specification “A”, f0 = 9.5

GHz, which requires a value of

a =
λ0√

2

= 22.33 mm
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Figure 3.20:
Example oblique waffle-iron filter boss pattern. Dimensions not to scale.

As before, initial impedances are chosen as Zport = Zl = Zs(i) = 1 Ω. The total TEM

phase path length of the filter is 2π. Since the synthesised boss pattern has to repeat every

nπ/2 (Fig. 3.16(c)), and the filter width allows for n = 2 half-wavelengths between the

sidewalls (Fig. 3.15), a phase path of length π is synthesised, and then repeated. A total

filter order of n = 8 was found to achieve sufficient stop-band roll-off in previous syntheses,

and is used again. This means that 4 evenly-spaced transversal grooves are used in each

half-section. This leaves initial values of θ2..n = 22.5◦, with half-capacitive end-sections

θ1,n+1 = 11.25◦. This corresponds to free-space physical lengths of l = l′ = 1.97 mm.

Since an initial value choice of Zl = Zs(i) is made, b′′ is also set to 1.97 mm. Average

values of l ≈ l′ ≈ 1.97 mm are used in Eq. 3.2 to calculate b′ = 2.29 mm, which in turn

is used to select bT = 2.29 mm by the initial value choice of Zport = Zl.

Lastly, f∞ (the frequency at which the stubs are quarter-wavelength) is chosen as the

centre of the stop-band at 24.25 GHz. This requires a stub length (at f0) of θs = 35.25◦,

which translates to an initial dimension of b = 8.15 mm.
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Using a random local optimiser4, the parameters Zl, Zs(i), θi and θs are optimised, as

shown in Table 3.8. Since the second half of the total λ0 phase length has to repeat the

pattern of the first λ0/2, only Zs(1..4) and θ(1..5) are optimised. Port symmetry is preserved

by constraining Zs(i) = Zs(n+1−i) and θ(i) = θ(n+2−i). Lastly, it is noted that l′5 is actually

the sum of two half-capacitive line lengths, namely the last and first lines of the two λ0/2

halves of the synthesis.

The line lengths are calculated by their fractions of λ0 as

l′i =
θi

360
λ0 (3.7)

To ensure the total phase length is λ0, the sum of the transversal stub widths is calculated

as
n∑
i=1

li = λ0 −
n+1∑
i=1

l′i (3.8)

The groove widths li are considered directly proportional to the stub impedances Zs(i).

It follows that the sum of the groove widths
∑
li is also directly proportional to the sum

of the stub impedances
∑
Zs(i). This is used to calculate the boss separation b′′ from the

optimised Zl as

b′′ =
Zl∑n

i=1 Zs(i)

n∑
i=1

li (3.9)

after which the individual stub impedances may be calculated as

Zs(i) =
li
b′′
Zl (3.10)

as well as the total height b

b = 2× θs
360

λ0 + b′′ (3.11)

Finally, mean values of li and l are used to calculate b′, which in turn is used to calculate

b0 = bT as before.

Using these calculated dimensions, full-wave tuning of b (re-centering of the stop-band), b′′

(increasing the width of the stop-band) and bT (improving the input reflection coefficient)

are all that is required to meet the specification. Note that none of the other internal

dimensions (li, l
′
i) need adjustment, which indicates encouraging first-iteration accuracy.

There are, however, clear indications of spurious resonances in the “buffer band” (the

frequency band between the synthesised transmission band and stop-band), which are

unaccounted for in the circuit model representation of the filter. These will be discussed

in the next section.
4An optimiser is used in the absence of a non-uniform transmission line filter synthesis theory, as

discussed previously.
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Table 3.8:
Progressive development of short-circuited stub model values for oblique
filter.

Parameter Initial Optimised
f0 9.5 9.5
θs 34.89 39.01
Zport 1 1
Zline 1 0.882
Zs1 1 1.027
Zs2 1 0.998
Zs3 1 0.998
Zs4 1 1.027
Zs5 1 1.027
Zs6 1 0.998
Zs7 1 0.998
Zs8 1 1.027
θ1 11.25 12.37
θ2 22.5 27.94
θ3 22.5 22.01
θ4 22.5 27.94
θ5 22.5 24.74
θ6 22.5 27.94
θ7 22.5 22.01
θ8 22.5 27.94
θ9 11.25 12.37
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Figure 3.21:
Example synthesis of non-uniform filter.
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Table 3.9:
Progressive development of physical dimensions for oblique filter. Dimen-
sions indicated as (–) remain unchanged.

Dimension [mm] Initial From circuit optimisation Full-wave tuned
a 22.33 22.33 –
b 8.15 8.32 7.82 (-6.0%)
bT 1.93 1.93 2.45 (+26.9%)
b′′ 1.97 1.48 1.14 (-23.0%)
l1 1.97 1.72 –
l2 1.97 1.67 –
l3 1.97 1.67 –
l4 1.97 1.72 –
l5 1.97 1.72 –
l6 1.97 1.67 –
l7 1.97 1.67 –
l8 1.97 1.72 –
l′1 0.99 1.09 –
l′2 1.97 2.45 –
l′3 1.97 1.93 –
l′4 1.97 2.45 –
l′5 1.97 2.18 –
l′6 1.97 2.45 –
l′7 1.97 1.93 –
l′8 1.97 2.45 –
l′9 0.99 1.09 –

3.4.4 Spurious resonances

The spurious resonances in the response of the oblique filter at 11.66, 12.51, 15.93 and

15.15 GHz are of some concern. These correspond with Eigenmodes of the cavity housing

the bosses, as shown in Fig. 3.22. They are, however, not accounted for by synthesis

techniques or ordinary cavity resonance predictions.

These Eigenmodes exist in any (uniform, non-uniform or oblique) waffle-iron filter, ac-

cording to [74]. The spurious resonances are grouped in two bands of quasi-TEm0 modes5,

above and below the stop-band (respectively). Classical literature, eg. [25], holds that

ideal uniform waffle-iron filters do not excite these modes, for two reasons. Firstly, all

TEm0 modes for m > 1 are evanescent in the transmission band of interest. Secondly, the

dominant TE10 mode exhibits a different symmetry to that of the Eigenmodes.

In practical (uniform and non-uniform) waffle-iron filters, quasi-TEm0 mode resonances for

even values of m may arise due to manufacturing inaccuracy [74, 75], particularly because

5The complexity of the cavity rules out the existence of conventional rectangular cavity Eigenmodes.
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(a) Quasi-TE102 at 11.66 GHz.

(b) Quasi-TE103 at 12.51 GHz.

Figure 3.22:
~E-fields of spurious cavity resonances in oblique waffle-iron filters.

of misaligned bosses that appear asymmetrical with respect to the H-plane (as shown in

Fig. 3.23), exciting an x-directed ~E-field component. Since they rely on manufacturing

tolerance, they are not revealed in full-wave analysis.

Resonances of odd-ordered quasi-TEm0 modes, such as those seen in Fig. 3.22, may be

excited by the dominant TE10 mode in the presence of H-plane asymmetry, according to

[74]. In this particular inquiry, the inclined faces generated by the design do cause local ~E-

fields which excite these exact modes. If these resonances occur in the buffer band (as they

do for this specific example), they do not affect the filter’s ability to achieve a specific pass-

band or stop-band specification. This is, however, not always true (as is demonstrated

in §3.6), in which case the filter has to be re-designed to move the spurious resonances

out of the required stop-band or pass-band. Specifically checking for the existence and
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y

x

Figure 3.23:
~E fields for aligned (left) and misaligned (right) bosses. Note the nett +x-
directed ~E-field component in the latter.

frequencies of these spurious resonances is therefore a vital step in the design of oblique

waffle-iron filters.

3.4.5 Suppression of higher order modes

Since this topology has never been published before, it is prudent to verify the suppression

of higher order modes. The S11 and S21 of the oblique model for the TE20 and TE30

modes are shown in Fig. 3.24(a), and the TE10 - TE30 mode conversion in Fig. 3.24(b).

The suppression of the TE20 and TE30 modes correspond to that of the TE10 mode, as

expected. Significant (up to -10 dB) coupling occurs between the two odd modes (TE10

and TE30) above the synthesised transmission band, which causes a significant amount of

incident power reflected as a TE30 mode.
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Figure 3.24:
Higher-order modes in oblique waffle-iron filters.
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3.4.6 Synthesis evaluation

The procedure represents a completely new approach to waffle-iron filter synthesis, and is

capable of producing filters more compact than non-uniform filters for a given filter order.

As with non-uniform filters, synthesis control over the pass-band response is achieved,

which represents an improvement over the classical uniform waffle-iron filters. The first-

iteration synthesis accuracy is, however, not as good as the non-uniform filter, and up

to -10 dB reflected mode conversion is observed between the TE10 and TE30 modes.

Of greater concern, is the spurious resonances excited inside the filter cavity, which is

unaccounted for in the circuit model. This is a significant drawback to the topology, and

has to be evaluated with some scrutiny in any design.
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3.5 Power handling capability

Two specifications in maximum power handling capability are considered in filter de-

sign [25]. The first is maximum peak power handling capability, where the ~E-field and

multipactor breakdown are considered [26]. The second is peak continuous wave (CW)

operation, where conduction loss and the subsequent rise in material temperature are

considered.

Maximum average power handling is determined by the thermal properties of the manu-

facturing material, as well as the allowed rise in temperature of the component. Thermal

effects can be mitigated by additional heat sinks placed around the exterior of the filter,

and is not a strong function of filter dimensions. It is, therefore, omitted from the analy-

sis. Multipactor breakdown (which relies on the mean free path of electrons) only occurs

when the mean free path of electrons are of distances comparable to feature dimensions,

which only occurs near vacuum conditions. For air-filled waveguide at or above 1 atmo-

sphere, this effect may safely be neglected [26, 76]. This leaves ~E-field breakdown the

single limiting factor in power handling analysis, and will be discussed in some detail.

The breakdown ~E-field value in air is given in [77] as

EB ≈ 30× 298

T
p V/cm RMS (3.12)

where T is the air temperature in Kelvin and p is the air pressure in Torr. It is important

to note that this is an RMS value of field strength, and is mistakenly cited as a peak field

strength in [26, 76].

EB is found to be 22.8 kV/cm RMS (≈ 30 kV/cm peak, the value used in classical texts

such as [25]) only under the following conditions:

1. Still, dry air at 298K inside the waveguide.

2. Air pressure at 760 Torr (1 atmosphere).

3. Microwave frequencies (λ� 4m).

4. CW operation, or pulse width τ > 1.36µs.

The particular design, however, is required to operate at an altitude of 3000 m (where the

barometric equation predicts air pressure of around 522 Torr) and maximum temperature

of 75◦C or 348 K. Additionally, the ~E-field inside the structure is dependent on reflections



Chapter 3 – Non-uniform and oblique waffle-iron filters 64

at the ports, which are not necessarily modelled in full-wave analysis. If a maximum

output port mismatch of -20 dB is allowed at transmission frequencies, the maximum

SWR in the internal ~E-field is 1.22. This means that the maximum ~E-field Emax is 9.91%

higher than the maximum ~E-field under matched conditions. The choice of EB should,

therefore, include a 10% safety factor, to allow for some standing wave pattern inside the

filter due to port mismatch.

Having taken these conditions under consideration, a safe value of EB is calculated as

12.1 kV/cm RMS, or 17.1 kV/cm peak. This is about half the classical “safe” value.

The nature of the input power spectrum should also be considered in evaluating the

power handling capability of the filter. It is quite common for a filter to have different

specifications for peak and CW power ratings in the transmission and stop-bands, or that

the filter need not adhere to any power specification in the buffer band (which would

relieve the condition for verifying the maximum ~E-fields at spurious resonances).

Evaluating the maximum electric fields in the vicinity of sharp corners is no trivial matter

[78]. According to analytical theory, the electric field strength approaches infinity at

perfectly sharp corners [79], as shown in Fig. 3.25(a). Practical manufacturing tolerances

would, however, always render some rounding.

E0

Emax

E0

Emax

(a) Unrounded corners.

E0

Emax

r r

(b) Rounded corners.

Figure 3.25:
~E-field patterns with unrounded and rounded corners.

.

Rounding outward edges and corners, as discussed in [80], can increase the power handling

capability of waffle-iron filters by reducing the maximum ~E-field around the sharp corners

[76]. With E0 and Emax the peak electric fields indicated in Fig. 3.25, [80] provides radii

curves which guarantee an upper bound on Emax:E0 of 3:1 or less in the presence of an

electric wall (as is the case here). Values in the region of 1.4:1 [44, 25] are commonly used

in publication, since the total power handling capability of the filter is half that predicted

by the breakdown in the uniform region E0 [80]. This value is therefore used in design

examples.

The rounding of edges for high power applications influence the electrical response of
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both oblique and non-uniform filters. The most noticeable effect is an upward shift in the

stop-band, as shown in Table 3.10. This is in line with observations noted in [44]. Due to

the small magnitude of shift (typically < 5%), the synthesis as stated previously may be

conducted with straight edges, with edge rounding only considered during final full-wave

tuning.

Table 3.10:
Rounding effect on filter stop-band, measured as deviation off square edged
boss stop-band centre frequency.

r/b′′ 0 0.05 0.1 0.15 0.2
Non-uniform: f∞ 20.402 20.539 20.661 20.802 20.973

Deviation 0% +0.674% +1.272% +1.962% +2.801%
Oblique: f∞ 21.311 21.687 22.000 22.219 22.443

Deviation 0% +1.762% +3.233% +4.260% +5.311%

Decreasing E0, irrespective of rounding, can always be accomplished (for a constant input

power level) by increasing the distance d between two opposing electrical walls that sup-

port the normal ~E-field [76]. It is therefore expected that increasing either the minimum

l, w or b′′ in Fig 3.7 will decrease E0, and for a fixed radius, decrease Emax.
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3.6 Comparison of synthesis methods

3.6.1 Comparison with classical synthesis

Three sets of filters are synthesised, to compare the two new synthesis methods (oblique

and non-uniform) to classical synthesis methods. In each set, four filters are synthesised

to meet specification “A” in Table 3.11, which is identical to the required final filter spec-

ifications (“B”) except for the omission of the third required stop-band, and allowing for

a 5 dB increase6 in reflection response by the quarter-wave matching sections required on

either side. Each set consists of one non-uniform filter, one oblique filter, and two uniform

filters; one designed using Cohn’s corrugated data method, the other using the Marcu-

vitz T-junction data method, as discussed in §3.2. In each set, filters with comparative

size, attenuation and power handling capability are compared on electrical response; in

particular, the first-iteration synthesis accuracy. It is for this reason that no full-wave

tuning was applied to any of the prototypes post-synthesis. These results are shown in

Figs. 3.26, 3.28 and 3.29 respectively.

The first set compares four filters with a ≈ 22.86 mm, total filter length lt ≈ 22.86 mm,

b′′ ≈ 2 mm and an approximately square boss surface area of l×l′ ≈ 5 mm2, the dimensions

of which are shown in Table 3.12. In the second set (the dimensions of which are shown

in Table 3.13), all four filters have an increased lt ≈ 2a, to improve the stop-band roll-off.

The previous dimensions of b′′ and l× l′ are maintained, to maintain the power handling

capability. In the third set, boss spacing of the filters are all reduced to b′′ = 1 mm and

and the surface area to l × l′ ≈ 1.8 mm, as shown in Table 3.14. This reduces the power

handling capability of all four filters, but will investigate the four synthesis techniques for

possible compact applications.

Table 3.11:
Specification sets for waffle-iron filter synthesis.

|S11| |S21| (1) |S21| (2) |S21| (3)
“A” -30 dB -65 dB -60 dB –

8.5 - 10.5 GHz 17 - 21 GHz 22.5 - 31.5 GHz –
“B” -30 dB -65 dB -60 dB -55 dB

8.5 - 10.5 GHz 17 - 21 GHz 22.5 - 31.5 GHz 34 - 42 GHz
“C” -25 dB -30 dB -30 dB –

3.6 - 4.2 GHz 7.25 - 7.75 GHz 10.75 - 12.8 GHz –

Of the four synthesis methods, in the first set, the design based on Marcuvitz’s data and

the non-uniform model exhibit the best pass-band reflection response. All four designs

6See §3.7.2 for the motivation of this figure.
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Table 3.12:
Dimensions of four initial waffle-iron designs with b′′ ≈ 2 mm and lt ≈ a.
Dimensions are as indicated in Figs. 3.7 and 3.20, with nt and ns the number
of transversal and longitudinal grooves, respectively.
Corrugated Marcuvitz Non-uniform Oblique

a 21.58 22.80 22.86 22.31
b 7.96 8.30 7.68 8.72
bT 4.67 2.42 4.49 2.80
b′′ 1.79 1.92 2 1.79
l or li 2.78 2.10 2.99, 2.55, 1.95, 1.87, 1.87, 1.95,

2.55, 2.99 1.95, 1.87, 1.87, 1.95
l′ or l′i 2.62 1.70 1.59, 3.01, 2.87, 1.01, 2.24, 1.64, 2.24, 2.02,

3.01, 1.59 2.24, 1.64, 2.24, 1.01
w or wi 2.78 2.10 2.29 1.95, 1.87, 1.87, 1.95,

1.95, 1.87, 1.87, 1.95
w′ or w′i 2.78 1.70 2.29 1.01, 2.24, 1.64, 2.24, 2.02,

2.24, 1.64, 2.24, 1.01
lt 21.58 22.8 23.14 22.31
nt 5 7 4 8
nl 5 7 6 8
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Figure 3.26:
Comparison of four synthesis methods on the same specifications before full-
wave tuning, b′′ ≈ 2 mm, lt ≈ a.
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have their stop-band centered at approximately 27 GHz, with the slower upper roll-off

of the corrugated and non-uniform designs compensated for by a lower f1. Noticeable,

though, is the sharp roll-off of the oblique design. This is attributed to the increased

effective order (n = 8, compared to 4 or 5) of the filter, whilst maintaining the same size

and power handling capability. The oblique filter may therefore be presented as a more

compact equivalent of traditional waffle-iron filters.
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Figure 3.27:
Comparison of group delay responses of four synthesis methods.

All four designs feature relatively flat group delay over the band of interest (8.5 - 10.5

GHz), due to the distance from the stop-band upper edge f1 (as shown in Fig. 3.27). The

design using Cohn’s corrugated data features the largest variation, at 18.1%, followed

by the Marcuvitz data design (7.7%), oblique (5.6%) and non-uniform (4.5%) designs.

The effect of the spurious resonances in the oblique design are also clearly visible above

11.5 GHz.

It is immediately evident that none of the four filters satisfy the set specifications with-

out full-wave tuning. The need for adjustments to the terminating guide height to the

improve the input reflection response has been documented in both [41] and [25], and

even minor adjustments to the terminating waveguide height bT will improve the input

reflection response. The stop-band performance of all of the filters may also be improved

by lengthening them (adding more sections), as stated previously. It was also shown

previously that the upper stop-band roll-off for the non-uniform synthesis is slower than

predicted by the circuit model, and that model of the oblique filter my predict a wider
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stop-band than what is actually realised.

Table 3.13:
Dimensions of four initial waffle-iron designs with b′′ ≈ 2 mm and lt ≈ 2×a.
Corrugated Marcuvitz Non-uniform Oblique

a 21.58 22.80 22.86 22.31
b 7.96 8.30 7.72 8.72
bT 4.67 2.42 2.97 2.80
b′′ 1.79 1.92 2 1.79
l or li 2.78 2.10 2.34, 2.34, 2.09, 1.95, 1.87, 1.87, 1.95,

2.30, 2.42, 1.95, 1.87, 1.87, 1.95,
2.42, 2.30, 1.95, 1.87, 1.87, 1.95,
2.09, 2.34, 2.34 1.95, 1.87, 1.87, 1.95

l′ or l′i 2.62 1.70 1.38, 2.80, 2.76, 1.01, 2.24, 1.64, 2.24, 2.02,
2.74, 2.67, 2.76 2.24, 1.64, 2.24, 2.02
2.67, 2.74, 2.76, 2.24, 1.64, 2.24, 2.02
2.80, 1.38 2.24, 1.64, 2.24, 1.01

w or wi 2.78 2.10 2.29 1.95, 1.87, 1.87, 1.95,
1.95, 1.87, 1.87, 1.95,

w′ or w′i 2.78 1.70 2.29 1.95, 1.87, 1.87, 1.95,
1.95, 1.87, 1.87, 1.95,

lt 43.16 45.60 50.39 44.62
nt 9 13 10 16
nl 5 7 6 8
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Figure 3.28:
Comparison of four synthesis methods on the same specifications before full-
wave tuning, b′′ ≈ 2 mm, lt ≈ 2× a.

Doubling the length of each filter, as is done in the second set, increases the roll-off

(increased order) and the maximum stop-band attenuation, as shown in Fig. 3.28. To note

from this example, is that three of the four models (Cohn’s corrugated data, Marcuvitz

data and oblique design) are increased in length by replicating existing dimensions. In the
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non-uniform model, a complete redesign (without necessarily repeating values of l and l′)

is possible, providing additional control over the stop-band response. This is illustrated

by the first-iteration accuracy of the lower cut-off frequency f1. The non-uniform and

oblique designs maintain superior in-band reflection response, with the oblique filter still

exhibiting unwanted resonances in the buffer band.

Table 3.14:
Dimensions of four initial waffle-iron designs with b′′ ≈ 1 mm.
Corrugated Marcuvitz Non-uniform Oblique

a 23.93 22.80 22.86 22.34
b 8.84
bT 4.42 1.26 2.149 1.33
b′′ 1.02 0.98 1 0.95
l or li 3.54 1.70 1.40, 1.58, 0.65, 0.77, 0.94, 1.15,

1.85, 1.92, 1.15, 0.94, 0.77, 0.65,
1.92, 1.85, 0.65, 0.77, 0.94, 1.15,
1.58, 1.40 1.15, 0.94, 0.77, 0.65

l′ or l′i 1.25 1.15 0.66, 1.62, 1.42, 0.71, 1.28, 1.12, 0.85, 0.86,
1.54, 1.39, 0.85, 1.12, 1.28, 1.42
1.54, 1.42, 1.28, 1.12, 0.85, 0.86,
1.62, 0.66 0.85, 1.12, 1.28, 0.71

w or wi 3.54 1.7 1.14 0.65, 0.77, 0.94, 1.15,
1.15, 0.94, 0.77, 0.65,
0.65, 0.77, 0.94, 1.15,
1.15, 0.94, 0.77, 0.65

w′ or w′i 1.25 1.15 1.14 0.71, 1.28, 1.12, 0.85, 0.86,
0.85, 1.12, 1.28, 0.71
0.71, 1.28, 1.12, 0.85, 0.86,
0.85, 1.12, 1.28, 0.71

lt 23.93 22.80 25.36 22.34
nt 5 9 8 16
nl 5 9 11 16

When designed for b′′ ≈ 1 mm, as is done in the third set, the four filters all exhibit

increased reflection response in-band. As the decrease in the dimension b′′ necessarily

leads to a decreased margin for error in input guide height bT , this is to be expected. The

input reflection may again be corrected by simple full-wave simulation adjustment of bT .

As expected (for a filter of higher order), the stop-band roll-off is improved in all four

cases. Again, the oblique filter has the sharpest roll-off, being of highest order, and all

four models feature accurate placement and width of the stop-band.

Unfortunately, the spurious resonances in the oblique filter now appear in centre of the

transmission band. In an actual prototype, this would necessitate a complete redesign of

the filter (changing the dimensions of the quasi-TEm0 resonant cavity) which would lead
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Figure 3.29:
Comparison of four synthesis methods on the same specifications before full-
wave tuning, b′′ ≈ 1 mm.

to different complex Eigenmodes and relocation of the spurious resonances.

3.6.2 Comparison with full-wave optimisation methods

Present state-of-the-art designs of waffle-iron filters rely on full-wave optimisation. To

evaluate the two new design methods, it is of interest to compare the two new methods

to the 100% full-wave optimisation methods of [45, 46, 47]. As an test example, the

specifications used in Fig. 6 of [47] (shown as set “C” in Table 3.11) are used to design

both a non-uniform and an oblique filter. The designs are further constrained to maintain

a similar size (waveguide width a and total length lt) and power handling capability7 (boss

spacing b′′ and minimum gap width lmin) as the previously published design. Lastly, it

was noted during the example synthesis of the non-uniform filter that the circuit model

predicts a transmission band 40% wider than what is achieved by the full-wave simulated

filter. It is for this reason that the circuit model optimisation is performed with goals

bandwidths 400 MHz, or 66%, wider than the required specification.

The comparative dimensions are shown in Table 3.15, with the circuit and full-wave

simulation results of the non-uniform and oblique filters shown in Figs. 3.30 and 3.31,

respectively. In both cases, the untuned and tuned dimensions and full-wave simulation

results are shown.

This example illustrates the simplicity of the required post-synthesis full-wave tuning

required for both the non-uniform and oblique filters. In both cases, an adjustment of

7Since no rounding was performed in the published design, none is performed in this design.
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Table 3.15:
Dimensions of previously published waffle-iron filter, and comparative
oblique and non-uniform design results before and after full-wave tuning.
Dimensions indicated as (–) remain unchanged.

[47] Non-uniform Oblique
Pre-tuned Tuned Pre-tuned Tuned

a 61 61 – 54.67 –
b 20.2 18.29 19.4 (+6%) 21.08 19.4 (-8.7%)
bT 10 8.93 – 10.64 8.4 (-26%)
b′′ 5.4 5.4 – 5.46 5.4 (-1.1%)
li 4.76, 9.9, 9.9, 5.91, 7.11, – 6.83, 6.32, 6.83, –

9.9, 9.9, 4.76 7.11, 5.91 6.83, 6.32, 6.83
l′i 3.2, 3.36, 3.36, 3.14, 6.51, – 3.35, 5.97, 5.97, –

3.36, 3.2 6.21, 6.51, 6.70, 6.32, 6.83,
3.14 6.32, 3.35

w or wi 6.1 6.1 – 6.83, 6.32, 6.83, –
6.83, 6.32, 6.83

w′ or w′i 6.1 6.1 – 3.35, 5.97, 5.97, –
6.70, 6.32, 6.83,
6.32, 3.35

lt 65.6 51.54 – 54.67 –
nt 6 4 – 6 –
nl 6 6 – 6 –
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Figure 3.30:
Development of non-uniform filter to meet specification set “C”.
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Figure 3.31:
Development of oblique filter to meet specification set “C”.

b is required to correct the stop-band centre frequency. The oblique design required

adjustment of b′′ to widen the stop-band, as well as a rather sizable adjustment to bT

to correct the input reflection response in-band. Both designs retained all other internal

dimensions from the circuit model based synthesis, which means that full-wave adjustment

to a single dimension is required in the non-uniform filter, and to three in the oblique

filter.

In comparison, the method in [47] requires full-wave optimisation to all dimensions as vari-

ables. The solution space is therefore of dimension N, whereas the singular dimensional

adjustments made in the proposed syntheses are, effectively, one-dimensional optimisa-

tions. The computational time required for the solution in [47] is therefore significantly

more than is required for the proposed methods. Further mode, [47] requires a dedicated

FEM code, whereas the proposed solutions use commercially available circuit solvers and

full-wave EM simulation packages.

Both non-uniform and oblique filters are shorter (by 27% and 20%, respectively) than

the prototype in [47], whilst maintaining the same boss spacing b′′ and similar or wider

groove widths l and w, indicating similar power handling capability.

Spurious resonances, similar to those previously observed, are visible in the oblique pro-

totype. These resonances, clearly visible at 5.54 and 5.78 GHz, occur in the buffer band

of the filter, and do not interfere with the operation of the filter otherwise.
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3.6.3 Comparison of power-handling capability

A final comparison is performed between the power handling capabilities of non-uniform

and oblique filters of different dimensions. In each case, the same basic dimensions are

used as before, but all external edges are rounded by r = 0.2b′′. This would ensure that

the maximum electric field strength Emax would never exceed 1.55 times the electric field

strength E0 between opposing bosses. The tests, therefore, serve to validate the data

provided in [80].

The average power incident on a TE10 port is given [72] as

P =
E2

0ba

4ZTE

(3.13)

where a and b are the port dimensions and

Ey = E0 sin
(πx
a

)
= −ZTEHx (3.14)

which means that the incident port power P may be derived from the known simulation

port parameters ‖Ey‖ and ‖Hx‖, with P proportional to ‖Ey‖2 for a constant frequency

and dimension set. If P is therefore scaled from its simulated value to the required

specification value

Pspec = k1P

the actual maximum electric field inside the structure will be given by

Eactual =
√
k1Emax

which must then be smaller than the E-field breakdown strength of 17.1 kV/cm peak.

This is similar to the process stated in [76]. Alternatively, the maximum scale factor

1.71 × 106 = k2Emax for electric field breakdown may be calculated, and the maximum

input power calculated as Pmax = k2
2P .

Using the method described in §3.5, the power handling capabilities of all the example

non-uniform filters synthesised in this section are calculated as shown in Tables 3.16, and

those of the oblique filters in 3.17, compiled as per the method described in .

Of immediate interest, is that (except at the transmission band of the filters with b′′ ≈
1 mm), Emax/E0 exceeds 1.55 by a large margin, and increases with frequency. A hexahe-

dral mesh size of λ/40 is used throughout the simulated domain in all cases, which rules

out numerical inaccuracy. Since the complexity of the internal filter structure leads to

greater ~E-field concentrations than predicted by [80] for singular bosses, it would appear
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Table 3.16:
Power handling capabilities of different non-uniform filters with edges
rounded by r = 0.2b′′.

b′′ ≈ 2 mm b′′ ≈ 1 mm
f [GHz] 9.5 19 28.5 9.5 19 28.5
|Ey| [V/m RMS] 3185 2796 2746 4603 4042 3970
|Hx| [At/m RMS] 6.118 6.967 7.095 8.843 10.071 10.255
Pin [W] 1 1 1 1 1 1
Emax [V/m RMS] 13566 16124 14399 17442 24184 17156
E0 [V/m RMS] 8486 7338 5489 11309 13623 8499
Emax/E0 2.06 2.19 2.62 1.54 1.77 2.01
Pmax [W] 7955.5 5631.5 7061.6 4812.6 2503.3 4974.4
|E0|/|Ey| 2.06 2.62 2.00 2.47 3.37 2.14
b′′/bT 2.25 2.15

Table 3.17:
Power handling capabilities of different oblique filters with edges rounded by
r = 0.2b′′.

b′′ ≈ 2 mm b′′ ≈ 1 mm
f [GHz] 9.5 19 28.5 9.5 19 28.5
|Ey| [V/m RMS] 4125 3587 3520 5967 5190 5093
|Hx| [At/m RMS] 7.744 8.906 9.081 11.209 12.888 13.139
Pin [W] 1 1 1 1 1 1
Emax [V/m RMS] 18712 27029 33870 31689 31224 30929
E0 [V/m RMS] 8486 10400 7317 20393 10922 9172
Emax/E0 2.21 2.60 4.63 1.55 2.86 3.372
Pmax [W] 4181.5 2004.1 1276.3 1458 1501.7 1530.5
|E0|/|Ey| 2.06 2.89 2.08 3.42 2.86 1.80
b′′/bT 1.64 1.41

prudent to verify the maximum electric field strengths in full-wave simulation for each

individual filter, and not rely solely on published data.

Also of note, is that the ratio of electric field strength at the port and between opposing

bosses |E0|/|Ey| is not strictly a function of the relative waveguide heights b′′/bT (as it

would have been in corrugated waveguide filters). This is also due to the complexity of

the structures under analysis.

The most important result from both Table 3.16 and Table 3.17 is that wider boss spacings

lead to higher power handling capabilities in both the oblique and non-uniform filters.

This is quite intuitive, given the inverse relationship between electric field and distance

with a constant potential difference. Non-uniform filters also provide superior power

handling capabilities to oblique filters for equivalent boss spacings (more than double, in

each case), and is therefore the preferred topology in high-power filters.
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Given the noticeable rise in the ratio Emax/E0 in higher frequencies, it is important to

specify the peak power handling capability in both the transmission and stop-bands, and

verify each independently. Here, three frequencies are chosen, representing the three

bands of specification set “A” in Table 3.11. The variation in Emax/E0 within these

bands is found to be less than 5%, which makes the power handling capability at the

centre frequency a satisfactory measure of the power handling capability over the full

band. The rise in Emax/E0 at higher frequencies may either be due to a rise in Emax (as is

the case with the oblique filter of b′′ ≈ 2 mm) or to a reduction in E0 (illustrated for the

oblique filter of b′′ ≈ 1 mm), which means that an increased Emax/E0 is not necessarily

an indication of decreased power handling capability. The data does, however, indicate

better power handling capability in-band than out-of-band in three of the four filters

(the oblique filter of b′′ ≈ 1 mm, where E0 is reduced at higher frequencies, being the

exception).

3.6.4 Final prototype model selection

In choosing a topology for development of a final prototype, the following aspects of the

two designs are considered:

• First iteration synthesis accuracy (minimal full-wave tuning required post-synthesis).

• Suppression of higher order modes and internal mode conversion.

• Spurious resonances.

• Power handling capability.

• Compactness (stop-band roll-off versus size).

In the first four of the five considerations, the non-uniform filter is superior to the oblique

filter. The oblique filter is certainly more compact for an equivalent stop-band roll-off,

but since a maximum size is not specified, this is not an advantage for this particular

case. The oblique design, however, remains a viable option for compact applications if

the spurious resonances are suppressed or moved to the buffer band. For this particular

prototype, however, the non-uniform filter is selected for further development.
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3.7 Final prototype development

This section will discuss the development of a non-uniform waffle-iron filter prototype to

meet specification set “B” in Table 3.11. Additionally, the filter is specified to operate

at 8 kW peak and 500 W average power across the transmission band, with -15 dBc

peak (= 252 W) and average (= 15.81 W) power handling capability in each of the three

stop-bands.

3.7.1 Initial synthesis

First prototype

Initial synthesis of a prototype to meet the wider stop-band specification proceeded identi-

cally to that discussed in §3.3. In keeping with the previously noted discrepancy between

synthesised and realised transmission bandwidth, the filter and matching network are

both synthesised for bands 1 GHz (50%) wider than specified, to reduce the amount of

post-synthesis full-wave tuning required.

The total filter (including boss pattern and two quarter-wave transitions from bT to full

WR-90 guide height of 10.16 mm) is specified to have a maximum in-band reflection

coefficient of -25 dB. If possible phase interaction between the waffle-iron boss pattern

and the quarter-wave transitions are ignored, and each component (both transitions, and

the filter) is synthesised to contribute equally to the in-band reflection of the cascaded

structure, all three are required to achieve an -29.7 ≈ -30 dB input reflection coefficient

across the transmission band. This is set as the optimisation goal for the circuit model.

An initial consideration might be to use the frequency response of the matching network

to enhance the stop-band characteristics of the total structure, perhaps easing the at-

tenuation required by the filter alone. A quick consideration of the specification “B”,

however, reveals that the stop-bands are located at integer multiples of the transmission

band. The quarter-wave transformer is also periodic, providing a maximum of 2.8 dB and

a minimum of below 0.1 dB attenuation in each of the three stop-bands. The full burden

of attenuation, therefore, rests on the filter alone.

The prototype is implemented with half-inductive input steps, rather than the half-

capacitive steps in previous designs. This is not only because half-inductive pattern

terminations result in wider filter stop-bands (See §3.2.3), but because rounding a boss

edge by radius r requires a minimum boss width of 2r. Since half-capacitive filters require
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a row of reduced width bosses at either end of the boss pattern, half-capacitive filters are

more constrained in the choice of r than half-inductive filters.

Finally, the total length is increased from 8 to 16 sections. It was found during circuit

optimisation that extending the stop-band, without increasing the filter order, decreased

both the maximum stop-band attenuation and stop-band roll-off, leading to unsatisfactory

circuit optimisation results. Both stop-band attenuation and roll-off are improved by

adding more filter sections. What is important to note here, is that this circuit model

representation was used in the early stages of development to evaluate the filter order,

and increase it as needed in a circuit simulator. Using the classical synthesis methods

or full-wave optimisation, the requirement for an increase in filter order would only be

ascertained during full-wave simulation.

The resulting pre-tuning dimensions are shown in column “A” of Table 3.18. Only l1..8 and

l′1..8 are provided, with l9..16 and l9..15 being symmetrical around the xy-plane. Rounding

of radius r is applied to enhance the power-handling capability, rendering the untuned

full-wave results in Fig. 3.32.
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(b) Transmission response.

Figure 3.32:
Electrical response of final prototype version 1.

Despite excellent correspondence in transmission band response, the filter underperforms

severely in the stop-band, especially above 30 GHz. This is due to the erosion of the l < l′

condition in synthesis, which in turn is caused by the severe reduction in b required to

provide an f∞ of 29.5 GHz. It is a common problem in waffle-iron filters covering three

or more harmonics, which is solved by cascading two or more different waffle-iron filter

sections [44, 25, 65] of different infinite cut-off frequencies f∞, determined by different

values of b. This would then necessarily lead to internal matching sections.
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Table 3.18:
Pre-tuned dimensions of two prototype filters to meet the final specification.

Dimension “A” “B”
a 22.86 22.86
b 5.85 9.29
b1 – 5.81
b′′ 2.00 1.60
w 2.29 1.63
w′ 2.29 1.63
bT 4.29 2.37
l1 1.20 0.86
l2 3.96 1.65
l3 2.84 1.85
l4 3.39 1.65
l5 2.73 1.59
l6 3.56 2.08
l7 3.29 2.06
l8 3.49 1.49
l′1 1.71 1.57
l′2 2.08 1.68
l′3 2.74 1.52
l′4 2.57 1.65
l′5 2.48 1.55
l′6 2.31 1.61
l′7 2.43 1.58
l′8 2.38 1.58
r 0.40 0.32

Second prototype

An alternative to cascading and matching independent waffle-iron filters, is to use a single

circuit model on the whole structure, but applying a different value of b for a number of

transversal grooves inside the filter without changing the boss spacing b′′ or number of

transversal grooves. This section would then provide attenuation at higher frequencies,

covering the fourth stop-band 34 - 42 GHz, whilst maintaining constant power handling

capability.

A filter is subsequently synthesised with the middle 6 transversal grooves reduced to a

height of b1 (shown in Fig. 3.33(b)), compared to the previous model shown in Fig. 3.33(a)),

to effectively synthesise two stop-bands centered at 24.25 GHz and 38 GHz, respectively.

Further more, b′′ is reduced to 1.6 mm to increase the effective width of each stop-band,

and decreasing l and l′ to avoid the “wide shallow grooves” for which the short-circuited

stub model is less accurate. The number of transversal columns of bosses and longitudinal
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slots are increased to 7 of width w′ = w = 1.63 mm to maintain the uniformity of the boss

pattern. It is expected that this reduction will also decrease the power handling capability

of the filter to below the required 8 kW Pmax (based on the data in Table 3.16). This

requirement is, however, considered secondary to the stop-band attenuation requirement,

and is implemented despite the reduction in power handling capability.

The remainder of the synthesis rendered dimensions shown in “B” of Table 3.18, with

electrical responses in Fig. 3.34.

T 1 2

T 1

T

(a) No steps.

T 1 2

T 1

T

(b) Single step.

Figure 3.33:
Sectioned view of waffle-iron filters with and without raised filter floors.
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Figure 3.34:
Electrical response of final prototype version 2.
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3.7.2 Full-wave tuning and simulation considerations

Quarter-wave matching section

After the performance of the initial dimensions are ascertained, the quarter-wave stepped-

impedance transformer is included in the simulation model, and the dimensions b2, b3

(quarter-wave section heights), ls (quarter-wave step length) and bT (terminating guide

height) optimised with the initial values of b2, b3 and ls ascertained from classical quarter-

wave stepped-impedance section matching [69]. This represents the only part of the

synthesis where full-wave optimisation is used, and since an optimisation is performed over

only the transmission bandwidth (as opposed to the full stop-band) for four dimensions

(as opposed to all internal dimensions), this is still a computationally less intensive process

than the state-of-the-art.

By optimising the waffle-iron filter and cascaded matching sections in unity, rather than

simply attaching separately synthesised quarter-wave matching sections at either end of

the filter, phase interaction unique to the specific filter and matching section can be used

to achieve -25 dB match in the transmitted band without either matching section or filter

having to achieve -30 dB input reflection match in isolation. The resulting dimensions of

the quarter-wave section are shown in Table 3.19.

Table 3.19:
Quarter-wave matching section dimensions.

Dimension [mm]
a 22.86
b1 10.16
b2 7.52
b3 4.29
b4 2.94
ls 11.4

Higher-order modes

The symmetry around the E-plane excludes the possibility of propagating even modes

in the simulation. As far as odd ordered modes are concerned, the filter (without the

quarter-wave matching sections) clearly suppresses the TE30 and TE50 modes (shown in

Fig. 3.35(a)) with reflected energy in higher modes below -40 dB (Fig. 3.35(b)).
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TE30 and TE50 transmission and
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Figure 3.35:
Higher-order mode operation of final full-wave simulation model.

Power handling

The in-band power handling capability of the filter is below the 8 kW required, as ex-

pected. This is due to the decreased value of b′′ = 1.6 mm used, as opposed to previous

value of 2 mm. This reduction had a greater than expected effect in power handling capa-

bility. Increasing this parameter in full-wave simulation leads to a a significant decrease

in stop-band bandwidth, which is deemed a more important design goal than the power

handling capability.

By increasing the edge rounding from 0.3 mm to 0.5 mm, the power handling capability is

increased from 3.198 kW to 4.092 kW, calculated as discussed in §3.5. Even though this

is still below the 8 kW specification, it is considered adequate for an initial prototype.

The increased rounding does, however, cause a upward shift in stop-band, which has to

be offset by increasing the filter height b and inner section height b1.

Tuning

Apart from the significant adjustment to input guide height bT to improve the input

match (as part of the optimisation of the quarter-wave matching section), and the minor

adjustments to b and b1 to offset the effect of boss rounding, no other adjustments to filter

dimensions are required. The fact that the boss pattern was retained from synthesis to

manufacturing illustrates the power and convenience of the circuit model based approach

to synthesising waffle-iron filters. The final manufacturing dimensions of the filter are
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shown in Table 3.20, with tuned electrical response (which includes quarter-wave matching

sections) in Fig. 3.36.
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Figure 3.36:
Final full-wave tuned non-uniform waffle-iron filter response, including
quarter-wave matching sections.

3.7.3 Manufacturing and measured response

The filter was manufactured in four parts from Aluminium 6082, as shown in the machine

sketches of Appendix A. The separate sidewalls allowed for the manufacturing of the

0.82 mm grooves required along the sidewalls. The rounding of the edge separating the

b and b1 floors was omitted, due to the increased manufacturing time required by the

feature. Since the maximum ~E-fields are concentrated between the bosses, the sharp

corner in the floor step represents no risk of reduced power handling capability. Finally,

the 1.5 mm radius of the machining bit is visible in the profile of the bosses along the

floor height step.

To avoid excitation of the previously discussed x-directed ~E-field modes that propagate

along the longitudinal grooves (as shown in Fig. 3.23), proper alignment of the two main

parts is essential. It is for this reason that eight 3 mm dowel pins were included in

the assembly, two in each corner. The flange faces of the filter were also skimmed after

assembly, to ensure proper contact with an opposing WR-90 flange.

The greatest construction difficulty for industrial application, however, remained the

3.9 mm bosses (where b = 9.4 mm). Machining an average 1.6 mm width groove to such

a depth required a special elongated, re-enforced bit on the regular CNC machine. This

difficulty was exacerbated in the 0.84 mm transversal grooves required by the input steps
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Table 3.20:
Untuned and tuned dimensions of final prototype filter. Dimensions indi-
cated as (–) remain unchanged.

Dimension Untuned Tuned
a 22.86 –
b 9.29 9.40 (+1.18%)
b1 5.87 6.00 (+2.22%)
b′′ 1.60 –
bT 2.67 2.94 (+10.1%)
l1 0.86 –
l2 1.65 –
l3 1.85 –
l4 1.65 –
l5 1.59 –
l6 2.08 –
l7 2.06 –
l8 1.49 –
l′1 1.57 –
l′2 1.68 –
l′3 1.52 –
l′4 1.65 –
l′5 1.55 –
l′6 1.61 –
l′7 1.58 –
l′8 1.58 –
r 0.32 0.50 (+56%)

(a)
Sectioned side view, showing 0.84 mm half-inductive groove and sharpened
level steps.

(b) Top view, showing machining bit imprints.

Figure 3.37:
Manufacturing modifications to prototype “A”. Dimensions not to scale.
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(Fig. 3.37(a)). Machining these grooves to a depth of 3.9 mm proved a time-consuming

and expensive process.

(a) Single section.

(b) Assembled filter, with compact disk for size comparison.

Figure 3.38:
Photographs of constructed filter.

The electrical response of the waffle-iron filter was measured on an HP8510 VNA. The full

two-port S-parameters were acquired over the transmission band using a TRL-calibration

from 8 to 12 GHz. The WR-90 TRL line standard required for frequencies above X-

band becomes too short to allow for practical measurements. Instead, two stop-band

calibrations using SOLT standards were performed. In the band 16 - 22 GHz, WR-62
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(15.80 × 7.90 mm) transitions were used at both ends of the filter, with the insertion

loss due to waveguide port dimension mismatch calibrated out during post-processing.

A similar procedure was performed in the band 24.5 - 43 GHz, with the two WR-62

transitions replaced by a WR-28 transition and a simple wire probe.

All measurements rely on a coaxial to rectangular waveguide transitions designed specif-

ically for excitation of the the dominant TE10 mode. This is the only mode of interest,

since the TWT amplifier the filter is to be used in conjunction with uses a similar tran-

sition at its output. More advanced probes and calibrations are required to measure the

higher order mode operation of the filter.

The measured results of the prototype are shown in Fig. 3.39, compared to the full-wave

simulated response.

The maximum in-band reflection response of the filter is 2.6 dB higher than the simulated

reflection response, but is still below -21 dB across the band. More importantly, the input

reflection follows the general shape of the simulated response, verifying the synthesis

objective of realising a circuit optimised input reflection function. The maximum in-band

insertion loss measured as 0.26 dB, which is satisfactory for the application.

The first of the three stop-band specifications (-65 dB S21 across 16 - 22 GHz) is met, with

the stop-band roll-off frequencies predicted accurately to within 300 MHz. The second

stop-band (25.5 - 31.5 GHz) features spurious resonant peaks of up to -50 dB, and the

third stop-band (34 - 42 GHz) transmission peaks of up to -30 dB. These resonances

are predicted by [74], and are, in part, due to some misalignment in the manufactured

prototype. Another contributing factor is shallow grooves required in the centre section

of the boss pattern (ls1 = 2.2 mm where b1 = 6 mm) to attenuate the highest of the

three stop-bands, compared to the deep grooves in the outer sections (ls = 3.9 mm where

b = 9.29 mm) for the lower two stop-bands. This decreased b1 erodes the condition of

“narrow deep grooves”, which the short-circuited series stub model is better suited for.
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Figure 3.39:
Measured electrical response of waffle-iron filter.
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3.8 Conclusion

This chapter proposed a new approach to the synthesis of non-uniform waffle-iron filters,

capable of better pass-band control than the classical methods. It also shifts the burden of

optimisation to a circuit model instead of relying on time consuming full-wave optimisation

using dedicated mode-matching or MoM/FEM codes. The method was used to design a

waffle-iron filter to real-world specifications.

A completely new topology of waffle-iron filter was also proposed using inclined rectan-

gular bosses, and a synthesis theory developed. This topology realises filters of orders

superior to classical and non-uniform designs for equivalent sizes, but features spurious

resonances and inferior power-handling capability.



Chapter 4

Cascaded waveguide slots as
absorptive harmonic pads

4.1 Introduction

The second important component in the proposed absorptive filter, is the frequency-

selective absorptive section. In this dissertation, this function will be implemented by

cascaded waveguide slots, used as absorptive harmonic pads to absorb the energy reflected

from the input of the waffle-iron filter. Details of this operating principle is discussed in

§2.11.

For the application under consideration, waveguide slots coupling to an absorptive aux-

iliary guide will be used. Though the harmonic pad appears similar to the “distributed

loss” filter in [1] (Fig. 4.1), the operating principle is quite different. Distributed loss filters

achieve stop-band attenuation solely by absorption, which itself is achieved by coupling a

travelling wave from the main guide to parallel absorptive auxiliary guides.

The harmonic pad, in contrast, couples a limited amount of energy from the main guide to

the auxiliary guide or guides, and have a much smaller attenuation effect than distributed

loss filters. By terminating the harmonic pad with a broadband reflection filter such as

a waffle-iron filter, the radiating slots will couple a standing wave (created in the guide

by the by the reflection of the filter) to the auxiliary guides, instead of a travelling wave

as with traditional distributed loss filters. This detail is key to the operation of the pad,

and will be discussed in some detail in later sections.

The operating principle also differs to that proposed in [37, 36] in that it is the reflected

out-of-band energy which is coupled through the slots, and not the in-band signal. This

89
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Figure 4.1:
Sectioned view of distributed loss filter, which will be re-developed to operate
as a harmonic pad.

approach allows for a transmission bandwidth independent of the coupling bandwidth of

the slots.

The following sections will investigate both travelling and standing wave current distri-

butions in rectangular waveguide, and establish the slot properties best suited to radiate

given these distribution patterns. Approximate circuit models for these slots will be veri-

fied, and then used to synthesise a harmonic pad. Finally, a prototype system (complete

with the reflective waffle-iron filter developed in the previous chapter) will be demon-

strated.



Chapter 4 – Cascaded waveguide slots as absorptive harmonic pads 91

4.2 Surface currents in rectangular waveguide

The equations for internal field distributions and surface currents in rectangular waveguide

are well known and freely available in any number of textbooks [69, 72]. For the purpose

of clarity, they are briefly repeated here.

a
b

y

x
z

Figure 4.2:
Orientation and dimensions of rectangular waveguide under consideration.

The ~H-field distribution inside rectangular waveguide (with orientation shown in Fig. 4.2)

of width a and height b is given as
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for TEmn modes, and
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for TMmn modes. Here, ω is the frequency of the wave propagating in direction +z, in an

environment of permittivity ε and permeability µ. The cut-off wave number is calculated

as

kc =

√(mπ
a

)2

+
(nπ
b

)2

(4.3)

and the propagating constant

β =
√
ω2µε− k2

c (4.4)
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If a reflective filter is placed at z = 0, a backward-travelling wave ~H− is excited, and the

total magnetic field distribution along the waveguide is given as

~H = ~H+ + ~H−

= H+
0 e
−jβz +H−0 e

jβz
(4.5)

The relationship between H+
0 and H−0 is determined by the reflection Γ [73] which is de-

fined differently for transversal and longitudinal field components. In the case of transver-

sal field components (Hx, Hy),

Γ = −H
−
0

H+
0

(4.6)

which allows Eq. 4.5 to be re-written as

~Hx,y(z) = H+
0(x,y)

(
e−jβz − ej(βz+Θ)

)
(4.7)

if it is assumed that, in the reflective stop-band of the filter, Γ = 1∠Θ (magnitude 1, with

an arbitrary angle of reflection Θ). The local maxima (in z) of the standing wave pattern

is calculated as

|Hx,y(z)| = 2H+
0(x,y) sin

(
βz +

Θ

2

)
(4.8)

For the longitudinal field component Hz

Γ = +
H−0
H+

0

(4.9)

This leads to the further development

~Hz = H+
0(z)

(
e−jβz − ej(βz+Θ)

)
(4.10)

and

|Hz(z)| = 2H+
0(z) cos

(
βz +

Θ

2

)
(4.11)

Applying the relation

~J = ~n× ~H (4.12)

for the standing wave ~H-fields at y = 0 reveals standing wave current distributions on the

broadwall of the waveguide (~n = ~ay) to be

Jx = −Amn cos
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for TE modes, and
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for TM modes. The current distributions on the waveguide sidewall is found by applying

the same relation at x = 0 (~n = ~ax), which shows the current distributions to be
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for TE modes, and
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for TM modes. Using these equations, the peak current distribution magnitudes and ori-

entations may be calculated analytically for a given filter reflection at a specific frequency,

as plotted in Fig. 4.3

The examples shown in Fig. 4.3 are selected specifically to illustrate a few properties of

standing wave surface current distributions that will prove of interest in future develop-

ment. Firstly, it is important to note in Fig. 4.3(a) that |Jz| has a maximum at x = a/2

for both the TE10 and TE30 modes. This is true for all odd TEm0 modes, and is a com-

monality which may be exploited in considering the multi-mode operation of a slot placed

in the waveguide broadwall.

For a guide terminated in an ideal reflection, the maxima |Jz| and |Jx| in TEm0 modes

are not co-located on the z-axis, as seen in Fig. 4.3(b). These maxima are also dependent

on frequency (Fig. 4.3(c)) and reflection phase (Fig. 4.3(d)).
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|Jx| and |Jz| on the waveguide floor. Note
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|Jx| and |Jz| at a distance z from a
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Figure 4.3:
Sample surface current distributions in WR-90 waveguide, the presence of a
reflection Γ = 1∠Θ at z = 0 for a normalised wave amplitude Amn = 1 at
f = 19 GHz.

It is also illustrated in Fig. 4.3(c) that a given change in frequency effects a bigger change

in the position of the maxima further away from the reflection source than those nearer

to z = 0, the reflection source position. Consequently, if two points on the rectangular

waveguide surface are positions of maximum standing wave current at a centre frequency

f0, the point closer to the reflection source will feature a high surface current distribution

for a wider frequency bandwidth than the point further from the reflection source.

The main conclusions of this section are, therefore

• A position of maximum surface current distribution is only valid over a limited

frequency bandwidth.



Chapter 4 – Cascaded waveguide slots as absorptive harmonic pads 95

• The bandwidth is affected by frequency dependence of Θ, the reflection angle.

• The further the maximum is located from the reflection source, the narrower the

bandwidth.

4.2.1 Modes under consideration

For a typical absorptive filtering solution spanning several harmonics, the current distri-

butions for numerous propagating modes have to be considered. For example, WR-90

waveguide (22.86 × 10.16 mm) supports 16 propagating modes at 31.5 GHz, which is the

upper cut-off frequency of the third harmonic for a system with an upper transmission

frequency of 10.5 GHz. Clearly, it is impractical to consider all of these modes individually

when choosing the positions and orientations of radiating slots.

The complexity of the problem may be reduced by using a reduced height waveguide, with

b sufficiently low that only TEm0 modes propagate [1]. Further more, all TEm0 modes have

uniform y-directed surface current along the sidewalls. If structural symmetry around the

y-axis at x = a/2 is enforced, the existence of modes with even values of m are avoided.

This ensures that there is always a local maximum for Jz in the centre of the guide

broadwall, irrespective of which odd TEm0 mode is incident or excited. For the system

under consideration, the required maximum for b is 4.762 mm, which places the TE01

cut-off frequency at 31.5 GHz.

Reducing the main guide height does, however, influence the coupling or radiating prop-

erties of the slots (details of which to be discussed in the next section). In the case of

retention of full height guide, the number of propagating modes may also be reduced by

maintaining both E-plane and H-plane symmetry. Enforcing the boundary conditions

Ex|x=0.5a = 0

Hy|y=0.5b = 0

reveals that, in this case, only TEmn and TMmn modes of odd m = 1, 3, 5, ... and even

n = 0, 2, 4, ... propagate. This reduces the number of propagating modes to 4 (TE10, TE30,

TE12 and TM12). Each of these display a maximum z-directed surface current at x = a/2

on the broadwall. This commonality in surface current distribution may be exploited to

design catch-all slots (which preserve the required symmetries) operating independent of

the propagating mode.
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4.3 Waveguide slots and absorptive auxiliary guides

Two related, but distinctly different approaches are possible when designing slots for

harmonic pads. The first is to consider the slots as radiating slots, and to load the auxiliary

guide sufficiently as to mimic free space. The second approach involves full consideration

of the auxiliary waveguide, treating slots as coupling apertures. This section will evaluate

both approaches, consider the effect of auxiliary waveguides on the slots, and select a

topology for which a circuit model may be developed.

4.3.1 Review of radiating slots

Free-space radiating slots in rectangular waveguide is the subject of an extensive body

of literature, of which [81, 82, 83, 84, 85, 86, 87, 88, 89, 90] is but a small sample. The

vast majority of the literature aims to develop improved numerical modelling methods for

these slots, which is not of concern for the problem at hand (since a commercial full-wave

EM solver is available). This discussion will only focus on the properties of radiating slots

relevant to the development of harmonic pads.

A narrow slot of length l and and width w (where “narrow” implies 2 log
(
l
w

)
> 1, ac-

cording to [81]) cut into a wall in rectangular waveguide, will radiate energy into free

space. The magnitude of the radiation is proportional to the magnitude of the surface

current directed normal to the orientation of the slot. Maximum radiation will therefore

occur if the slot is placed at a point of maximum surface current density (for instance,

the local maxima of a standing wave pattern), with a slot placed in a direction normal to

the surface current direction at that point [91]

Four main slot types are of interest to this inquiry, as shown in Fig. 4.4. The broadwall

inclined slot [81, 82] and transversal offset slot [82, 87] are excited by the z-directed

surface current of the fundamental TE10 mode Jz, the broadwall longitudinal slot [82] by

Jx, and sidewall inclined slot [81, 85, 92, 93] by Jy. The reason these four slots are of

importance, is that special instances of each (θB = 90◦, dT = 0, dL = a/2, θS = 0◦) will

result in maximum interruption of each of the three surface current distributions of all

TEm0 modes.

Maximum radiation from a slot occurs when the slot length l ≈ nλ0/2, but this is de-

pendent on the displacement or rotation [82, 83] of the slot. Resonant lengths may, for

example, be closer to l ≈ 0.52λ [84] and l ≈ 0.488λ [92] for inclined sidewall slots, 0.47λ

for transversal slots [87, 94] and 0.445λ < l < 0.502λ for longitudinal slots in full-height
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(a)
General locations and dimensions of
broadwall and sidewall slots in rectangular
waveguide.

a
dL

θB

dT

Jx

Jz

(b)
Broadwall inclined (left), transversal offset (middle) and longitudinal
offset (right) slots.

b θSJy

Jz

(c) Sidewall inclined slot.

Figure 4.4:
Slot locations and orientations in rectangular waveguide.

guide [83, 94].

Guide height also plays a role in resonant slot length, with [95] indicating as much as

6% increase in slot resonant length by halving the guide height. Another contributing

factor is the slot width [82], waveguide wall thickness [83, 86] and slot end rounding

[96, 86]. Because numerous factors determine resonant slot length, it is best determined

(for purpose of this inquiry) from individual full-wave analyses.

Radiating broadwall inclined and transversal offset slots may be modelled as series res-

onant circuits in transmission line (as shown in Fig. 4.5(a)) [82], because they interrupt

Jz, the surface current component responsible for power transfer. Interrupting Jx and

Jy, on the other hand, effectively places a shunt load on the transmission line. Radiating

longitudinal broadwall and sidewall inclined slots are therefore modelled as shunt reso-

nant circuits shown in Fig. 4.5(b) [82]. Generalised T-section models do not significantly
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contribute to the accuracy of the model, except in the case of wide slots [96], or slots of

reduced guide height [83]. These circuit models will be discussed in the next section.

(a) Series resonator.

(b) Shunt resonator.

Figure 4.5:
Circuit models of radiating slots.

The circuit model parameters of a radiating slot is further altered by the presence of

metallisation (parallel plates [87, 89] or baffles [88, 90] being typical examples) in the

near-field of the slot exterior. This effect may be as large as 4% for resonant length

[88, 89] and as much as 500% for peak reflection [90] and 150% for resonant resistance

or conductance [87], depending on slot displacement. The implication for the present

inquiry is that the previously mentioned slot models are only valid if the auxiliary guides

are sufficiently absorptive to approximate free space around the slot (ie, they do not act

as tranmission lines between slots). If this condition does not hold, then the circuit model

of the slot depends on the auxiliary guide dimensions a′ and b′.

Guide height b has a significant influence on circuit model values. Apart from the pre-

viously noted change in slot resonant frequency, reduced guide height is associated with

increased slot bandwidth [86, 87] as well as increased radiation resistance [87]. Any slot has

finite reflection outside its resonant frequency, which may contribute to the total in-band

reflection of the combined filter and harmonic pad. This is an important consideration in

slot selection. Reduced guide height also decreases the validity of traditional circuit mod-

els [83, 97], due to asymmetric scattering from the slot [86] (an effect mitigated by the use

of meandering slots [98]). This causes the frequencies of peak resistance / absorption and

zero reactance / susceptance to be dissimilar, which invalidates the assumption of simple

resonance absorption. A full T-network description is required in these cases [97, 99].
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4.3.2 Review of coupling slots

The second main body of literature deals with slots coupling between two distinct wave-

guides [4, 100, 94, 92, 101, 95, 102, 103, 104, 105, 93]. Much of what is true for radiating

slots, also holds for coupling slots. This section describes some differences in detail.

As with radiating slots, the coupling values of coupling slots are determined by the mag-

nitude of surface current normal to the slot orientation, and the resonant frequency by

factors similar to those stated previously (length, width, position, rotation, wall thickness

and guide height). The same four basic radiating slot types can be used for coupling, but

preference is given to transversal broadwall and longitudinal sidewall slots [93].

The biggest difference between radiating and coupling slots lies with the circuit modelling.

Both broadwall and sidewall coupling slots and apertures are modelled in classical liter-

ature [68] as intricate networks of six reactive components, shown in Fig. 4.6(a). Later

work reduces this model to a T-equivalent circuit [102], but with numerically determined

impedances. An alternative approach is to represent the slot as an ideal transformer with

a single shut reactance [106], or a J-inverter and a series reactance [103], both of which

are based on numerically generated S-parameter data. Recent contributions [104, 105, 93]

establish wide-band equivalent lumped-element series resonant models reminiscent of the

traditional transverse slot model, shown in Fig. 4.6(b). Though both these models allow

for resonant coupling, the latter approach may be extended to include waveguide wall

thickness and coupling between non-identical waveguides [93].

These recent approaches are distinguished from earlier coupling slot models, and from

almost all radiating slot models, by the absence of analytical or empirical expressions of

circuit values. Instead, they incorporate data1 obtained from a full-wave solver to establish

circuit model values. This enables circuit optimisation (rather than more time-consuming

full-wave optimisation) to be used in the design of coupling arrays.

Single sidewall slots have been shown to couple as much as -4.5 dB [92] from the main

guide into an auxiliary guide, with -3 dB coupling possible [93] for single transversal

broadwall slots, though -6 dB [101] is a more common value for both transversal and

longitudinal slots. Finite wall thickness decreases the coupling bandwidth [101], but suf-

ficiently thick slots will support propagating waveguide modes above slot resonance [94],

which means that the slot acts as a waveguide above a specific cut-off frequency. For sim-

ilar slot dimensions, common broadwall couplers will have a greater coupling bandwidth

1A minimum of two data points are required, but better results are achieved by averaging



Chapter 4 – Cascaded waveguide slots as absorptive harmonic pads 100

Ld

La

Ld

LaCc

Lb

(a) Model used in [68]

L1

C1

L2

C2
T 1

:1
1:

T 2
Z s

, t
Zg2Zg2

Zg1Zg1

(b) Model used in [93]

Figure 4.6:
Previously published circuit models of transversal broadwall slot couplers.

than common sidewall couplers [102], and the coupling magnitude is less sensitive to the

dimensions of the auxiliary guide. The resonant frequency is, however, affected by the

dimensions of the auxiliary guide [102].

4.3.3 Slot selection

The purpose of the selected waveguide slot is to extract as much of the reflected energy

from the main guide (at harmonic frequencies) into an auxiliary guide across the ab-

sorption bandwidth, without affecting the pass-band transmission characteristics of the

structure. The following aspects need to be considered when designing sets of absorbing

slots.
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Cascading

In cascading longitudinal slots (either on the broadwall or the sidewall), the minimum

centre-to-centre spacing of the slots along the length of the guide is limited by the slot

length. In transversal slots, it is limited to the slot width. A denser slot distribution is

therefore possible with transversal slots, (as shown in Fig. 4.7) shortening the total length

of the eventual harmonic pad.

lt
Figure 4.7:

Cascade densities of transversal broadwall (top) and longitudinal sidewall
(bottom) slots.

Multiple mode current distributions

It was shown previously that, by enforcing both E-plane and H-plane symmetries, all

propagating modes have a common element of surface current distribution, namely the z-

directed broadwall current at x = a/2. This commonality distinguishes centered transver-

sal broadwall slots as the preferred slot topology.

Absorption

Absorption is defined as

A =

√
1− |S11|2 − |S21|2 (4.17)

and is used as a measure of the amount of energy removed from the main guide either by

radiation, coupling to an auxiliary guide, or dissipation in absorptive material. The peak

absorption of individual slots determine the eventual number of slots required to achieve

an matched condition of Zin ≈ Z0 over a required frequency band.
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Bandwidth

An absorption bandwidth of 20% is required by the initial problem specification in Chapter

1. The minimum number of slots needed to cover a given bandwidth would be decreased

by the use of wide-band slots.

4.3.4 Characteristics of slots in unterminated waveguide

b
w
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ta
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lt

Auxiliary 
guide

Main 
guide

Auxiliary 
guide
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sheet

t

(a) Longitudinal sidewall slots.
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sheet

(b) Transversal broadwall slots.

Figure 4.8:
Simulation models for slot selection. Note the placement of the absorptive
sheet material, indicated as shaded areas.

To investigate the characteristics of various slots in terms of the criteria stated in the

previous section, test slots of length l = 8 mm are simulated in CST Microwave Studio

2009. Slot width of w = 1 mm and wall thickness of t = 1 mm are used in standard

WR-90 (a = 22.86 mm, b = 10.16mm) waveguide, with end rounding of r = 0.5 mm in
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all cases.

Both centered transversal broadwall and centered longitudinal sidewall2 slots are simu-

lated in three different test environments: free-space radiating (i.e, in the absence of the

auxiliary guides shown in Fig. 4.8), coupling to an auxiliary lossless guide of identical

dimensions, and coupling to a guide loaded on three sides (the common wall remaining

PEC) with an appropriate absorptive sheet material (in this case, EccosorbTMFGM-40)

of thickness 1 mm, running the length of the lt = 60 mm simulation cavity. To preserve

the previously discussed symmetry conditions, slots are simulated as symmetric pairs.

Though slots will eventually be used cascaded with a reflected filter, both main guide

ends are initially simulated ports, to investigate general absorptive properties. The effect

of a short-circuited main guide will be investigated in §4.3.6. Both ends of all auxiliary

guides are terminated with ports, to imitate the effect of absorptive loads.

The results are shown in Fig. 4.9.

From the comparative results, it is quite evident that the absorptive material inside the

auxiliary guide is not sufficient to approximate the slot as radiating, since the scattering

parameters of a slot coupling to an absorptive guide are more similar to a lossless coupling

guide than to that of a radiating slot. Preference will therefore be given to coupling circuit

models in later synthesis. The radiating performance of each slot topology does, however,

illustrate the potential of the slot. As such, the radiating transversal slot yields more peak

absorption (-3.5 dB, compared to -9.7 dB) and absorption bandwidth (16%, compared to

7.5%) than the longitudinal slot.

Also noticeable, is that the bandwidth of the coupling slots are reduced by spurious

resonances (less prominent in the case of auxiliary guide loaded with absorptive material)

either side of the main resonance where the slot length l ≈ λ/2. However, even with

these spurious resonances, it is clear that transversal slot exhibits higher peak values and

larger bandwidths (6.25%, compared to the 2.8% of the longitudinal slots) of absorption

than similar slots placed longitudinally. It is for this reason, as well as the cascadeability

mentioned earlier, that transversal slots are selected for further development.

Spurious resonances

The spurious resonances shown in Fig. 4.9 at 16 and 24.5 GHz, coincide with the cut-off

frequencies of the TM11 and TM31 modes in the auxiliary guide, both of which are excited

2Offset broadwall longitudinal slots were dismissed based on manufacturing considerations
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(a) Longitudinal reflection.
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(b) Transversal reflection.
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(c) Longitudinal transmission.
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(d) Transversal transmission.
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(e) Longitudinal absorption.
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(f) Transversal absorption.

Figure 4.9:
Electrical properties of identical symmetrically placed transverse broadwall
and longitudinal sidewall slots with auxiliary guides identical to main guide.
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by the resonant z-directed ~E-field of the slot, as shown in Fig. 4.10.

(a) 16 GHz

(b) 24.5 GHz

Figure 4.10:
~E-fields at spurious resonances in transversal waveguide slots.

At 16 GHz, the coupling between the TE10 mode in the main guide and the TM11 mode

in the auxiliary guide reaches a peak value of -10 dB, which interferes with the TE10 mode

operation of the slot (as shown in Fig. 4.11). The same happens at 24.5 GHz between

the TE10 mode in the main guide and the TM31 mode in the auxiliary guide, though the

spike peaks only at -20 dB.

A simple way to suppress these modes is to reduce the auxiliary guide dimensions3, as

illustrated in Fig. 4.12. This has the added advantage of increasing the TEm0 cut-off

frequencies of the auxiliary guide, below which coupled energy cannot propagate away

from the slot. This effectively places a lower limit on the slot coupler, which avoids

unwanted auxiliary guide coupling in the transmission band of the eventual cascaded

absorptive filter. For the case of a′ = 13 mm, the the TE10 cut-off frequency is increased

3The excitation of non-TE10 modes are avoided by reducing both a′ and b′.
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Figure 4.11:
Coupling from the TE10 mode to higher order modes in the auxiliary wave-
guide. Port 3 is the auxiliary waveguide port directly above the main guide
port 1.

to 11.5 GHz, which allows for near lossless operation in the eventual transmission band

of the cascaded absorptive filter (8.5 - 10.5 GHz, in this case). Also, the removal of the

spurious resonance has effectively increased the absorptive bandwidth of the slot to 15.6%,

similar to that of a radiating transversal slot.

Reducing b′ to 3 mm increases the cut-off frequency of the TM11 mode in the auxiliary

guide to above 51 GHz. The auxiliary guide height also determines the magnitude of the

absorption peak, as illustrated in Fig. 4.13. It will be shown later that b′ is the single most

important dimension in determining the magnitude of slot absorption, since x-axis offset

dT or rotation θB (as shown in Fig. 4.4(b)) excites undesirable even modes (TE20, etc.).

This dimension is, therefore, a synthesised dimension in an eventual cascade synthesis.

Absorptive loading of auxiliary waveguide

Fig. 4.14 shows two options for loading of the auxiliary guide by absorptive sheet material.

Since the surface current distribution of the TE10 mode is larger on the broadwalls than

on the sidewalls, loading of the broadwall alone is expected to achieve similar absorption

as loading of all three walls. This is confirmed in Fig. 4.15. In all following experiments,

only the structure in Fig. 4.14(b) is used.



Chapter 4 – Cascaded waveguide slots as absorptive harmonic pads 107

8 13 18 23 28
−20

−15

−10

−5

0

f [GHz]

A
bs

or
pt

io
n 

[d
B

]

 

 

Lossless: Full height
Absorptive: Full height
Lossless: Reduced size
Absorptive: Reduced size

Figure 4.12:
Comparison of transversal broadwall slot absorption (in absorptive and loss-
less auxiliary guides) with full and reduced auxiliary guide dimensions.
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(a) Transmission.
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(b) Reflection.
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(c) Absorption.

Figure 4.13:
Parametric study of auxiliary guide height b′, a′ = 13 mm.

(a) Three walls. (b) Single wall.

Figure 4.14:
Placement of absorptive loading in auxiliary guide.
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Figure 4.15:
Comparison of broadwall slot absorption with single broadwall and full three-
wall sheet loading for reduced size auxiliary guide.

4.3.5 Slot dimensions

Apart from the auxiliary guide dimensions, the slot itself has three independent param-

eters which may be altered to achieve a required electric response. The effect of varying

the slot length l is shown in Fig. 4.17, and shows that l alters the resonant frequency of

the absorption.

Fig. 4.18 shows that the slot width w adjusts the bandwidth of the slot. Of particular

importance to the application of transversal broadwall slots in harmonic pads, is the

increased reflection above and below resonance, shown in Fig 4.18(b). It is important to

keep in mind that the eventual combined structure of harmonic pad and reflective filter

will have a transmission band above or below the resonant frequency of the slot, and that

any contribution by the slot to the total in-band reflection is unwanted. For the particular

application under consideration, this eventual transmission band is at 8.5 - 10.5 GHz. To

achieve a maximum contribution of -30 dB in the transmission band, the slot width has

to be limited to 1 mm. For the sake of manufacturing simplicity, this means that all slots

in the eventual design would be of width 1 mm.

Fig. 4.19 shows that slot thickness t has the inverse effect of slot width, decreasing the

absorption bandwidth for higher values. As with the slot width, manufacturing is simpli-

fied if all cascaded slots have identical values of wall thickness. For the sake of simplicity,
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Figure 4.16:
Final layout and dimensions of two transversal broadwall slots, each coupling
to an absorptive auxiliary waveguide.
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(a) Slot length, transmission.
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(b) Slot length, reflection.
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(c) Slot length, absorption.

Figure 4.17:
Parametric study of transversal broadwall slot length.
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(a) Slot width, transmission.
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(b) Slot width, reflection.
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(c) Slot width, absorption.

Figure 4.18:
Parametric study of transversal broadwall slot width.
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a value of t = 1 mm is selected.
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(a) Slot thickness,
transmission.
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(b) Slot thickness, reflection.
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(c) Slot thickness, absorption.

Figure 4.19:
Parametric study of transversal broadwall slot thickness.

An important result of the parametric study is that no single slot dimension can be used

to adjust peak slot absorption without affecting other slot parameters significantly. In

slotted waveguide antennas, adjustment to peak absorption is achieved by offsetting the

slot from the xz axis (dB in Fig. 4.4(b)), or by rotating the slot around the y-axis (θB

in Fig. 4.4(b)). Both alterations disrupt the E-plane symmetry of the structure, causing

the TE20 mode to be excited. In this application, slot absorption would therefore be set

primarily by auxiliary guide height (as demonstrated in Fig. 4.13), which means that all

cascaded slots will (for equal wall thickness t and slot width w) have similar values of

peak absorption.

4.3.6 Characteristics of slots in short-circuited main guide

Though previous results proved insightful in selecting slot position, orientation and auxil-

iary guide dimensions, the simulation results are not indicative of the eventual operating

conditions of the slots. To examine the operation of a single transversal slot pair un-

der standing wave conditions, the main guide is short-circuited a distance d from the

centre of the slot. Maximum absorption is expected when the slot is placed at a point

of maximum standing wave surface current at the resonant frequency of the slot. For

|Jz|x=a/2,y=0, this is at d = nλ/2, or multiples of 8.24 mm. Fig. 4.20 shows that both the

maximum input reflection match and absorption bandwidth are achieved by placing the

slot at d = 8.24 mm.

The effect of the standing wave on absorption is evident. Not only has the peak input

match improved to below -23 dB in Fig. 4.20(a), but the -3 dB bandwidth of the absorption

(shown in Fig. 4.20(b)) is now over 20%. Fig. 4.20 further illustrates that the input
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Figure 4.20:
Parametric study of transversal broadwall slot offset from waveguide short
(PEC wall termination).

reflection match and the absorption bandwidth are both worsened by moving the slot

away from the local maximum in standing wave surface current, whilst Fig. 4.21 shows

that both parameters are also worsened by moving the slot to local maxima further away

from the reflection source. This is a critial constraint on the operation of the slot, as will

be seen in later synthesis examples.
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Figure 4.21:
Parametric study of transversal broadwall slot offset at different standing
wave maxima from a waveguide short.

4.3.7 Higher frequency bands

The previous sections all investigated different aspects of the operation of the transversal

broadwall slot for use in the band 17 - 21 GHz, the first absorptive band required by the
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specifications set in Chapter 1. Applying the same design to the second absorptive band

at 24.5 - 31.5 GHz yields a slot length of approximately 5 mm, the results of which are

shown in Fig. 4.22.
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Figure 4.22:
Single centered 5 mm transversal slot scattering parameters.

Apart from the reduced absorption compared to the 8 mm slot, the main concern is the

null in absorption at 28.98 GHz. This coincides with the cut-off frequency of the TM12

mode in the main guide at 30.25 GHz. Further investigation indeed reveals the presence

of a propagating hybrid TE10-TM12 mode, excited by the z-directed ~E-field across the

slot aperture (as shown in Fig. 4.23(b)). As was previously seen with TM modes in the

auxiliary guide (§4.3.4), the presence of this mode impedes the absorption of the TE10

mode by the slot, and has to be suppressed.

The simple approach to alleviate this problem would be to reduce the main guide height

to increase the cut-off frequency of the offending TM12 mode. To achieve this, the main

guide height b is reduced to br = 9 mm (to increase the cut-off frequency of the TM21

mode to above 33 GHz). Fig. 4.24(a) shows that the absorption null is no longer present

for the length of length 5 mm, and that the slot of length 8 mm also operates in the

reduced guide height.

The use of reduced height guide necessitates a transition from the standard WR-90 guide

height b = 10.16 mm to br = 9 mm. A simple tapered transition, as shown in Fig. 4.25

would increase the length of the harmonic pad by 2lt, with lt = 20 mm, to achieve a



Chapter 4 – Cascaded waveguide slots as absorptive harmonic pads 113

(a) ~E-field distribution on yz-axis.

(b) ~E-field distribution on xy-axis.

Figure 4.23:
Single centered 5 mm transversal slot fields.
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(b) l = 8 mm

Figure 4.24:
Transversal slots in reduced main guide height br = 9 mm.
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-30 dB input reflection match. Apart from the undesirable increase in component size,

these transitions would place the slot array further from the short-circuit plane. As it

was demonstrated in §4.3.6 that this increased distance would reduce the bandwidth of

the slot considerably, this is not a preferred solution.

l t

br

b

b l

lt

Figure 4.25:
Tapered transition dimensions.

A better option is to place a PEC wall inside the normal height waveguide to suppress the

TM12 mode without affecting the propagating TE10 mode. This can be done by placing

two lengths of very thin (t < 0.5 mm) shim under the slot, separated by a distance ys, as

shown in Fig. 4.26(a).

ls

ys

(a)
Sectioned view indicating the position of the shims in
waveguide. The auxiliary guides are omitted for clarity.

ys/2

w

b/2 b/2 – ys/2

ls

(b) Sectioned side view of shims.

Figure 4.26:
Layout of shims between transversal broadwall slots to suppress TM12 prop-
agation.

The operation of a single shim is considered by bisecting the waveguide along the xz-plane

of symmetry, and considering a TM11 mode in this half-height guide (which is equivalent

to a TM12 mode propagating in the full-height guide). By placing the shim at y = ys/2,

the effective guide height at that point is reduced to b/2− ys/2, as shown in Fig. 4.26(b).

By choosing ys = 2 mm, the TM11 mode cut-off frequency is increased to above 34 GHz,
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and the undesired null in absorption is removed, as is illustrated in Fig. 4.27 with two

shims of length ls = 6 mm in place.
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Figure 4.27:
Scattering response of unshimmed and shimmed transversal broadwall slots.

Unfortunately, two new spurious resonances, corresponding to the TE101 and TE301 reso-

nant modes in reduced height waveguide, are created at 19.8 and 27.1 GHz, as shown in

Figs. 4.28 and 4.29.

These resonances are not strictly rectangular waveguide transmission line resonator modes,

since the 6 mm length of the shims does not correspond to λg/2 for either the TE10 or

TE30 modes for a = 22.86 mm at their respective resonant frequencies. They are, rather,

combined effects of transmission line length and reactive effects associated with E-plane

bifurcations, as discussed in §6.4 of [68].

These resonances do not preclude the use of shims. The contribution to input reflection of

the shims is typically below -25 dB across band of interest, and if appropriate choices for

ys and ls are made, the spurious resonances can be placed outside the absorptive bands

of interest. For example, retaining ys as 2 mm and increasing ls to 8 mm moves the two

spurious resonances to 16.5 and 24.7 GHz (shown in Fig. 4.31), which are both outside the

absorptive bands of interest. The shims may be shortened to move the TE30 resonance

above the band of interest, but this leaves a shim too short to effectively suppress the TM

mode, as is indicated with a ls = 4 mm shim in Fig. 4.31.
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Figure 4.28:
Wide-band reflection response of l = 5 mm transversal broadwall slots with
ls = 6 mm shims.
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(a) TE101 resonance at 19.8 GHz.

(b) TE301 resonance at 27.1 GHz.

Figure 4.29:
~E-field distributions on the xz-plane for spurious shim resonances.
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(a) Effect of shim length ls on resonance.
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(b) Effect of shim spacing ys on resonance.

Figure 4.30:
Adjustment to spurious shim resonance by variation in ls and ys.
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Figure 4.31:
Moving the spurious shim resonances outside the absorptive bands of inter-
est.
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To improve the performance of the 24.5 - 31.5 GHz slot even further, two slots can be

placed side-by-side, as shown in Fig. 4.32. Not only does this slot pattern increase peak

absorption (Fig. 4.33(c)), but the peak absorption can be synthesised (without exciting

the TE20 mode) by rotating the slots around their respective centre y axes (Fig. 4.34(a))

or, to a lesser extent, varying the distance between them (Fig. 4.34(b)).

w
ll

s

Figure 4.32:
Layout of dual transversal slots. Auxiliary guides omitted for clarity.
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(b)
Comparison of 1- and
2-slot transmission
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Figure 4.33:
Comparison of single and dual slot electrical responses.
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Figure 4.34:
Parametric study of relative dual slot placements.
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4.3.8 Higher order modes

It was illustrated in Fig. 4.3(a) that all odd TEm0 modes have a common maximum in

surface current, namely Jz at x = a/2 and y = 0, b. To verify that the transversal

broadwall slot absorbs these modes, an l = 6 mm test slot was excited by the TE30

mode, rendering the results shown in Fig. 4.35. Note that the TE12 and TM12 modes are

below cut-off (fc = 30.14 GHz in WR-90) at slot resonance, and may be omitted from

the analysis.
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(b) Reflection.
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(c) Absorption.
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(d) Coupling to fundamental mode.

Figure 4.35:
Higher order mode operation of 6 mm transversal broadwall slot.

Since the magnitude of surface current maximum is lower in the TE30 mode than the

TE10 mode (shown in Fig. 4.3(a)), the absorption levels are significantly less than those

of the TE10 mode. The general shape of the response is, however, similar, verifying the

operation of the slot for odd TEm0 modes.

Also noticeable, is that an incident TE10 mode excites both transmitted and reflected

TE30 modes of -15 dB at resonance. This effect is significant, and any final prototype
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performance has to be checked for acceptable levels of higher mode backscattering.

4.3.9 Power handling capability

The final required analysis of transversal broadwall slots required is an analysis of the

power handling capability of the structure. Much of the theory used here is discussed in

§3.5. As before, peak and average power handling capabilities are discussed separately.

Peak power

As in the previous chapter, the peak power handling capability is determined by the

maximum full-wave simulated ~E-field strength Emax, and comparing it to breakdown ~E-

field strength EB of 12.1 kV/cm RMS as calculated in Eq. 3.12. From simulation, the

maximum ~E-field occurs at resonance across the slot aperture, as shown in (Fig. 4.36(a)).

This field strength can be used as benchmark for peak power handling capability.

Away from slot resonance, and with the waveguide terminated with a matched port, the

slot exhibits maximum power handling capabilities comparable to the waveguide itself

(shown in Table 4.1), and significantly more than the required 8 kW specified in Chapter

1. Since there is no concentration of ~E-field around the slot at under these conditions

(Fig. 4.36(b)), this is to be expected. In the absorption band, simulating the slot with a

short-circuited main guide (similar to the conditions experienced in the filter stop-band,

if the slot is cascaded with a reflective filter) at resonance indicates a heavily concentrated

~E-field, with Emax increased by over 800%. The resulting decreased peak power handling

capability is still more than the maximum -15 dBc = 253 W harmonic power level specified

in Chapter 1, which is significantly less than the 8 kW power handling capability required

under matched conditions in the band 8.5 - 10.5 GHz.

Table 4.1:
Peak power capabilities of 8 mm transversal broadwall slot under different
conditions. Pin = 1 W RMS.

Emax [V/m RMS] Pmax [kW]
Regular, w = 1 mm Shorted, f = 19 GHz 25184 2.31

Matched, f = 9.5 GHz 3034 158.82
Regular, w = 1.5 mm Shorted, f = 19 GHz 16694 5.25

Matched, f = 9.5 GHz 2712 198.78
Rounded, w = 1 mm Shorted, f = 19 GHz 25398 2.27

Matched, f = 9.5 GHz 2711 198.93

Increasing the slot width to 1.5 mm results in the power handling capability being more
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(a) At resonance.

(b) Off resonance.

Figure 4.36:
Slot aperture ~E-field distribution.

than doubled, with a maximum of 5.25 kW. In contrast, rounding the outer slot edges

by r = 0.3 mm (similar to the rounding applied to the bosses in Fig. 3.25) does not

increase the power handling capability of the slots significantly. Given the increased

manufacturing complexity associated with implementing this rounding, it is not considered

for a manufactured prototype.

Average power

The main concern in evaluating average power handling capability is the dissipative heat-

ing of the end-load absorbers in the auxiliary guide (§4.6.1). The power absorbed in

these loads is easily determined by the port parameters S31 and S41, where ports 3 and 4

substitute end-loads in the auxiliary guide during simulation. Under short-circuited main

guide conditions, these are simulated as -7.93 dB and -7.51 dB at resonance, respectively.
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With the average in-band power specified as 500 W, and the average power in the second

harmonic (as with peak power) no more than -15 dBc, each end-load has to absorb an

average incident power in the order of -22.5 dBc, or 2.8 W. This has to be considered in

conjunction with the material properties of the end-load in a final manufactured prototype.
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4.4 Circuit modelling

This section will establish a circuit model representation of a single transversal slot pair

(in the presence of waveguide shims), and apply it in a cascade synthesis to establish an

absorptive band.

4.4.1 Single slot

Single transversal coupling slots have been studied extensively in [93, 104, 105] (Shown

in Fig. 4.6(b)), and the resulting circuit models have been proven accurate over wide

bandwidths. They are distinguished from classical models [68, 102] by their simplicity,

but also by their reliance on accurate numerical data from a full-wave simulation of the

slot4. Since such a solver (in this case, CST Microwave Studio 2009 ) is available, this

presents no difficulty. These models will, therefore, be used as starting point of further

development.

Two previous test structures will be used to verify the validity of each model. The first

is two broadwall transversal slots, symmetrical around the xz-plane, of length 8 mm

each, each coupling to an auxiliary guide of 13 × 3 mm from standard WR-90 guide

(22.86 × 10.16 mm). The second replaces the 8 mm slot with two 5 mm slots in the

side-by-side layout of Fig. 4.32, and includes two shims of thickness ts = 0.1 mm and

length ls = 5 mm placed across the width of the main guide between the opposing slots,

a distance ys = 1.4 mm apart. All waveguide ports are de-embedded to the centre of the

slot.

Resistive load model

The most reduced form of the finite wall thickness model provided in [93] is a simple loaded

series resonator, shown in Fig. 4.37(a). This model makes the following assumptions:

1. The slot is resonant at the same frequency in both the main and auxiliary guides

(neglecting a second LC resonator).

2. The finite wall thickness has negligible effect on the resonant characteristics of the

slot.

4Classical models’ circuit values are derived directly from physical dimensions
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Figure 4.37:
Single slot circuit models under consideration.

3. The absorptive material inside the auxiliary guide suppresses propagation to such

an extent that, if ports were to be placed at the ends of the auxiliary waveguide, the

energy coupled to those ports would be negligible. The structure, therefore, reduces

to a simple two-port.

Circuit element values are extracted from the scattering parameter S11 = Γ (since all

other ports are matched) produced by the full-wave solver. The resonator parameters are

related simply by the resonant frequency

ω0 =
1√
LC

(4.18)

which is found by the equi-phase point of S11 and S21. The offset from 0 phase at ω0 is

the effect of the embedded line length φ.

Since the input impedance is purely resistive at resonance, the resistance R is calculated

as

R =
2 |Γ|ω=ω0

1− |Γ|ω=ω0

(4.19)

Though it is possible to calculate L or C from the reflection slope at resonance

dΓ

dω

∣∣∣∣
ω=ω0

=
−j4CR2Z0

4Z02 + 4RZ0 +R2
(4.20)

this relies heavily on the accuracy of a singular full-wave simulation data points at res-

onance, and is complicated by the presence of embedded transmission line φ. A better

broadband approximation is made by deriving the input reflection magnitude of the res-

onator from circuit theory

|Γ| = ωLR√(
2RZ0 − 2ωRZ0

ω0

)2

+ L (2ωZ0 + ωR)2

(4.21)
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and using a broad sample of frequency points ω and reflection magnitude |Γ| to calculate

a mean value of L and, consequently, C. This method is used to calculate the results

shown in Fig. 4.38 and Fig. 4.39.
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Figure 4.38:
Performance of single lossy resonator approximation of 8 mm transversal
coupling slot, R = 0.98 Ω, L = 800 fH, C = 86.62 pF, φ = 0.28◦
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(b) Transmission and reflection phase.

Figure 4.39:
Performance of single lossy resonator approximation of 5 mm transversal
coupling slot, R = 1.02 Ω, L = 384 fH, C = 74.48 pF, φ = 1.89◦

The results in Fig. 4.38 indicate excellent correspondence between the simplified model

and the full-wave simulated S-parameters in the band 17 - 21 GHz, but some deviation

at 25.5 - 31.5 GHz (shown in Fig. 4.39), especially far below resonance. This may be

due to unmodelled interaction between the shims and the slot, as noted previously in

§4.3.7. However, the simplicity of the current model justifies its use, despite the 7o phase

difference in reflection at lower frequencies.
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Auxiliary TEM line model

The model coupling to external auxiliary line ports is shown in Fig. 4.37(b), with an elec-

trical equivalent (given the H-plane symmetry in the physical structure) in Fig. 4.37(c).

In the case of an isolated slot, both are electrical equivalents of Fig. 4.37(a), with the

transformer value T derived from circuit theory as

T =

√
4Z0

R
(4.22)

It is, therefore, unnecessary to evaluate it independently.

4.4.2 Cascade of two slots

Three approaches are considered in modelling cascaded slots. The first uses a cascade

of lossy resonators without external coupling (Fig. 4.41(a)), the second explicitly models

external coupling through the auxiliary waveguide by using TEM lines (Fig. 4.41(b)), and

the third models both internal and external coupling using circuit model representations

of TE10 propagation in waveguide (Fig. 4.41(c)). Two identical slots of l = 8 mm cascaded

d = 5 mm apart (as shown in Fig. 4.40) is used as a test case. The simulated main guide

also contains two shims of length ls = 8 mm, separated by ys = 1.4 mm.

l

w

d

Figure 4.40:
Two identical slots of length l and width w, cascaded by a distance d.
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Two cascaded resonators coupled by auxiliary TE10 waveguide. Note
the bisected main guide height of 5.08 mm.

Resistive load models

In conjunction with the previously calculated circuit values for the 8 mm slot equivalent

circuit, the section of waveguide between the slots is modelled as a TEM line of normalised

1 Ω impedance and length 0.299λ (since the guide wavelength at the resonant frequency of

the slot is 16.69 mm). The results shown in Fig. 4.41 indicate rather poor correspondence.

The accuracy of the circuit model is severely impaired by not taking exterior slot coupling

through the auxiliary guides into consideration. Note that the resonant effect at 14.48

GHz is not a function of the slots, but rather a resonance of the shims, as discussed in

the previous section.

Auxiliary TEM line

The second circuit model under consideration, shown in Fig. 4.41(b), includes a section

of TEM line of length 0.254λ for external slot coupling, which corresponds to 5 mm line

length in the reduced size auxiliary guide. The agreement shown in Figs. 4.42(a) and

4.42(b) indicate marked improvement over the cascaded lossy resonator model without

external coupling.
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(d) Transmission and reflection magnitude.
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(e) Transmission and reflection phase.

Figure 4.41:
Performance of cascaded lossy resonator circuit model without external slot
coupling.
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(a)
Transmission and reflection magnitude,
5 mm cascade.
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(b)
Transmission and reflection phase, 5 mm
cascade.
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(c)
Transmission and reflection magnitude,
20 mm cascade.
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Transmission and reflection phase, 20 mm
cascade.

Figure 4.42:
Performance of cascaded TEM-line coupled resonator circuit model.
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In the case of increased slot separation of d = 20 mm, with each slot equipped with

its own set of shims of length 10 mm (maintaining the shim separation of 1.4 mm) the

results in Figs. 4.42(c) and 4.42(d) are obtained with the slots located 1.199λ apart in the

main guide and 1.018λ in the auxiliary guide at the resonant frequency. Some differences

between the magnitudes of scattering parameters are visible, but of more concern is the

severe discrepancy in phase response, especially in the transmission band.

Auxiliary waveguide

The third approach models TE10 waveguide explicitly in both the auxiliary and main

guide, as shown in Fig. 4.41(c). The broadband phase agreement for two cascaded slots

of d = 20 mm (shown in Fig. 4.43(b)) is better than is the case when using TEM lines

(Fig. 4.42(d)), though the magnitude response is little changed (Fig. 4.43(a)). This im-

proved phase response is, however, an important consideration, since it has been demon-

strated in §4.2 that the distance between the slot and the reflective source is critical to

its operation. This model is, therefore, used in further development.
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Transmission and reflection magnitude,
20 mm cascade.
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Figure 4.43:
Performance of cascaded waveguide coupled resonator circuit model.
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4.5 Synthesis examples

This section will illustrate the use of the previously established circuit models to develop

harmonic pads capable of effecting a required input match over a required bandwidth, in

the presence of a reflective load. The development goals for this particular application

are shown in Table 4.2. In all cases, circuit modelling and optimisation are performed in

AWR Microwave Office 2008, and full-wave simulation in CST Microwave Studio 2009.

Table 4.2:
Input reflection specifications.

f1 [GHz] f2 [GHz] |S11| [dB]
First absorptive band 17 21 -15
Second absorptive band 25.5 31.5 -10

4.5.1 General approach

As yet, there is no explicit synthesis technique to effect a required match for cascaded lossy

shunt resonators terminated by a reflective load [23, 24, 20]. The most relevant published

theory is the input reflection synthesis of multi-mode patch antennas [107], where the load

on the shunt resonator is the radiation resistance of the antenna. This method relies on

analytical expressions of input impedance for a limited number of resonators, and is not

generally applicable to an arbitrary cascade of resonators. Analytical expressions of the

absorption of Jauman absorbers [108] are similarly limited to specific orders, and grow

exponentially more complex for each additional layer.

Less numerically intensive and time-consuming than full-wave optimisation, is the op-

timisation of a circuit model representing the cascaded transversal slots. This has the

advantage that the circuit model can be designed end-loaded with the exact S-parameter

data of the reflective filter the harmonic pad is to be designed for, as well as providing a

reverse-tuning tool with which full-wave results can be adjusted.

The synthesis starts by selecting the initial values of resonant frequency fi for all of the

cascaded resonators to be the centre frequency f0 of the band to be absorbed, with values

of Li, Ci, φi and Ti (shown in Fig. 4.44) to match a slot of that required length. Slot

spacings di are chosen to place the slots at the centre frequency standing wave pattern

maxima, as discussed in §4.2 and §4.3.6.

The circuit is then cascaded with the S-parameters of the reflective filter (as shown in

Fig. 4.44) and the values fi and di are optimised to achieve a goal input reflection match
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Figure 4.44:
General optimisation circuit. The S-parameter block represents externally
generated reflective filter data.

over a given band using a random localised optimisation algorithm. Variation in slot

resonant frequency, as is done in circuit optimisation, is associated with changes in other

slot circuit parameters which are not adjusted in the optimisation. It is therefore necessary

to halt the optimisation periodically, full-wave simulate each individual slot to extract

circuit parameters Li, Ci, φi and Ti associated with a slot resonating at an intermediate

optimised fi, and then apply these changes in circuit parameters to the optimisation

model before continuing the optimisation. An alternative is to establish values of L, C,

φ and T for a wide range of slot resonant frequencies (and, therefore, a wide range of slot

lengths l) before circuit optimisation, and apply these changed periodically to the circuit

model during optimisation.

The synthesis is considered complete when the optimisation goals are achieved with values

of Li, Ci, φi and Ti that match the final optimised resonant frequency of each slot. The

resonant frequencies are then used to find slot lengths li, and used in conjunction with

the values of di to construct a full-wave model of the harmonic pad. These dimensions

can then be fine-tuned in full-wave simulation to establish a final manufacturing model.

If the circuit optimisation fails to produce a circuit capable of reaching the specification,

one of two options are available. Firstly, an adjustment to the auxiliary guide dimensions

(a′, b′) will effect a change in the average transformer values Ti, since the magnitude

of the absorbed energy is affected. More commonly, an increase in the number of slots

simulated is found to improve the odds of finding an optimised solution. This is especially

true if the required matching bandwidth cannot be achieved with the number of slots

under consideration. On the other hand, increased slots also result in increased synthesis

complexity with each additional slot leading to less performance improvement than the

previous (§4.2, §4.3.6).
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4.5.2 Design for first absorptive band

The procedure outlined above is applied to the first absorptive band of 17 - 21 GHz, with

a top view of the physical structure shown in Fig. 4.45. The circuit model in Fig. 4.44

is terminated with the actual S-parameter data of the waffle-iron filter designed in the

previous chapter.

w

d1d2d3d4dn
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Figure 4.45:
General slot dimensions for first absorptive harmonic pad.

After an initial unsuccessful optimisation5 using a cascade of three slots, the model is

increased in order to five slots. This optimisation produces the circuit values and dimen-

sions shown in Table 4.3 and the electrical responses in Fig. 4.46. This circuit model

adheres to the specification, and is implemented in a full-wave simulation model. The

full-wave model is then tuned, producing the full-wave simulation results also shown in

Fig. 4.46. Each slot has a width of 1 mm cut into a wall of thickness 1 mm, coupling to

an absorptive auxiliary guide of 13 × 3 mm.

Apart from the 14% reduction in d1, the circuit model renders dimensions to within 10%

of those required to meet the specification.

Fig. 4.46 also shows that the harmonic pad causes a slight increase in the in-band (8.5 -

10.5 GHz) reflection response compared to that of the waffle-iron filter in isolation, namely

from -25 to -22 dB.

4.5.3 Design for second absorptive band

The procedure is also implemented for the second absorptive band, using the side-by-side

transversal slots and shims shown in Fig. 4.47.

The initial model is comprised of 5 side-by-side transversal slots of length li = 5.15 mm

5An optimisation that does not render a circuit model capable of achieving the input reflection speci-
fication.
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Table 4.3:
Progressive development of first absorptive band harmonic pad with reflec-
tive filter termination.

Initial Circuit optimised Full-wave tuned
f1 [GHz] 19 20.7 –
L1 [fH] 435 342 –
C1 [pF] 161 173 –
T1 2.05 2.22 –
φ1 [◦] -0.44 -0.44 –
l1 [mm] 8.15 7.45 7.5 (+0.67%)
f2 [GHz] 19 20.7 –
L2 [fH] 435 342 –
C2 [pF] 161 173 –
T2 2.05 2.22 –
φ2 [◦] -0.44 -0.44 –
l2 [mm] 8.15 7.45 7.55 (+1.34%)
f3 [GHz] 19 19 –
L3 [fH] 435 435 –
C3 [pF] 161 161 –
T3 2.05 2.05 –
φ3 [◦] -0.44 -0.44 –
l3 [mm] 8.15 8.15 7.95 (-2.45%)
f4 [GHz] 19 20 –
L4 [fH] 435 389 –
C4 [pF] 161 163 –
T4 2.05 2.20 –
φ4 [◦] -0.44 -0.44 –
l4 [mm] 8.15 7.7 7.7
f5 [GHz] 19 21 –
L5 [fH] 435 310 –
C5 [pF] 161 185 –
T5 2.05 2.22 –
φ5 [◦] -0.44 -0.44 –
l5 [mm] 8.15 7.3 7.3
d1 [mm] 8.42 3.67 3.15 (-14%)
d2 [mm] 8.42 4.71 4.81 (+2.1%)
d3 [mm] 8.42 5.44 5.24 (-3.67%)
d4 [mm] 8.42 2.97 3.17 (+6.73%)
d5 [mm] 8.42 1.99 1.99
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Figure 4.46:
Reflection response of first absorptive band harmonic pad cascaded with a
waffle-iron filter.
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Figure 4.47:
General slot dimensions for second absorptive band harmonic pad. Shim
edges indicated as hidden detail.

(with centre-to-centre spacing s of 6 mm) resonating at 28.5 GHz, with cascaded spacing

di of 5.41 (calculated as with previous designs). Full-wave simulations of isolated slots

are performed with the added PEC shims of thickness ts = 0.1 mm and length ls = 5 mm

spaced ys = 2 mm apart, as shown in Fig. 4.26(a). The design proceeds as per previous

examples, rendering the optimised circuit values in Table 4.4.

Due to the increased input reflection phase rate of change dθ
df

at higher frequencies, the full

20% bandwidth cannot be achived with five slots, as was the case in the first absorptive

band design. Instead of increasing the number of slots, an ammended goal of 25.5 - 30

GHz (16.2%) is chosen to illustrate the design process.
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Before the initial full-wave model is considered, the cascaded effects of the shims have to

be investigated. Since the slots are too closely spaced to placed to allow for an individual

shim set for each, two cascaded sets of shims are placed initially. Based on the shim

simulations of §4.3.7, shims of length 8 mm are selected. When simulated in isolation,

however, the shims are found to introduce either spurious harmonics or reflection of up

to -20 dB in the band of interest, as shown in Fig. 4.48(a).
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(a) Cascade of two shim pairs.
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(b) Cascade of three shim pairs.

Figure 4.48:
Adjustment to shim lengths for second harmonic band pad synthesis, simu-
lated in isolation.

Replacing the cascade of two sets with a cascade of three sets (one centered at slot pair

1, one at slot pair 4, and the third at pair 5) yields a spurious-free reflection response of

below -35 dB across the band of interest can be achieved for shims of length ls = 3.6 mm,

as shown in Fig. 4.48. The shim length is adjusted accordingly in the full-wave model,

which is then tuned to the final dimensions shown in Table 4.4.

Despite considerable full-wave tuning, the third harmonic absorber does not reach even

the amended specification. The overall first-iteration inaccuracy is attributed to reactive

influence of the shims, since this is the only significant difference between this and the

previous second harmonic designs. If the slot cascade is considered in isolation, as shown

in Fig. 4.50, it is evident that same degree of first-iteration accuracy exhibited by the

first absorptive band design is achieved here below 23 GHz, but is not achieved at higher

frequencies. This may be due to the previously noted TE30 mode resonances which do not

appear for shims simulated in isolation, or the mere fact that length ls = 3.6 mm shims

do not effectively suppress the TM12 mode.

Until the slot-shim interaction (as well as the shim reflection itself) is effectively modelled

and accounted for in circuit optimisation, this method will be less accurate applied with
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Table 4.4:
Progressive development of second absorptive band pad with reflective filter
termination.

Initial Circuit optimised Full-wave tuned
f1 [GHz] 28.5 26.7 –
L1 [fH] 182 245 –
C1 [pF] 171 145 –
T1 2.05 1.99 –
φ1 [◦] 1 -0.5 –
l1 [mm] 5.15 5.7 5.6 (-1.75%)
s1 [mm] 6 6 6
f2 [GHz] 28.5 29.4 –
L2 [fH] 182 182 –
C2 [pF] 171 161 –
T2 2.05 2.07 –
φ2 [◦] 1 0.8 –
l2 [mm] 5.15 5.15 5.15
s2 [mm] 6 6 6
f3 [GHz] 28.5 29.4 –
L3 [fH] 182 182 –
C3 [pF] 171 161 –
T3 2.05 2.07 –
φ3 [◦] 1 0.8 –
l3 [mm] 5.15 5.15 5.15
s3 [mm] 6 6 6
f4 [GHz] 28.5 30.95 –
L4 [fH] 182 155 –
C4 [pF] 171 171 –
T4 2.05 2.1 –
φ4 [◦] 1 2.55 –
l4 [mm] 5.15 4.86 3.96 (-18%)
s4 [mm] 6 6 6
f5 [GHz] 28.5 31.2 –
L5 [fH] 182 145 –
C5 [pF] 171 179 –
T5 2.05 2.1 –
φ5 [◦] 1 2.55 –
l5 [mm] 5.15 4.82 4.82
s5 [mm] 6 6 6
d1 [mm] 5.41 9.95 9.55 (-4.02%)
d2 [mm] 5.41 3.11 2.61 (-16.08%)
d3 [mm] 5.41 2.27 2.67 (+14.98%)
d4 [mm] 5.41 5.75 5.75
d5 [mm] 5.41 6.11 6.11
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Figure 4.49:
Reflection response of second absorptive band harmonic pad cascaded with
waffle-iron filter.
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Figure 4.50:
Comparison of transmission and reflection responses of second absorptive
band harmonic pad pre- and post-tuning.
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shims than without. This effectively places an upper-limit on the useful frequency band

of this synthesis method in full-height waveguide.
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4.6 Final prototype development

From the results in §4.5, it is clear that the first absorptive band design with a reflec-

tive source is the best candidate for implementation in a manufactured prototype. The

synthesis method exhibits acceptable first-iteration accuracy (unlike the same synthesis

with shimmed slots in the second absorptive band) and realistic dimensions. This sec-

tion will discuss the synthesis of a manufactured prototype for the first absorptive band

specification in Table 4.2, including dimensional constraints and manufacturing methods.

4.6.1 Absorptive load

The optimisation circuit model assumes characteristic termination of the the auxiliary

guides at both ends. In a manufactured prototype, absorptive loads need to be placed at

both ends of both auxiliary guides. The currently implemented sheet absorptive material

(EccosorbTMFGM-40) can be fashioned into a wedge-type load [109], but would require a

length of at least 50 mm to provide below -20 dB reflection across the band 17 - 21 GHz.

An alternative option is to use EccosorbTMHR, a reticulated foam sheet material. A sheet

of thickness 15 mm, placed against a metal ground plane, is capable of providing below -20

dB reflection of an incident wave above 8 GHz [110]. Absorptive end-loads can therefore

be implemented by inserting a block of 13×3×15 mm of HR at the end of each auxiliary

guide, and short-circuiting the guide behind the load (providing the metal ground plane),

as shown in Fig. 4.51. The load is placed a distance do from the first cascaded slot, and

the absorptive sheet runs the full length of the auxiliary guide above the absorptive block.

la

tw

do

b´ d1

Figure 4.51:
Waveguide end-load, implemented as a block of absorptive material a′×b′×la
against a metallic wall of thickness tw.

An even more compact end-load can be achieved by placing the 15 mm length absorber



Chapter 4 – Cascaded waveguide slots as absorptive harmonic pads 142

vertically, joined to the slot by a 90◦ mitered E-plane bend, as shown in Fig. 4.52. Using a

45◦ chamfer of db = 2.4 mm (based on the optimal value calculated for WR-90 waveguide

in [111]), the bend achieves better than -35 dB reflection across the band of interest, as

shown in Fig. 4.52(b). For values of b′ < la, this option will be more compact than the

first absorber, at the cost of increased manufacturing difficulty for the 45◦ chamfer.

db

do

tw

dbb´

b´

la

d1

(a) E-plane bended load.
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Input reflection response, E-plane bend of 90◦ with b = 3 mm and
db = 2.4 mm.

Figure 4.52:
Layout and response of E-plane bent load.

An alternative to including an absorber is to short-circuit the auxiliary guide with an
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arbitrarily short guide, and terminate the auxiliary guide with an absorptive load at the

opposing end. It was found, however, that the circuit optimisation did not yield better

results with a shorter d1 and short-circuited auxiliary guide, than for a longer d1 with

both ends of the auxiliary guide loaded.

4.6.2 Dimensional constraints

The synthesis completed in §4.5.2 adheres to the specification set, but the dimensions do

not adhere to some physical constraints.

To allow accurate machining of the slot array, a minimum slot separation d of 2.4 mm

was imposed, allowing for metallisation between adjacent slots of at least 1.4 mm. Since

the previous synthesis required a minimum d5 = 1.99 mm in Table 4.3, the circuit model

has to be re-optimised to achieve an implementable design.

The most significant constraint on the slot synthesis is, however, a minimum distance d1

from the first slot to the edge of the harmonic pad. In the case of the simple end-load

in Fig. 4.51, d1 has to include enough space for the end-load in the absorptive auxiliary

guide la, as well as an electric wall of thickness tw and a minimum offset from the first

slot do. Even though it was found that the model suffers no ill-effect from a dimension of

do as low as 0.5 mm, the previously established minimum value of la = 15 mm leaves a

minimum initial offset value of d1 = 21 mm, assuming a flange of thickness tw = 5 mm.

Compared to the previously synthesised value of d1 = 3.15 mm, 21 mm is a significant

minimum offset.

Using the vertical load in Fig. 4.52, on the other hand, only requires a minimum d1 of

7.9 mm (5 mm flange width, 2.4 mm bend taper and 0.5 mm slot offset), which allows for

the full specification to be reached with five slots.

4.6.3 Synthesis results

The synthesis proceeded as outlined in §4.5.1, with d1 initially set to 16.84 mm, or λg.

Under the constraints that di > 2.5 mm and d1 > 7.9 mm, an optimised circuit solution

was obtained for five slots. The model was tested and tuned in a full-wave simulation

package, producing the dimensions shown in Table 4.5 and the electrical responses in

Fig. 4.53. The auxiliary guide dimensions of 13 × 3 mm were retained.

As before, the synthesis features adequate first-iteration accuracy, with full-wave tuned
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Table 4.5:
Progressive development of manufacturing prototype of a first absorptive
band harmonic pad with reflective filter termination.

Initial Circuit optimised Full-wave tuned
f1 [GHz] 19 22.49 –
L1 [fH] 435 260 –
C1 [pF] 161 193 –
T1 2.05 2.39 –
φ1 [◦] -0.45 -0.45 –
l1 [mm] 8.15 6.75 6.42 (-4.89%)
f2 [GHz] 19 18.15 –
L2 [fH] 435 487 –
C2 [pF] 161 158 –
T2 2.05 2.13 –
φ2 [◦] -0.44 -0.44 –
l2 [mm] 8.15 8.45 8.45
f3 [GHz] 19 20.35 –
L3 [fH] 435 351 –
C3 [pF] 161 174 –
T3 2.05 2.23 –
φ3 [◦] -0.44 -0.44 –
l3 [mm] 8.15 7.5 7.5 (+3.45%)
f4 [GHz] 19 21 –
L4 [fH] 435 306 –
C4 [pF] 161 188 –
T4 2.05 2.30 –
φ4 [◦] -0.44 -0.44 –
l4 [mm] 8.15 7.25 7.23 (-0.28%)
f5 [GHz] 19 22.11 –
L5 [fH] 435 286 –
C5 [pF] 161 181 –
T5 2.05 2.35 –
φ5 [◦] -0.44 -0.44 –
l5 [mm] 8.15 6.87 6.87
d1 [mm] 16.84 10.81 10.2 (-5.64%)
d2 [mm] 8.42 3.87 3.75 (-3.10%)
d3 [mm] 8.42 2.65 2.42 (-8.68%)
d4 [mm] 8.42 3.86 3.60 (-6.74%)
d5 [mm] 8.42 2.58 2.65 (+2.71%)
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Figure 4.53:
Circuit and full-wave simulated input reflection response of manufacturing
prototype harmonic pad cascaded with waffle-iron filter.

parameters all within 10% of the synthesised values. As noted before, the circuit model

is less accurate in describing the in-band reflection, with the full-wave solver indicating

-19.5 dB ripples in S11 compared to the -22 dB ripples predicted by the circuit model.

4.6.4 Power handling capability

The maximum RMS ~E-field in the matched structure is simulated as 3466 V/m at 9.5

GHz, which translates to a maximum transmission band power handling capability of

121.7 kW. At 19 GHz and short-circuited conditions (mimicking operation in cascade

with the reflective filter), the field concentrates around the middle of the five slots (as

shown in Fig. 4.54) and Emax (RMS) increases to 36996 V/m. This allows for breakdown-

free operation up to 1.068 kW, which better than the required -15 dBc value of 252.98 W.

A peak S41 value of -6.5 dB is recorded in simulation with a short-circuited main guide,

where port 4 substitutes the absorptive load closest to the reflective filter. This translates

to an average power absorption requirement of 3.5 W. Although no specific absorption

rate is provided in [110], the material is specified to operate up to 90◦C. Since excessive

heating can always be mitigated with external heat sinks, this input power is considered

manageable.
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Figure 4.54:
~E-field distribution in the final simulation model under short-circuited con-
ditions at 19 GHz.

4.6.5 Higher order modes

To investigate the operation of the harmonic pad in the presence of higher order modes,

the cascaded simulated structure was excited by an TE30 mode, the results of which are

shown in Fig. 4.55. Note that the cascade was only simulated from 20 GHz upward, since

the TE30 mode is below cut-off elsewhere.
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Figure 4.55:
TE30 response of cascaded harmonic pad and filter.

The simulation indicates almost complete reflection of a TE30 mode incident on the cas-

caded harmonic pad over the band 20 - 21 GHz, with some absorption around 23 and 25

GHz. This illustrates the reflection phase sensitivity of the harmonic pad, since the TE10

and TE30 input reflection phases are quite dissimilar, as shown in Fig. 4.55(b). Since the

design is intended to absorb an incident TE10 mode, and not an incident TE30 mode, this
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reflection does not impact on the operational capability of the prototype.

The harmonic pad also features -11 dB ripples in reflected coupling between the TE10

and TE30 modes shown in Fig. 4.55(a). This effect, first illustrated in §4.3.8, has been

exacerbated in a five slot array. However, over the band 20 - 21 GHz, the reflection is

below -17 dB, which is still within the set reflection magnitude specification of -15 dB for

an incident TE10 mode.

4.6.6 Manufacturing and measured results

The harmonic pad was manufactured in eight parts, shown in Appendix B and Fig. 4.56(a).

As with the waffle-iron filter, the main guide sidewalls are manufactured as separate parts,

with the broadwalls formed by two narrow plates clamped between the auxiliary wave-

guides (Fig. 4.56(b)). The flange and 45◦ chamfer transition are manufactured as a single

unit, as shown in Fig. 4.56(c). All parts were milled from Aluminium 6082, with spark

erosion used to create the sharp corners in the flange. This process creates a finish much

rougher than milling, and less accurate than the more expensive alternative of diamond

wire cutting. The EccosorbTMFGM-40 was glued to the auxiliary guide broadwall using

a general industrial adhesive, with the HR blocks placed before assembly as shown in

Fig. 4.56(d).
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(a) Full disassembled harmonic pad (b)
Partially assembled
harmonic pad, showing the
main guide formed by the
plates and the sidewalls.

(c)
Detail view of flange, showing chamfered lip
and surface finish left by spark erosion of the
corners.

(d)
Positions of resistive sheet and
reticulated foam absorbers.

Figure 4.56:
Photographs of disassembled harmonic pad.
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(a) Assembled harmonic pad.

(b)
Full assembled absorptive filter, with reflective filter and harmonic pad. A
compact disk is shown for size comparison.

Figure 4.57:
Photographs of assembled absorptive filter.
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The harmonic pad was attached to the waffle-iron filter developed in the previous chapter,

and two measurements were performed on an HP8510C VNA. In the first, a full two-

port TRL calibration was performed over the band 8 - 12 GHz, to measure the in-band

reflection and insertion loss of the combined absorptive filter. In the second measurement,

a one-port SOLT calibration was performed from 16 - 22 GHz, and the input reflection

of the combined device measured with a WR-62 waveguide transition, whilst the output

port was backed by absorptive material. The input reflection of the transition itself, and

reflection due to the WR-90 / WR-62 port mismatch, was measured by applying the

WR-62 to an empty WR-90 waveguide loaded with absorptive material, and the response

calibrated out of the filter measurement in post-processing.

The measured results are shown in Fig. 4.58, compared to the final tuned full-wave sim-

ulation results.

The complete absorptive filter exhibits nominally higher than anticipated in-band reflec-

tion (-18 dB, compared to the -19.5 dB simulated), as well as higher peak reflection in the

stop-band (-12.5 dB, compared to the simulated -14.8 dB). Additionally, the combined

structure features below 0.5 dB insertion loss in the band 8.5 - 10.5 GHz, which is better

than the required 1 dB.

Some manufacturing tolerance is to be expected, given the assembly of multiple compo-

nents not only in the harmonic pad itself, but also the cascaded waffle-iron filter. The

in-band reflection increase, for example, can be traced back to the increased in-band

reflection response of the manufactured waffle-iron filter. Considering the sensitivity to

distance between the slots and the source of the reflection demonstrated in this chapter,

the results achieved are quite satisfactory.
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Figure 4.58:
Measurement of final absorptive filter.
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4.7 Conclusion

This chapter presented a synthesis approach to the development of harmonic pads us-

ing transversal broadwall slots in rectangular waveguide coupling to absorptive auxiliary

guides. Excellent first-iteration synthesis accuracy is achieved in a band 17 - 21 GHz,

matching over a 20% bandwidth to below -12.5 dB. Diminishing returns in absorption

and bandwidth are gained from adding more than five slots to the harmonic pad. The

synthesis method was found less accurate in the band 25.5 - 31.5 GHz, particularly due

to unmodelled effects relating to slot-shim interation. Reduced guide height has been

illustrated to suppress these higher order mode effects.
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Conclusion

This chapter will conclude the dissertation by critically evaluating the proposed synthesis

methods, with particular reference to the initial specifications and prototype strengths

and shortcomings. Recommendations for future development are made.

5.1 Evaluation of synthesis methods

Two main synthesis methods were proposed in this dissertation, as discussed in Chapters

3 and 4.

5.1.1 Waffle-iron filter

The circuit model based synthesis of non-uniform filters features excellent first-iteration

accuracy. The full-wave tuning required post-synthesis is related one-to-one with changes

in electrical response (bT adjusts input match, b recentres the stop-band, and no adjust-

ments are required to boss lengths or widths), and the edge rounding causes a predictable

upward shift in stop-band. Compared to similar published solutions, the method achieves

the same electrical specifications with reduced form factor, and with much reduced com-

putational requirements. Apart from the singular manufacturing difficulty created by the

half-inductive input section, the machining provided no other complications. Good agree-

ment is found in-band between synthesised and measured responses, with some spurious

resonances above 34 GHz. This is due to manufacturing tolerances, but also the due

to the erosion of the “narrow deep groove” condition in the reduced height (b1) section,

which adversely effects the accuracy of the short-circuited stub model. These spurious

resonances may therefore also be addressed by reducing b′′, li and l′i (creating narrower

153
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longitudinal grooves), at the cost of reducing the power-handling capability of the filter.

In contrast, the oblique waffle-iron filters suffer from spurious cavity resonances, inter-

mode coupling and inferior power handling capability compared to the non-uniform filter.

It is, however, the more compact filter of the two for a given filter order, and by further

investigating methods to suppress cavity resonances and mode coupling, it could find

niche applications as an ultra-compact wide-band harmonic suppressor.

5.1.2 Harmonic pad

The accuracy of the simplified circuit model representation of transversal broadwall slots

in rectangular waveguide is evident in the excellent first-iteration synthesis accuracy of

harmonic pads in the band 17 - 21 GHz. However, each additional cascaded slot con-

tributes less in absorption and bandwidth than the previous due to the effect of reflection

plane offset. Achieving below -15 dB input reflection match, or achieving such a match

over a bandwidth in excess of 20%, would require significantly more slots. As each slot

contributes more synthesis complexity, this approach is not recommended for significantly

wider bandwidths or lower input reflection levels.

The synthesis around 30 GHz suffers from the presence of spurious propagating modes

and resonances. Though the addition of shims suppressed the offending modes, new

spurious resonances are created. The presence of the shims also compromise the validity

of the circuit model representation of the cascaded slots. Unless the effects of the shims

are incorporated in the harmonic pad’s circuit model representation, development in this

frequency band are best served with reduced height main guide.

If narrower absorption bandwidths are required, the same approach could be applied to

longitudinal sidewall slots. Many of the problems in spurious resonance and higher band

operation can be circumvented in this way.

5.1.3 Combined approach

Using a harmonic pad custom designed for a particular reflective filter is a compact and

effective approach to high-power broadband absorptive filtering. In practice, the design

and manufacturing of both would benefit from the development of the harmonic pad and

the reflective filter as a single unit (with combined circuit and full-wave simulation mod-

els) rather than developing two distinct components as was done in this dissertation. This
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method could possibly be applied to other implementations of both reflective filter (cas-

caded resonator, corrugated waveguide, planar structures) and harmonic pad (stainless

steel chokes, etched loaded rings, dielectric stubs).

5.2 Achievement of initial specifications

The specifications set initially in Table 1.1 are not absolute requirements for the final

developed prototype, but rather served as guides for the development process. However,

a brief evaluation of the final prototype in terms of these specifications proves insightful

into the shortcomings of the synthesis process, and is conducted below.

Table 5.1:
Evaluation of target specifications for absorptive filter development.

Band [GHz] 8.5 - 10.5 17 - 21 25.5 - 31.5 34 - 42
S11 [dB] Specified < −25 < −15 < −10 –

Achieved -18 -15 0 –
Notes (1) – (2) –

S21 [dB] Specified > −1 < −65 < −60 < −55
Achieved -0.5 -66.5 -48.12 -30.2
Notes – – (3) (3)

Power [kW] Specified 8 0.25 –
Achieved 4 1 – –
Notes (4) – – –

1. The circuit model of the slots is less accurate far below resonance, creating higher

than anticipated in-band reflection for the combined absorptive filter structure. By

allowing some margin for in-band harmonic pad reflection (which was not done

in this design) an in-band reflection response specification can be achieved. The

reflective filter itself also exhibited marginally more in-band reflection than predicted

by simulation.

2. The development an absorptive harmonic pad for the second absorptive band was

abandoned due to the inaccuracy of the circuit model representation in the presence

of shims, as well as the prevalence of spurious shim and slot resonances. Both of

these shortcomings may be addressed by using reduced height guide for the harmonic

pad in these frequency bands.

3. The waffle-iron filter suffers from spurious stop-band harmonics, due to manufac-

turing tolerance in the alignment of the parts. This is known drawback of waffle-

iron filters, and can only be improved by lower manufacturing tolerance and better
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alignment schemes. The effect of the spurious resonances can also be decreased

by decreased dimensions b′′, li and l′i, at the cost of reducing the power handling

capability of the filter.

4. The reduction of b′′ to 1.6 mm had reduced the power handling capability of the

waffle-iron filter to a greater extent than had been anticipated. The power handling

capability of the waffle-iron filter can easily be increased by choosing a larger value

of b′′ in future designs.

5.3 Recommendations for future development

This dissertation has covered a wide scope of theories and applications, and has left room

for future development in many areas. The most important ones are highlighted below.

5.3.1 General absorptive filter synthesis theory

The even-odd reflection approach to absorptive filtering (§2.3) in conjunction with non-

series-parallel synthesis methods, is the most evident candidate for a general absorptive

filter synthesis theory. A single, unified absorptive filtering theory would allow mainstream

development of absorptive filters, and is a worthy goal for future development.

5.3.2 Synthesis as a single unit

The separate synthesis and manufacturing of the reflective filter and the harmonic pad

imposed limitations on the absorptive filtering capabilities of the combined structure,

such as increased spacing between the reflective filter and the first absorptive slot, and

increased in-band reflection response. These limitations can be overcome by modeling

and optimising the full absorptive filter as a single circuit model, with a single full-wave

simulation model and a single manufactured device.

5.3.3 Analytical synthesis methods

The proposed synthesis methods of both harmonic pad and non-uniform waffle-iron filter

requires optimisation of a circuit model representation.
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In the case of the waffle-iron filter, this synthesis requires optimisation of cascaded trans-

mission line lengths and stub impedances, in the presence of reactive compensation. This

circuit model is quite similar to transmission line filters synthesised using Kuroda’s iden-

tities, except for the non-uniformity in line lengths and stub impedances. The similarity

could be exploited to develop an abridged version of Kuroda’s identities to suit the syn-

thesis.

Analytical expressions are available for the input reflection of singular orders of cascaded

lossy resonators, but these expressions become exponentially more complex for higher

orders. An inquiry into a general absorptive filter synthesis might could also reveal a

synthesis for cascaded lossy resonators. Since a number of physical structures with ab-

sorptive filtering properties represent series or shunt lossy resonators, such a theory could

be used to analytically synthesise a wide variety of harmonic pads.

5.3.4 Oblique waffle-iron filters

The oblique waffle-iron filter has the potential to find niche applications where both

wide stop-band attenuation and compact form factor are required, if the spurious cavity

resonances and internal mode coupling can be addressed adequately. This avenue of

inquiry remains open for future development.

5.3.5 Broadband slot operation

The use of shims in full-height waveguide has been demonstrated to increase the spurious-

free bandwidth of transversal broadwall slots, at the expense of creating a new set of

spurious resonances and complicating the circuit model representation of the slot cascade.

By experimenting with shim shape, thickness and placement, the spurious resonances

could be mitigated or removed altogether. Also, by incorporating the previously published

reactive effects of the shims into the circuit model representation, the useful bandwidth

of the harmonic pad in full-height waveguide could be increased substantially.

5.3.6 Tuning ability

The input reflection response of both the waffle-iron filter and the harmonic pad could be

improved upon by installing tuning mechanisms. In the case of the waffle-iron filter, this

could be achieved by tuning screws in the waveguide of height bT leading into the filter,
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whereas the operation of the slots could be tuned by H-plane screws in the auxiliary guide

above the coupling slots.



Appendix A

Machine sketches for manufactured
waffle-iron filter prototype
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Appendix B

Machine sketches for manufactured
harmonic pad prototype
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