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Abstract

Multi-Layered Substrate Integrated Waveguide (MSIW)
Waflle-Iron Filters

This dissertation will present the following two topics: (1) Implementation
of a waffle-iron filter, utilising multi-layered substrate integrated waveguide
(MSIW) technology and (2) Developing a new methodology for measuring
scattering parameters of multimode waveguide filters.

The classical image impedance synthesis method for waffle-iron filter design
is used to develop two filters. Filter A is a classical MSIW Walffle-iron filter
and filter B is an extended version with an extra step in the middle of the filter.

This work proposes two methods in measuring a multimode waveguide fil-
ter; one utilising a set of measurements with different probe positions, and one
using a radiating horn.

The prototypes presented, displays less than -12 dB passband reflection
over 8.5 to 10.5 GHz, with stopband attenuation in excess of 70 dB over the
harmonic bands 15 to 43 GHz for filter A and 15 to 48 GHz for filter B. The
prototypes were designed to handle 10 Watt average power in the transmitted
band. A good correlation is found between synthesised and measured responses
in these two designs.
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Uittreksel

Multi-Laag Substraat Geintegreerde Golfgeleier
(MSGG) Wafel-Yster Filters

(Multi-Layered Substrate Integrated Waveguide (MSIW) Waffle-Iron Filters)

In hierdie verhandeling word die volgende twee onderwerpe aangebied: (1)
Implementering van 'n wafel-yster filter, met behulp van multilaag-substraat
geintegreerde golfleier (MSGQ) tegnologie en (2) Ontwikkeling van 'n nuwe
metodologie vir die meting van S-parameters in multimode-golfleier filters.

Die klassieke beeld impedansie sintese metode vir die ontwerp van wafel-
yster filter word gebruik om twee filters te ontwerp. Filter A is 'n klassieke
MSGG wafel-yster filter en filter B is 'n uitgebreide weergawe met 'n ekstra
stap in die middel van die filter.

In hierdie werk word twee metodes voorgestel om 'n multimode-golfleier fil-
ter te meet, een met behulp van 'n stel metings met verskillende meet posisies
en een met behulp van 'n stralende horing.

Die prototipes wat aangebied word, vertoon minder as -12 dB deurlaat-
band weerkaatsing oor 8.5 to 10.5 GHz, met stopband verswakking van meer
as 70 dB oor die harmoniese bande 15 to 43 GHz vir filter A en 15 to 48 GHz
vir filter B. Die prototipes is ontwerp om 10 Watt gemiddelde drywing in die
transmissie band te hanteer. 'n Goeie korrelasie word gevind tussen gesinte-
tiseerde en gemete waardes in hierdie twee ontwerpe.
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Chapter 1

Introduction

Microwave filters play an essential role in receivers and transmitters by defining
the frequency of interest. Examples of microwave filter applications include
satellite communications, radar and wireless communication systems. As tech-
nology and complexity increase, so does the challenges of microwave filter
design. Stringent requirements, as is the case with the rapid development en-
vironment of mobile communication industry, wideband wireless communica-
tion systems are also being widely developed and applied, because of their high
transmission rate, low power consumption, high security and anti-interference
ability. Therefore, wideband bandpass filters with wide stopbands have re-
ceived widespread attention recently, and various methods and techniques are
continually revised. However, up until now the design of wide bandpass filters
with wide stopbands, compact size, high selectivity and low cost are still a
challenging task [1].

For high power handling, all-metal waveguide filters are most useful in the
microwave frequency band, where they have a low insertion loss and high-
quality factor (Q). One such filter is the waffle-iron filter. It is a metallic
waveguide filter and is particularly suitable where both a wide passband and
a wide stopband, free of spurious responses for all modes, are required [2].
Applications include suppressing the harmonic output of transmitters and the
design of wideband diplexers.

In some applications, the use of metallic waveguide filters are not realisable
due to their physical size and weight. Planar structures such as microstrip,
stripline and coplanar waveguide (CPW) filters, compare to metallic waveg-
uide filters, are compact in size, low in weight and have low manufacturing
cost. However, disadvantages include low power handling and relative low Q
compared to metallic waveguide structures.

Fortunately, substrate integrated waveguide (SIW) technology can fill the
technology gap between planar technology and metallic waveguide, since it
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combines the best of both technologies and offers a relatively high Q with the
size- and cost-related advantages of printed planar circuits [3].

This dissertation will present the following two topics: (1) Implementation
of a waffle-iron filter, utilising multi-layered substrate integrated waveguide
(MSIW) technology and (2) Developing a new methodology for measuring
scattering parameters of multimode waveguide filters.

1.1 Background

1.1.1 Filters with wide stopbands

Most distributed microwave bandpass filters have multiple passbands, which
are replicas of the lumped element prototype. In most designs, only the lowest
frequency passband is relevant, and the rest are considered unwanted spurious
artefacts which cannot be avoided, although the design can have some control
over the frequency position of the spurious bands. Usually, the filter is de-
signed so that the edge of the first spurious band is well above any frequency
of interest.

In planar structures, lowpass filters can also be used to create a wide stop-
band. In lowpass filters, all frequencies below a set frequency are selected, and
all frequencies above this same set frequency are unwanted. TEM structures of
microstrip and stripline lines are ideal for lowpass filters. The design of a mi-
crowave microstrip lowpass filter closely follows the idealised lumped-element
circuit. In a stepped-impedance microstrip lowpass filter, a short section of a
high-impedance transmission line can approximate a series inductance. Like-
wise, a short section of a low-impedance transmission line can approximate
a shunt capacitor. The filters selectivity increase with the number of sec-
tions. The series inductances should also be realised by discrete sections with
the highest possible impedance, while still considering etching tolerance. A
section with electrical length shorter than m/4 (\;/8) provides a broader stop-
band [4]. The width steps cause significant discontinuities but can be reduced
by employing a thinner dielectric substrate. A wider stopband can be realised
by using a stepped-impedance lowpass filter realised on a combination of mi-
crostrip and suspended striplines. The high-impedance suspended striplines
have inductive elements and low-impedance shunt microstrip capacitive ele-
ments. This combination of two different lines allows a very large impedance
ratio and, therefore, outstanding stopband performance, in addition to small
size [4]. However, at higher frequencies, the electrical length becomes much
smaller, and at a certain point, the manufacturing of such a filter becomes
very difficult to realise.
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In waveguides, a lowpass filter is not possible because waveguides inher-
ently form a bandpass filter. In waveguide filter design one needs to consider
the mode of transmission. In waveguides, any number of modes are possi-
ble, and higher modes frequently cause problems. Designs are usually based
on a single-mode and often incorporate features to suppress unwanted modes.
Corrugated-waveguide filters consist of several ridges that periodically reduce
the internal height of the waveguide [2]. These types of filters are used in ap-
plications which simultaneously require a wide passband, that is well-matched,
and is characterised by a wide stopband. The distance between ridges is much
smaller than the A\/4 distance between elements of other filter designs. The
filter operates in the dominant 7'E};y mode, and although it suppresses higher-
order modes, there is little stopband attenuation for T'Fyy and T'E3g modes [2].
A waffle-iron filter is a variation of the corrugated-waveguide design, but with
longitudinal slots through the grooves, resulting in an internal structure that
has the appearance of a waffle-iron. Waffle-iron filters are used in applications
that require a wide passband, low insertion loss and a wide stopband. These
filters are particularly useful where suppression of spurious modes are needed.
The waffle-iron filter attenuates all higher T'E,,o modes nearly equally up to
a frequency pre-determined by the distance between the metal teeth. This is
true if the spacing exceeds more than half the free-space wavelength of the
signal.

An example of a classical waffle-iron filter structure is shown in Figure 1.1.
The pegs (also called teeth, ridges or bosses) inside the waveguide are on both
the top and bottom surfaces. These pegs are aligned with each other but do
not touch. The number of pegs, their size, and the distance between them, are
all parameters that can be used to control the filtering specifications. Waffle-
iron filters are typically fabricated from a rectangular, metallic waveguide and
are thus capable of maintaining operation at very high incident power levels.
The disadvantages include high manufacturing cost, primarily due to the com-
plexity in the fabrication process, including accuracy as well as the physical
size.

Figure 1.1: Classical waffle-iron filter.
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A direct-coupled SIW cavity resonator filter has a wider stopband than
conventional metallic waveguide filters because the SIW structure only sup-
ports T'E,,o and does not support the propagation of TM modes. In the SIW
structure, the side walls have physical discontinuities which prevent the lon-
gitudinal direction currents to circulate. All of the modes having a z-directed
magnetic field, namely, T'Fy, and TFE,,,, might present significant leakage
losses if excited [5]. The stopband performance can be improved by using
symmetric excitation or coupling since even-order modes cannot exist for sym-
metric coupling [6]. Also, some novel techniques compatible with SIW schemes
have been developed to further improve the performance of a direct-coupled
SIW cavity resonator filter. In |7] and [8], patterned transverse radiating slots
at positions of SIW cavities are used to reject the second-order longitudi-
nal resonant modes. The stepped-impedance resonator scheme, which comes
from microstrip resonators, has been successfully used in the direct-coupled
SIW resonator filter with a wide stopband [9], [10]. The stepped-impedance
resonators implemented by H-plane discontinuities inherently have different
spurious frequencies which can degrade the passband. On the other hand, the
spurious resonance can shift to a higher frequency by selecting the appropri-
ate length and impedance ratio of the resonator. The second resonance of
the fundamental T'F19 mode can shift to 1.5 fy by using E-plane discontinu-
ities to realise the stepped-impedance resonator, similar to the ridged SIW
filter [11]. In [12], the cross-coupling technique is used to generate some trans-
mission zeros (TZs) to improve stopband performance, but it is difficult to
adjust the coupling coefficients between resonators, and the stopband is also
limited to 2fy;. A MSIW approach for suppressing the higher-order modes of
bandpass filters is presented in [13]. The vertical coupling schemes are imple-
mented here but only suppress the first higher-order mode T Eyp. Substrate
integrated gap waveguide (SIGW) technology makes use of slot cavities that
enhance transmission zeros and suppress resonance [14|. Substrate integrated
folded waveguide (SIFW) technology uses a folded cavity to create a dual-
band filter and attenuates some cavity modes in [15]. Unfortunately, until
now most of the current designs have narrow bandwidth, less than 20%, and
the insertion loss is only in the region of 25 dB in the stopband. It can also be
noted that no multimode scattering parameter measurements were conducted
in these designs.

1.1.2 Substrate integrated waveguide (SIW)

The basic concept of SIW is shown in Figure 1.2, where a waveguide cavity
merge with a planar structure on a single dielectric high-frequency material.
This is attained by the use of multi-row vias in a substrate dielectric acting
as the walls of the waveguide cavity. The top and bottom metallised layers
of the high-frequency PCB material, form the upper and lower cavity walls,
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while planar transmission lines are used for the RF input and output ports [3].

Figure 1.2: Substrate integrated waveguide (SIW) structure.

Various applications can benefit from making use of SIW structures. De-
pending on the configuration, STW can be used in antenna arrays and slot an-
tennas [16], [17], [18], [19]. In RF circuit applications, properly adjusted SIW
transmission waveguide dimensions, lends itself to the development of various
linear phase shifters [20] [21]. Designing of directional couplers, mixers, oscil-
lators and power divider/combiners, are all possible by making use of different
configurations of multiple SIW cavities [22], [23], [24], [25], [26], [27], [28], [29]-

Recently, SIW technology has become very popular for the design and de-
velopment of high-performance and cost-sensitive filters over a vast frequency
spectrum, ranging from sub-gigahertz to sub-terahertz |30].

Numerous efforts have been made to reduce the physical size of SIW fil-
ters. This include folded substrate integrated waveguide (FSIW) [31], half-
mode substrate integrated waveguide (HSIW) [32], and evanescent-mode SIW
filters [33].

STW cavities have also been employed to produce higher quality filters, com-
pared to planar configurations, such as dual-mode SIW filters [34], compact
super-wide bandpass filters [35], and MSIW filters [36]. Looking specifically at
RF front-end designs, RF and microwave filters are characterised by specifica-
tions such as low loss, small size, lightweight, low sensitivity to environmental
effects (temperature and humidity, for example), high power handling, prede-
fined in-band and out-of-band performance metrics and lower cost.
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1.1.3 Methods for measuring the scattering parameters
of multimode waveguides filters

Characterising multimode waveguide filters, such as waffle-iron filters, can
prove to be very difficult and time-consuming. It is difficult because of the
contribution of the different modes that have to be separated by using mea-
surements at one physical port, and time-consuming because each mode entails
using a different electrical port, creating a multiport device that can only be
characterised by a generalised scattering matrix.

Several possible solutions have been proposed in literature to deal with
this type of problem. The earliest techniques [37]| relied on the use of mode
couplers or very long lengths of line to fully utilise the difference in the prop-
agation speed of the various modes. Later a technique using a plunger [38]
was proposed to vary the resonance condition of a cylindrical guide cavity for
various modes.

The use of probes to sample field strengths along the waveguide walls
and the use of Fourier techniques to extract the modal content was also sug-
gested [39]. This approach was further investigated by others [40], [41], [42]
to make it more accurate and easier to use. In particular, Levinson et al. [41]
documented all their efforts made to determine the relative power distribu-
tion of the propagating modes in the waveguide and proposed the use of an
enlarged waveguide incorporating a probe section in the cavity to sample the
fields along the waveguide walls. A phase-sensitive detector is used to differ-
entiate between the various modes.

During a later period, it was proposed to make use of a liquid crystal
sheet [43] to identify modal patterns in a multimode waveguide.

The most accurate broadband measurement technique was presented by
Sequinot et al. [44]. They use a multimode thru-reflection line (TRL) algo-
rithm to derive the generalized scattering parameters of a multimode two-port
network. Coupled microstrip lines are used as the multiple conductor struc-
ture device under test (DUT). The DUT has two physical ports (1 and 2) and
each port has N propagating modes. This requires the characterisation of a
2N port device with the aid of a network analyser. The validity of the algo-
rithm was proven, but a practical calibration kit for microwave probe-based
measurements, should still be designed.

Overall much research has been done in this area, but the measurement
results are either not accurate over the entire frequency band or the technique
requires an immense number of measurements.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 1. INTRODUCTION 7

1.2 Problem Statement

Combining a waffle-iron filter with MSIW technology can offer an important
trade-off between size, cost and performance for filters with wide pass- and
stopbands. In such a filter, the higher order modes will be attenuated even
further due to the use of a dielectric medium. PCB manufacturing processes
have improved significantly over the last couple of years, especially pertaining
to the tolerance of vias and the alignment between them, making it possible to
use either blind or buried vias for the pegs. If using buried vias, then the inner
layers of the PCB can be used for the MSIW waffle-iron filter structure, while
the outer layers can be populated with other circuit components. Such an
approach can reduce PCB size considerably and can make this filter ideal for
use in a small, medium power transceiver system that is also very cost-effective.

1.2.1 MSIW Implementation

The basic principles to implement a waffle-iron structure in MSIW is shown
in Figure 1.3 (a), where a dielectric waveguide (shown in grey) is loaded with
rows and columns of blind vias, which will form the pegs of the structure. A
3D-rendering is shown in Figure 1.3 (b), with one prototype shown in Figure
1.3 (¢). In order to measure wideband response, this filter will be inserted
between two tapered matching networks, as shown in Figure 1.3 (d).

1.2.2 Measuring technique

A new method for measuring the multimode scattering parameters of the fil-
ter is proposed. A WR90 waveguide with a height of 3 mm, with two manual
shifters (tolerance of 10 um) attached to it, one to move the back-short, and the
second one on the side of the waveguide, to move the 2.4 mm connector across
the width of the waveguide. This construction in Figure 1.4 (a) is connected
to both sides of the filter through an air-to-dielectric waveguide transition in
Figure 1.4 (b). Multiple incident and reflected modes can be measured at both
ends.

A look-up table will be used to move each shifter at a time to a different
position, covering all possible positions to measure combinations of higher
order modes. Also, this structure is symmetrical, which halves the measuring
time and because it is one structure, no extra time is used in unfastening and
fastening of connectors and structures during every measurement, which is the
case in all previously proposed methods.
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Figure 1.3: MSIW Waffle-iron filter design stages.

Figure 1.4: Measurement concept.
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1.3 Original Contributions

The proposed project aims for the following original contributions:

1. The design of a MSIW waffle-iron filter. This will be accomplished by:

a) Applying MSIW technology to classical waffle-iron filter design. In
particular, a number of manufacturing issues inherent to MSIW will
be modelled accurately, and their effects mitigated by the design ap-
proach. A basic MSIW structure is shown in Figure 1.5.

Figure 1.5: Multi-layer PCB with blind vias.

b) The MSIW waffle-iron filter will be constructed by utilizing more
than one core PCB layer, together with prepreg that will be used
to bind the core layers. Each extrusion will be realised with a sin-
gle blind via. An in-depth analysis of the manufacturing process
will be conducted during this phase, to establish how accurate the
alignment of the extrusions (vias) are and whether, if any, T Ey,, or
Quasi-T'M,,,o modes arise due to misaligned thereof. In the case of
misalignment, a new revision of the existing design will be manu-
factured, this time adding very thin tracks across the width of the
filter in the space between the extrusions (vias) of the filter. This
will be done in an attempt to suppress the T'Ey, modes.

2. A new calibration and measurement technique will be designed for mea-
suring scattering parameters of multimode waveguide filters. The new
technique will measure the entire frequency range, with minimum re-
quired measurement iterations. This technique will also be used to mea-
sure the manufactured MSIW waffle-iron filter.
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1.4 Dissertation Outline

Chapter 2 will discuss SIW/MSIW technology used in wide stopband filters
and manufacturing process of MSIW. In Chapter 3, the design, modelling,
optimisation and the manufacturing of the Waffle-iron SIW filter will be dis-
cussed. Two filter versions will be designed namely, filters A and B. Filter A is
the classical Waffle-iron filter implemented in MSIW. Filter B is an extended
version of filter A, with an extra step in the middle of the filter to extend
the bandstop range. The implementation of measuring the passband, multi-
ple propagating modes and power handling response of filter A and B will be
examined in Chapter 4. The dissertation will conclude in Chapter 5.
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Chapter 2

SIW Technology and
Manufacturing

2.1 Substrate Integrated Waveguide

Substrate Integrated Waveguide technology has become very popular for the
design and development of high performance and cost-sensitive filters over a
vast frequency spectrum, ranging from sub-gigahertz to sub-terahertz. X.P.
Chen and K. Wu published three journal papers in the IEEE Microwave Mag-
azine |3, [45] and [46], where they made a summary of the basic design rules,
techniques, innovations and practical considerations.

In Figure 2.1, the SIW is an equivalent rectangular waveguide formed by
two solid conductor planes, separated by a dielectric substrate, with conductor
side-walls reproduced by rows of metallised through-plated vias [47]. Since the
discontinued side-walls do not allow longitudinal current flow, the STW struc-
ture only supports the propagation of quasi-transverse electric (TE) modes
that have properties similar to those in a conventional metallic waveguide,
of which the dominant mode is TFEyjy. The transverse magnetic (TM) modes
require longitudinal side-wall surface currents to propagate, and if generated
or exists along with the structure, TM modes will immediately become leaky
through unbounded via windows along the transversal direction. The absence
of TM modes creates a very favourable condition for the bandpass filter design
because certain mode problems, which may be responsible for out-of-band par-
asitic response, can be avoided. This is a distinct feature of the SIW technique
for filter design. In most cases, the only mode of interest is the T'E,,o. This is
due to the substrate thickness that is relatively thin compared to that of the
SIW width. T'FE,,, transverse electric modes, where n # 0, require longitudinal
side-wall surface currents for efficient propagation.

11
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Figure 2.1: The SIW structure and dimensions.

Various wave guidance and leakage characteristics of the SIW were dis-
cussed in detail in [48] and [5]. During the design of SIW components, one
must ensure that the SIW operates within the frequency band of interest where
there are no bandgap effects and leakage loss is negligible over the entire waveg-
uide bandwidth of interest. The SIW is a periodic structure, that is always
governed by the bandgap phenomena. The frequency region of interest for the
SIW is drawn and described in Figure 2.2. The SIW structure is designed by
choosing suitably-spaced vias, all with the same diameter, to support guided
wave propagation with minimum radiation loss. The spacing between the vias
controls the number of fields leaking out of the waveguide. If the vias are
spaced too far apart, the leakage of the SIW will be compromised. This leak-
age potential sets the limit as to what modes of propagation will be possible
within this periodic waveguide. The bandwidth of the bandgap increases when
the diameter of the posts decreases. The SIW is designed from standard for-
mulas [47] shown below, where period length (p) must be larger than the post
diameter (d) so that the circuit is physically realisable. The period length (p)
must be smaller than a quarter of cutoff wavelength to avoid any bandgap in
the operating bandwidth. From [47],

p>d (2.1.1)
p/Ae < 0.25 (2.1.2)
a;/ko <1 x 107*Np/rad (2.1.3)
p/A. > 0.05 (2.1.4)

where a;/ky is the total leakage losses as functions of the via diameter
and period length normalised to the cutoff wavelength, and k, is the wave
number in free space. This condition must closely adhere to in order to pre-
vent the leaky-wave and wave-forbidden region in the plane. A more limiting
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and general condition for negligible leakage losses is p < 2d. The width of the
waveguide is determined by the desired cutoff frequency of the dominant mode.

The vias are usually mechanically drilled and chemically electroplated or
plasma deposited, and the production time is directly related to the choice
of a processing technique. According to Deslandes et al. [5], if the length of
the period is very small, the mechanical rigidity is adversely affected, and it is
recommended that p/\. > 0.05, with the number of vias not exceeding 20 per
wavelength to simplify the fabrication process. As seen in Figure 2.2, the red
dot indicates the proposed via diameter per wavelength and spacing between
the vias per wavelength, for the designs in this dissertation.

Figure 2.2: Region of interest for the SIW in the plane of d/\., pA. [5].

If we consider the T'F1o mode frequency region that is of interest, the SIW is
equivalent to a conventional rectangular waveguide. A rectangular waveguide
has negligible losses in terms of leakage and has no bandgap in the specific
frequency band for which the filter has been designed. What this entail is that
such an equivalence dictates that the physical SIW and its dielectric-filled
equivalent rectangular metallic waveguide share the same T E1q mode cutoff
frequency and has similar dispersion properties. The equivalent width of the
SIW is proposed as follows [47]:
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eff =w—1.08 X — 4+ 0.1 X —, 2.1.5

Wepp =w , + ” (2.1.5)

where p/d is smaller than 3 and d/w is smaller than 1/5. The dispersion
characteristics are similar to that of an equivalent rectangular waveguide if one
examine the high-order T'E),,o modes in the SIW. It can be noted that minor
difference do exist in the equivalent width between the higher-order and the
fundamental mode [48].

Through this method, the quasi-TE modes of the SIW (TE;q mode, in
particular) can effectively be mapped through an equivalent waveguide width
that characterise the cutoff frequency. This is effectively accomplished by
mapping modes into the dielectric-filled TE waveguide that has solid metallic
walls. Well known and familiar design models, analysis equations, and synthe-
sis tools usually associated with rectangular waveguide circuits can be utilized
in a straightforward manner in the development of SIW circuits, components
and systems.

Currently, for typical PCB fabrication specifications, a through-hole via
diameter must be at least a 10*" of the PCB’s thickness. The spacing hole-to-
hole between vias should be at least 0.15 mm, but it depends upon the specific
bare-board fabricator.

2.2 PCB Manufacturing for MSIW

In this work, the aim is to show that waffle-iron filters can be realised in
MSIW, using normal PCB processes. It is, therefore useful to briefly touch on
the basics of the PCB process, especially the steps that can lead to errors in a
MSIW structure. The PCB fabrication process is a highly complex balance of
electrical, chemical and mechanical process steps that must all come together
in the right way, at the right time, in order to produce a successful PCB. There
is no such thing as a "standard" PCB, and each board has its own unique set
of challenges.

Parameters that contribute to error, in no specific order, include but are
not limited to:

1. Environmental temperature,

2. Saturation levels of the chemicals used during the fabrication process,

o

. Accuracy of the imaging process,

W

. Consistency of the water pressure during processing,
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5. Operator’s skill level,
6. Copper utilisation on the PCB panel,

7. Other boards that are in the same processing bath at that specific in-
stance,

8. External contaminants that get into the processing bath,
9. Machine tolerances and variations,

10. Wear and tear of instruments, probes and drill bits.

It is often surprising to designers to learn that, the CAM-engineer ’compen-
sates’ the design in order to increase yield. This compensation off-set the error
inherent to the specific fabricator. He has characterised his equipment and
can therefore introduce offsets to facilitate an accurate reproduction of the
electronic data.

From the layout, artwork is fabricated on film by means of a highly accu-
rate printer that prints the positive or the negative image onto film material.
A process called "direct imaging" may also be employed. This process reduces
refractive error in the imaging process where traditional film is used and rather
"prints" the image directly onto the PCB copper.

The bare board laminate is cut to the fabricator’s panel size. This laminate
consists of either fibreglass, ceramic or PTFE material, depending on the spe-
cific parameters required. The laminate is covered usually on both sides with
copper sheeting. Following the cutting, alignment holes are drilled so that the
individual cores can be accurately aligned in the successive steps. The accu-
racy of these holes, often called tooling holes, are paramount to the success of
the final boards’ construction.

Once the laminates used for this specific board has been cut and drilled,
the laminates are covered with photo-resist. Photo-resist is a light-sensitive
coating that is used in the process of transferring the image to the copper sur-
face. The film is placed under vacuum and exposed to UV light. Wherever the
artwork has been inked, no UV will reach the photo-resist, and the opposite
is true for the non-inked or clear parts of the artwork. The UV interacts with
the photo-resist and changes the properties of the coating. Next, a developer
is used to wash away any exposed regions leaving the exposed bare copper on
the laminate. All these steps are done in a clean-room environment as any
contaminates can lead to a degraded end product.
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The next process is the etching process where acid is used to remove the
bare exposed copper. The photo-resist protects the traces from being attacked
by the acid, although this process needs utmost attention to not cause over or
under etching. Over etching is caused by exposing the laminate to the acid
for too long, so that the acid eats in under the photo-resist. Under etching is
the phenomenon where the exposure to the acid is too short, and not all the
copper has been etched away.

Once etched, the inner layer laminate is inspected with an AOI machine
that compares the artwork to the visioning system of the machine and iden-
tifies regions of error within a specific tolerance window. An operator can
remove small errors with a scalpel. If the error level is too high, the laminate
is scrapped, and the process starts over. This is repeated for each inner-layer
set of laminates.

A 4-layer PCB, for example, typically consists out of 1 inner-layer pair
of laminates with prepreg and copper foil on the outer layers. This is called
an inside-out build and is shown in Table 2.1. Another way of producing a
4-layer board is by using two sets of inner-layer pair laminates without the
additional prepreg and outer copper layers, as seen in Table 2.2. This is called
a sequential build but requires more processing steps and is more costly.

Table 2.1: Layers for an inside-out build.

Another critical parameter to consider is copper roughness in high fre-
quency applications. The copper is bonded to the laminate to form a core
substrate. This is then used with prepreg in a final PCB build. Tt is advan-
tageous if the copper surface closest to the laminate is rough as this improves
adhesion to the laminate and prevent de-lamination, but from an RF point of
view, this roughness increases the length substantially for the surface current
and therefore increases the loss.
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Table 2.2: Layers for a sequential build.

There are two ways of adding copper to the laminate or substrate material:
1. Rolled or annealed copper
2. Electro-deposited copper

To add to the complexity, the copper can be treated in various ways before
adhesion too, yielding two different end results in the circuits’ performance.

Also, as can be seen in the exaggerated Figure 2.3, the rough sides are
facing each other on a laminated sheet, and with SIW filters, this may influ-
ence the insertion loss. Simonovich [49] modelled conductor surfaces using the
cannonball stack principle. He used different sphere model variations to design
formulas that can be incorporated into the SIW design model that will take
the copper roughness into account.

Figure 2.3: Cross-sectional view of microstrip, exaggerated copper roughness
image.

Once all the inner-layer laminates have been etched, the board needs to be
laminated. During this phase, the inner-layer laminates are "glued" together
with prepreq. Prepreq is usually made from the same homogeneous material
than the inner-layer laminate but contains more resin than fibres. The lam-
inates and prepreq are placed in a press that, under pressure and elevated
temperature, heat and squeeze the sheets together to form a single PCB. Dur-
ing this stage, the laminates are heated to the glass transient temperature
(Tg) where the laminate turns from a rigid to a rubber-like structure. During
this stage, many things can go wrong in the processing from copper migration,
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misalignment or even de-lamination. For a waffle-iron filter, the vertical gap
between pegs is of critical importance, therefore the lamination stage is also
critical.

After verifying the laminating stage with an x-ray process, the board is sent
to the drilling stage where the plated holes will be processed. On this filter
PCB, an additional step had to be performed called, depth-drilling. Depth
drilling is the process by which the drill is mechanically taken to a specific
depth from the top surface of the board. What makes this process difficult is
the fact that the pressed board is not entirely flat over the whole surface.

The various factors that contribute to the exact final depth of the drilled
hole can be summarised, in no particular order:

1. Drilling machine tolerance.
2. Planarity across the whole area of the panel.

3. Operator’s ability to accurately set the depth and then monitor the sub-
sequent drilled depths across the panel width.

The drilling machine, having a 50 um tolerance, in this case, must be set to
ensure that the depth-controlled drill does not penetrate the next layer in the
substrate. Ideally, the drill must stop as soon as it touches the copper. Figure
2.4 illustrates on the left, the blind vias touching the inner layer pads and on
the right-hand side, the blind vias not touching the inner pads. It will later be
shown that this has an enormous effect on the waffle-iron filter performance.

Figure 2.4: Depth-controlled drilling results.

After drilling both through-hole and depth-controlled holes, graphite is
pushed into the holes and through the holes under extreme pressure. This
creates the electrical pathway for the electroplating process to deposit copper
on the board, effectively plating the hole with conductive copper.
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Because not all the holes are going right through the board, washing the
solution through those holes can be tricky, and a process called reverse pulse
plating must be used in order to wash the plating solution in and out of the
hole until the hole is plated with copper.

The panel has to be plated to insure the conductivity of the holes. Plating
is controlled to achieve about 5-8 um of copper in the holes on the panel. In
Figure 2.5, a section of the via is not plated.

Figure 2.5: Un-plated section in a blind via.

Following the initial panel plating process, the outer layers are again cov-
ered with photo-resist and the outer image is transferring using the process
step described earlier during the inner-layer imaging process. After etching
the board goes back to the plating line where the pattern plating is performed.

Because the outer layer plating happens during the plating of the holes,
a starting copper thickness needs to be chosen that is less than the desired
final copper thickness of the outer layers and hole-wall thickness. Laminates
come in standard 1/4 oz (12 um), 0.5 oz (18 pm), 1 oz (35 pm) and 2 oz (70
pm) thicknesses. In the case of this filter board, a starting copper of 1 oz was
chosen (35 um). After pattern plating, the resultant copper thickness on the
outer layer would be approximately 55 um with a hole wall plating thickness
of 20-25 pm.

An additional technology employed in this PCB design is the process called
edge plating. This process is performed by routing a thin slot with a 0.8 mm
drill bit and then applying shadow and plating to the slot. A specialised cutter
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is then used to route through the plated slot so that only a thin copper con-
ductor remains. This is a specialised process that must be carefully controlled
because the graphite/copper plating can easily tear off the laminate during the
subsequent routing process. Figure 2.6 shows edge planting that was properly
done.

Figure 2.6: Edge plating.

Usually, in a bare board fabrication process, the next step would be to
cover the board with a polymer called solder resist. This serves two purposes:

1. Stop solder from flowing on the copper surface during the assembly pro-
cess.

2. Protect the volatile copper surface form exposure to air and oxidation.

A second process, using the same polymer called legend printing, is used
to add text on top of the solder resist. This is typically used to identify and
name components on the board. Because this development board did not re-
quire these steps, it was skipped in its entirety.

To protect the copper from air and subsequent oxidation, a final processing
step occurs. Various options exist, and the decision on the final finish is driven
by various factors documented below:

1. HASL - Hot Air Solder Levelling, where the board is dipped in a molten
tin bath and blown off with hot air "blades". This process is not com-
monly used any more due to the fine pitch of modern packages. This is
not the preferred option for RF or fine pitch technology boards (package
pitch below 0.65 mm).

2. Immersion-Tin - This finish offers good shelf life and surface planarity,
but because of the tin content, can lead to tin-whisker growth. For
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RF applications, due to tin’s low conductivity, this is not the preferred
solution.

3. Immersion-Silver - Although silver offers good conductivity and surface
planarity, the complexity in applying this process, makes it costly. Also,
the boards do not have a very long shelf-life and should be stored in a
very controlled manner and assembled within a few weeks of production.

4. Immersion-Gold - Most good PCB fabricators will offer this solution to
their clients. Excellent planarity and good conductivity, due to the gold,
makes this solution the preferred option for most type of boards, includ-
ing that of RF designs. The one drawback is that under the extremely
thin layer of gold (1-2 um) there is Nickel that acts as a metallurgical
barrier between the gold and copper. The conductivity of Nickel is not
so good and taken skin-depth into consideration, most of the RF signal
will propagate in the Nickel itself increasing loss.

5. ASIG or Autocatalytic Silver Immersion Gold offers superior perfor-
mance both in terms of surface planarity as well as RF performance.
In this process, silver replaces the Nickel so the RF signal will propa-

gate primarily through silver which has a much higher conductivity than
Nickel.

Next, the board profile needs to be cut out. Because the PCB is cascaded
or panelised in the fabrication panel, the boards need to be separated. Board
profiling can be performed through 3 technologies:

1. Scoring - V-groove scoring is the process where a specialist v-like cut is
made from the top and the bottom, leaving about 1/3 of the material
thickness. The board can then be excised using a tool similar to that of a
pizza cutter called the v-groove separation tool to separate the individual
board from the panel.

2. Routing - This is done with a precision CNC machine fitted with a spe-
cialist cutter designed for cutting through tough PCB material. The
operator needs to carefully control the speed of the cutting process. Cut-
ting to slowly will reduce factory through-put and also place additional
wear and tear on the cutting surface. Cutting too fast can cause flexing
and even snapping the cutting bit, forcing the whole process to come to
a halt. Because the hardness of each type of material varies, the factory
heavily relies on experience and skilled operators to be involved during
this part of the process.

3. Punching - The process involves the making of a punching tool with
sharpened edges that press through the board at high speed using a spe-
cialised press. Punching, due to the physical-mechanical impact, can
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leave holes fractured and the board compromised. This process is, there-
fore, not recommended.

Figure 2.7: PCB manufacturer panel.

The panelisation needs to be carefully designed in order to take the pro-
filing step into account. This includes leaving enough material between the
boards in order for the CNC bit to excise the board profile while still main-
taining sufficient mechanical integrity in the fabricated PCB panel. Figure 2.7
shows the complete Waffle-iron filter panel. The outer section of the panel is
used for in-house testing to make sure that the prepreg was enough and any
additional tests.
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Chapter 3
SIW Waflle-Iron Filters

3.1 Introduction

Seymour B. Cohn et al. were the first to invent the Waffle-iron lowpass fil-
ter at the Stanford Research Institute in 1957 [50], [51], [52]. It is a popular
solution for harmonic suppression due to the wide stopband, typically cover-
ing up to four times the cut-off frequency [53|, which may be extended even
further by cascading two or three waffle sections [54]|. Figure 3.1, shows the
classic waffle-iron with square pegs. The classical structure consists of a uni-
form multi-ridged rectangular waveguide, with equal width transverse grooves,
forming rows and columns of rectangular pegs on the waveguide floor and ceil-
ing. 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.

Figure 3.1: Cut-away perspective view of the Classical waffle-iron filter.

23
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Two classic synthesis methods exist for waffle-iron filters. The first method
is based on Cohn’s corrugated waveguide filter data [55] and the second is
Marcuvitz’s models for waveguide stubs [56]. Both methods use the image
impedance methods to match a specific periodic section below a cut-off fre-
quency fi, and pick an infinite attenuation frequency f., below an upper stop-
band frequency fo, as shown in Figure 3.2. The passband occurs below f,,
and the stopband between f; and f5. No transmission or reflection is required
between f. and f;, which makes this a so-called "buffer-band" between the
transmitted and rejected bands.

Figure 3.2: Definition of frequencies fy, f., f1, f~ and f> for waffle-iron filters.

The classical waffle-iron filter consists out of square pegs, but power han-
dling capability can also be increased by replacing the sharp edges with rounded
corners [57], as seen in Figure 3.3, by reducing the maximum E -field around
the sharp corners, which increase the power handling capability by 30% [54].

Figure 3.3: E -field patterns with unrounded and rounded corners [58].

One big constraint in waffle-iron filters is the alignment of the pegs. T Ey,
modes are higher-order modes which should not, in theory, be excited in the
waffle-iron filter due to the symmetry of the structure. However, in practice,
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they are caused by poorly mating waveguide flanges or misaligned extrusions.
These spurious modes can be suppressed by adding thin rods across the width
of the filter in the air gap between the extrusions, as shown in Figure 3.4.
This is a more cost-effective solution compared to paying the premium for
high precision engineering, which results in a more robust design that can
readily be repeated in a consistent fashion |2].

Figure 3.4: Waffle-iron filter with thin rods to suppress T'Ey, modes.

Quasi-T'M,,,o modes, for even values of m, may also be excited due to
misaligned pegs that appear asymmetrical with respect to the H-plane (as
shown in Figure 3.5), exciting an z-directed E -field component. Since they
rely on manufacturing tolerances, they are not revealed in the typical full-wave
analysis, unless the misalignment is simulated specifically. [58].

Figure 3.5: E fields for aligned (left) and misaligned (right) extrusions [58].

Unfortunately, both classical synthesis methods, outlined in [2], only allow
for the synthesis of a specified stopband, with no direct control over passband
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response. It is considered good practice to choose the upper stopband fre-
quency f; > 1:43 f., the actual highest required transmission frequency.

In recent years CAD solutions have been developed [59], [60], [61]. The
waffle-iron filter is modelled 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 stopband re-
sponse, as well as equiripple transmission across a defined frequency band.
Traditional synthesis methods are, however, used for initial values [61].

One of the focuses for the proposed dissertation is to examine Cohn’s and
Marcuvitz’s methods [2], select the appropriate method and apply MSITW tech-
nique to create a PCB waffle-iron filter. The proposed design will be ideal
for applications such as satellite systems where the design must be compact,
light-weight, and where the average transmitted power will not be more than
10 Watts.

3.2 Design approaches for Waflle-Iron filters

3.2.1 Cohn’s method

The first design step in Cohn’s method [2], is to design a corrugated waveguide
filter to achieve the required stopband, replacing references to guide wavelength
Ago by free-space wavelength Ag. Once the transversal groove widths (forming
the corrugations) are determined, identical longitudinal grooves are placed.
Also, the spacing between two opposing solid ridges in a corrugated waveguide
filter is reduced to ¢’, to compensate for the decrease in shunt capacitance of
the discontinuity. The image impedance calculations rely on the circuit model
shown in Figure 3.6. The transmission lines of alternating impedance Z; and
Z, represent the sections of reduced height and full height (of ¥’ and b) waveg-
uide of lengths [ and [’, respectively. The shunt capacitance Cy compensates
for transition effects, and () for capacitance between two adjacent corruga-
tions.

According to Young et al. [57], bridging the gap between two opposite pegs
(one vertical above the other) form the shunt capacitances of the low pass
filter, storing electric energy. There is also a series-inductance effect due to
magnetic energy stored between the neighbouring horizontal pegs.

Secondly, there are electric fields that are mostly horizontal, bridging the
gap between two neighbouring pegs. These electric fields result in a bridging
capacitance across the series inductance. This forms a parallel resonant circuit
that theoretically causes infinite attenuation at some frequency. This infinite-
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Figure 3.6: Cohn’s corrugated waveguide filter model, single section.

attenuation frequency is above the cut-off frequency of the filter because the
filter structure is designed so that the fields between neighbouring pegs are
weaker than the fields between opposite pegs.

The following steps define the Waffle-iron filter’s design procedure using
Cohns’s design graph published in [2] starting from page 386.

1.

Start by choosing the upper limit cut-off frequency f. and upper stop-
band frequency fs.

Choose f; and f., based on the rule of thumb f; > 1.43f. and f, =~
0.8f5.

Next, select values for b and 1/b.

Use the selected values in step 3, as well as A1 /A, to find by/A\; and b/ )\
from Figure 3.7. Calculate by, b and [ next. Here by is the terminating
guide height which will match the filter as A\, approaches infinity.

a) Repeat steps 2-4 above until the desired values for b and [ are found.

. With the aid of Figure 3.8, calculate parameter G in terms of [/b and

b/Ag1. A value of 6 < 0.20 can be assumed to determining !’ in the
following equation.

(') b 2 1

g

a) Repeat steps 2-5 until a satisfactory value of " is found.
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Figure 3.7: Design graph giving the parameter by [2].

Figure 3.8: Design graph giving the parameter G |2|.

6. Use the following equation to calculate the by, the height of the main



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. SIW WAFFLE-IRON FILTERS 29

guide providing an optimal match to the waffle-iron filter.

by = bo (3.2.2)

- (2a 2
>\gm
7. The following equation is used to calculate the boss spacing O'. 0’ is

the spacing between two opposing solid ridges in a corrugated waveguide
filter.

- +1n 1+ (10 /oy")?
an FT ib_/

b/ b//

oo 2
F:Hz'*%(zw
(3.2.3)

a) Repeat steps 2-7 until a satisfactory value of b” is found.

3.2.2 Marcuvitz’s method

In Marcuvitz’s method, filter dimensions are also in terms of free-space (rather
than T'F;o waveguide mode) wavelength. The transversal grooves are not, how-
ever, modelled as sections of high impedance transmission lines, but rather
lengths of short-circuited series waveguide stubs. An electric wall is placed in
the H-plane between the bosses, to simplify the analysis |56].

The design process has many similarities compared to Cohn’s method, with
initial selections of the relevant frequencies and dimensions ¢, I’ and [. Di-
mension b is chosen to ensure the stubs have an equivalent length (with con-
sideration to the shifted reference plane) of Ao /4. f1 and fo can be calculated
using Equations (2) to (4) of [62]. This process is repeated (with adjustments
to o', [ and [') until a satisfactory stopband response is found. Dimension 0" is
calculated using the same equation as step 7 in Cohn’s method [2]. Finally, by
(the terminating guide height) calculated using the following equation from [2]:

Z

by = 0" 2L 3.2.4
T 7 (3.2.4)

Cohn’s method is only accurate for [/b" > 1 and Marcuvitz’s for [/b' < 1.
Also, the manufacturing process is highly dependant on the specific manufac-
turer and his capabilities. With these restrictions and current PCB manufac-
turing constrains, enough space (1) must be allocated between the blind vias
(pegs). Due to the aforementioned reasons, the design of the MSIW waffle-iron
filter in this work, will only considered Cohn’s method.
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3.3 MSIW Implementation of Waflle-Iron
Filters

Two filter versions will be designed; namely, filters A and B. Filter A is the
classical MSIW Waffle-iron filter. Filter B is an extended version of filter A
with an additional step in the cavity, reducing the height, b;, in the centre of
the filter. The purpose of the step in filter B is to increase the stopband even
further.

3.3.1 Basic structure

The basic structure for filter A is described in Figure 3.9. In the classic metal
waffle-iron filter, shown on the left in Figure 3.9(a), rectangular extrusions are
used to form the pegs. In contrast, a MSIW waffle-iron filter as seen on the
right of Figure 3.9 (b) and (c), use metallised structures known as vias, to
form the pegs.

Figure 3.9: Filter A.
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In the metal waffle-iron filter the metal that is not machined away, before
and after the pegs, forms an impedance step. In a MSIW filter, one way of
constructing this wall is to make use of staggered vias, spaced in three rows to
ensure that minimal leakage occurs as the electrical wave propagates through
the filter structure. Side-walls along the filter structure are placed according
to SIW formulas.

Some limitations when it comes to MSIW waffle-iron filters are, (1) the fact
that blind vias need to maintain a 1:1 aspect ratio, meaning that the via needs
to be as wide as it is deep. This creates a physical limitation on the design of
the filter. (2) There are more variations in the depth, position and diameter
of vias compared to machined pegs; this will be viewed later in the chapter.
The vertical gap between the pegs and their lengths is also very dependent on
the process of lamination.

Additionally, it can be noted that for the classic metal waffle-iron filter,
the dielectric medium is air compared to that of a MSIW waffle iron-filter that
has some dielectric material through which the wave propagates.

In the extended version, filter B, as can be seen in Figure 3.10 the height of
the cavity was reduced by adding two additional copper layers. These copper
sections are stitched to the ground plane, on the top and the bottom, to pre-
vent the T'E,,,o modes from propagation in this region. The result is a narrower
channel through which the T'E,,; modes must propagate, thus increasing the
stopband even further.

It will be shown later in Chapter 4 that Quasi-T M,,o modes, for even values
of m, are not excited in a STW waffle-iron filter, even if the pegs are misaligned
with respect to the H-plane. T Ey, modes are also not exited due to the height
of the MSIW Filter.

Lastly, let’s consider the input and output sections of the filters. A lumped
element equivalent of a stepped impedance filter model uses inductors as an
equivalent of high impedance lines, and capacitors to represent sections of low
impedance line [63]. In waffle-iron filters, the transversal grooves (which cor-
respond to sections of high impedance line, under Cohn’s stepped impedance
line model description) are referred to as inductive sections, whereas sections of
transversal rows of pegs are referred to as capacitive sections. Classical waffle-
iron filter peg patterns are designed to terminate at either side with either half-
width (I/2) transversal grooves, or half-width (I'/2) rows of bosses, as shown
in Figure 3.11. This is referred to as half-inductive and half-capacitive ter-
minations, respectively. Half-inductive input and output sections will be used
instead of half-capacitive sections. The comparative responses of a uniform
filter with half-inductive and half-capacitive terminations, done by Stander et
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Figure 3.10: Filter B.

al. [58], showed that half-inductive filter exhibits a bandwidth improvement
in both transmission band and stopband, as well as lower in-band reflection
response. The reduced buffer band in the half-capacitive filter, has the ad-
vantage to improve power handling, which is not the purpose for this design.
Also, it is not practical to manufacture a via half in this type of application.

Figure 3.11: Half-inductive and half-capacitive input sections.
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3.3.2 PCB Stack-up Design

Each PCB manufacturing company has its own PCB manufacturing process
and rules, and it changes on a regular basis. Currently one of the manufac-
turing tolerances that influence this design process, is that the depth to width
ratio of a blind via, the filter’s pegs, cannot exceed a 1:1 ratio. Also, when
choosing a small through-hole via, the via’s width must be bigger than a tenth
of the PCB thickness.

Mercurywave™ 9350 core material, with a dielectric constant (g,.) of 3.55,
offers a wide core thickness range while also satisfying all other specifications.
Appendix A shows the dielectric constant with frequency and temperature;
and the necessary specifications.

Figure 3.12 shows the selected eight-layer stack-up. Eight layers were cho-
sen to accommodate filter B, and one panel was used for all the filters to
reduce manufacturing cost, as seen in Figure 3.13. The stack-up is made out
of dielectric sheets, each consisting out of a top and bottom 70 pum copper
foil, and prepreg between each dielectric sheet. It is important to note that
the pressed thickness of the final board will vary, depending on the percentage
copper utilisation on the inner-layers. The reason for this is because prepreq is
heavily doped in resin and acts as the glue binding the different cores together.
During the pressing cycle, the resin changes state from a solid to a soft glue
(called the glass transient state or Tg), and the resin flows in the gaps between
the copper conductors, hence collapsing the separation that previously existed.
In other words, if we were to strip all the copper from the two inner layers, the
stack-up would have to be altered to include an additional two layers of 1080
prepreg in order to fill the void left by the 70 um copper foil and maintain
the original layer separation. If no additional prepreq layers are added, the
pressed thickness will reduce from 0.082 mm down to 0.030 mm.

During the first prototype (batch 1), Immersion Gold was used, but during
the second prototype (batch 2) it was elected to not have any finish due to
the fact that in this specific experimental set-up, the RF will only propagate
between the copper of the inner layers. Also, the skin depth will range between
0.729 pm to 0.292 pm, over the frequency band 8 to 50 GHz. The copper
coating is 20 pum, this means, plating the bare board would not contribute
to the filter’s performance and only leads to the increased cost of the board
and processing complexity. Care was taken to package the board in a vacuum
until the assembly house could solder the test connectors on the board. This
reduced the risk of oxidation, and great care was taken to ensure that the
board was adequately cleaned before soldering.
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Figure 3.12: PCB stack-up.

Figure 3.13: PCB panel.

3.3.3 Design example

The MSIW waffle-iron filter will be placed after the transmitter amplifier in a
low power X-band satellite communications system. The following subsections
will describe the complete filter design procedure for filter A and B. Table 3.1
specifies the design specifications for filter A and B.
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Table 3.1: Design specifications for filter A and B.

Filter A will be designed as seen in Figure 3.14, by altering Cohn’s method
with MSTW design rules and following the manufacturing tolerances.

Figure 3.14: Frequencies fy, fe, f1, foo and fo for waffle-iron filter A.

The main difference between Cohn’s method and the proposed method is
that only the design graph for parameter by is used. Also, the peg’s height
must be equal or smaller than the peg’s diameter, and with this in mind, two
equations are created to calculate the total height of the filter . Finally, a 3D
solver is used to optimise the final design.
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The following design steps will be used:
1. Choose the upper cut-off frequency f. and upper stopband frequency f.

2. Select frequencies f1 and f.,, based on the rule of thumb f; > 1.43f. and

3. Calculate the width (w) of the SIW. Use the formulas in Chapter 2.

4. Determine the number of pegs (n) per row. It has been shown in [2],
that 5 pegs give a 3:1 stopband width.

5. To satisfy the 1:1 diameter vs. depth requirement for the manufacturing
!/

process, the distance between the adjacent pegs is defined as, [ < 5

Therefore, the equation w/n = (I +1’), change to:

Z/
w/n < (5 +1) (3.3.1)
with !’ and [ becoming,
2
> % (3.3.2)
w
l=—-1T. 3.3.3
. (333

6. /b > 1, thus V/ < .

7. Two equations will be used to estimate a value for b, namely

b=(2U' +0)

where the value for ¢’ is chosen to be much smaller than [ and

b< (20 +1) (3.3.6)

8. Choose values for b and ¥'.

9. Calculate \; and \.. Because this design is for MSIW and the dielectric
is enclosed, use the following equation to calculate A\; and A\

Ay = (3.3.7)

using n = 1 and n = oo.
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10. Use the two chosen values for b, together with [, \; and A\, and determine
A1/ Asos 1/b and b/A;. Use Figure 3.15 to calculate two estimated values
for by. The value for by closest to the A;/A line will be selected as the
initial simulation value.

11. By using a 3D MW solver (CST Microwave studio), insert these esti-
mated values, by, V', b, [ and I’, as parameters into an ideal filter model
and then optimise.

12. Using the optimised values calculated, construct a practical model by
using different dielectric sheets and prepeg thickness.

13. After the practical model in has been optimised, calculate the SIW pa-
rameters p, d and d/p.

Figure 3.15: Filter parameter by selection [2].

Following the design steps above, an estimated set of dimensions have been
calculated, and the results are shown in Table 3.2. For this dissertation, an
X-band STW was designed using a T E;( cut-off frequency of 6.557 GHz. Each
peg’s diameter must be 1:1 ratio with the blind via’s depth, thus b ~ 21’ +¥'.
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Table 3.2: Estimated dimensions of filter A.

fe 12 GHz

fo 43 GHz

f1 17.5 GHz

foo 33.6 GHz

w 13.125 mm

n 7

I > 1.25 mm (1.3 mm chosen)

l 0.575 mm

b < 0.575 mm (0.5 mm chosen)

b < 3.1 mm (2.8 mm chosen for Option 1, smallest value)
b < 3.175 mm (Option 2, largest value)
Moo 4.74 mm

A1 9.1 mm

A /A 1.919

bo/A1 0.06 (Option 1, closest to A;/As)

bo 0.546 mm
P 0.90 mm
d 0.50 mm

d/p 0.556 mm

After the parameters were optimised in CST Microwave studio, the values
were used to select a PCB stack-up using the available dielectric thicknesses
from the manufacturer. The manufacturer only stocks standard thicknesses,
and this means that the final design parameter values may change. After veri-
fying the new values through optimisation, the altered values are shown below:

Table 3.3: Final dimensions of filter A.
fi 15.501 GHz

I’ 1.3 mm

[ 0.6 mm

b 0.295 mm

b 2.857 mm (no finish) 0.967 mm (ASIG finished)
bo 0.555 mm

In filter B, the stopband is extended further by applying a different value
of b, namely, b; for a number grooves inside the filter without changing the
spacing b’ between the pegs. The Equations for this method can be viewed
in [58]. Dimension b, is implemented by adding two extra layers to the PCB
stack-up; one below the top layer and one layer above the last or bottom layer.
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The extended area on each layer is filled with an uninterrupted copper plane,
connected with small blind vias to the top and bottom layers respectively, as
is illustrated in Figure 3.16. The extra layer consists of a 9.5 mm long copper
plane on layer 2 and is 0.168 mm below the layer 1 (top side) and also 0.168
mm above layer 8 (bottom side) on layer 7. The total height for b; is 2.381
mm.

Figure 3.16: Filter B with blind vias in the extension section.

Figure 3.17, shows the ideal f; frequency for Filter B. fi, fo, f., fo and
f2, are identical to Filter A and therefore the same design parameters will be
used.
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Figure 3.17: Filter B.

Horizontal walls

As mentioned before, the spacing between opposing peg ends is typically
less than the full-height waveguide, and the filter is matched using stepped
or tapered E-plane sections. The reason for this is that incident modes hav-
ing horizontal components of electrical field can excite slot modes that will
propagate through the longitudinal slots in the filter at frequencies where the
height b is greater than one half a free-space wavelength. These modes can
create problems at the highest stopband wavelength, but unslotted step trans-
formers are used to match the waffle-iron filter to a waveguide of the standard
height. The reduced height of the stepped transformers effectively suppresses
the incident modes with horizontal components of an electric field which could
otherwise excite slot modes in the filter [2].

The proposed filter design does not make use of stepped transformers but
uses a single horizontal wall step to shield the pegs from the input and output
ports. This wall can be constructed in one of two ways: (1) a depth controlled
routed slot or (2) a triple staggered blind via row. Both methods use the blind
via concept and were electroplated to create an electrical wall as seen in Figure
3.18.
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Figure 3.18: Routed slot and blind via walls.

In Figure 3.19, it is shown that the triple staggered blind vias are connected
between layers 1 and 3, forming the top wall step and from layer 8 to 6, to form
the bottom wall step. The filter consists out of 8 Layers, the purple lines (in
the drawing) shows all the different layers, the dashed lines show where copper
has stripped away on the plane (layer), and the solid lines show where copper
is not stripped away. Solid lines also show the copper of the blind vias. The
white lines in the two micro-section photos show the copper planes. A 70 pym
copper foil was selected for each copper layer to minimise the risk of drilling
into the copper layer, seeing that the drill tolerance is +100 pum, -50 um. Only
two of the triple staggered blind via rows are visible because the micro-section
was made through the middle row of filter pegs in the 2 direction. Prepreg be-
comes a "jelly" state when it is warm-up, just before the laminates are pressed
together, and the copper plane and pads can move around during this process.
The micro-section on the left (yellow dash lines) shows layers 2,3,6 and 7 stop
just before the half-inductive termination. In the micro-section on the right
(yellow arrows), it is evident that layers 2 and 3 moved. Unfortunately, noth-
ing can be done to prevent this from happening. The PCB top view shows
the filter section with seven rows of blind vias, forming the filter’s pegs, and
thee staggered rows of blind vias on each side of the filter section forming the
single horizontal wall step.

Both the triple cascading via wall and the depth controlled routed slot, show
satisfactory results but a longer slot may be problematic to the manufacturer.
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Figure 3.19: Horizontal walls using three staggered rows of blind vias.
3.4 Design of transitions

3.4.1 Coax to SIW transition

The passband and stopband of the waffle-iron filter will be measured using
two different measurement designs. SMA to SIW transition, utilising an ultra-
wideband coaxial-to-buried SIW transition, is proposed to measure the pass-
band response ranging from 8 GHz to 12 GHz (Br = 0.4). According to [64],
signals having fractional bandwidths (Bp) greater than 0.25 are UWB as seen
in Table 3.4.

Several ultra-wideband (UWB) SIW transitions to other planar trans-
mission lines have been proposed, e.g. transitions to coplanar waveguide
(CPW) [65], stripline |66], grounded coplanar waveguide (GCPW) [67], [68|
and slotline [69]. For normal microstrip or stripline transitions to inner layers,
a simple via is typically used, but for buried STW, such an approach causes a
reduction in bandwidth due to the large layer separation between the coaxial
feed and the buried SIW structure.

A coaxial transition using an embedded microstrip line and an edge plated
track is used to connect a coaxial SMA connector to a SIW structure on an
inner layer is proposed here. The transition is suitable for ultra-wideband use,
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Table 3.4: Modified Classification Scheme for Devices/Signals based on Band-
width [64].

and easy to manufacture. Measurement results show a back-to-back return
loss of better than 15 dB across a bandwidth of 8-12 GHz, with insertion loss
between 1.0 and 1.5 dB.

This design requires a transition from a coaxial connector on the top layer,
to the SIW structure on the inner layer. Figures 3.20, 3.21 and 3.22 illus-
trate the construction of the proposed transition, with the inner conductor of
the SMA connector connecting to a short microstrip line, which is connected
through edge plating to an embedded microstrip line on an inner layer. The
use of edge plating instead of a via is at the core of the proposed transition,
and is the element responsible for the improved performance.

Figure 3.20: 3D view of the multilayer PCB with a SMA edge mount connector
to an UWB SIW transition.
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Figure 3.21: Stack-up for the multilayer PCB with a SMA edge mount con-
nector to an UWB SIW transition.

Figure 3.22: Top view of the structure, showing layer 3 and layer 6.
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The embedded microstrip line is connected similarly to that of a standard
microstrip-to-SIW transition. This is shown in Figure 3.22, where a top view
of the structure shows the metal layers 3 and 6 together. The filter PCB con-
sists out of Mercurywave™ 9350 core material, with a dielectric constant
(e,) of 3.55. The structure is optimised in CST Microwave Studio for optimal
return loss in the 8-12 GHz band.

Note also in Figure 3.22 that additional vias were used to improve the
bandwidth results [70].

IPC-2141A [71] embedded microstrip formulas are used to calculate the
track widths for the line segments, as seen in Figure 3.23:

;o 60 | 5.98H
o (—1.55H1) (0.8W +T)
er <1 —e )

(3.4.1)

H

Figure 3.23: Embedded microstrip structure.

The proposed transition utilise the same width for the feeder line on both
the top and inner layer. The length of the line on the top layer is very short
and only required to facilitate the soldering of the inner pin of the SMA con-
nector.

The SIW is designed from standard formulas [47] and a full set of dimen-
sions is shown in Table 3.5.

Table 3.5: Dimensions of the transition in mm

a b ¢ d e f g h
0.93 ] 1.206 | 1.5 | 0.5 | 11.9 | 5.38 | 4.67 | 0.555




Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. SIW WAFFLE-IRON FILTERS 46

Figure 3.24 shows a manufactured back-to-back transition with a section of
STW. The edge plating connecting the different layers, as well as the blind vias,
and the top microstrip line, are clearly shown. The structure was measured
using a Keysight PNA-X with coaxial calibration.

Figure 3.24: Manufactured PCB, (a) top view and (b) side view.

Figure 3.25 shows both the simulated and measured results for the back-to-
back SMA-to-SIW transition. The simulated and measured results correlate
closely with each other and show a measured insertion loss of between 1.0 dB
at 8 GHz and 1.5 dB at 12 GHz, including the SIW line loss. A return loss of
better than 15 dB is achieved across the band.

Figure 3.25: Measured and simulated S-parameters of the manufactured back-
to-back SMA-to-SIW transition.
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To compare the proposed transition with a standard via-based one, using
the same layer and material structure, simulations of both were performed
in CST Microwave Studio, with the results shown in Figure 3.26. While the
return loss performance is comparable, the proposed transition (EMS) shows
a simulated insertion loss exhibiting better than 0.9 dB across the 8-12 GHz
band, while the normal via-based one (MS) shows a simulated insertion loss
of 3.0-4.3 dB.

Figure 3.26: Comparison between simulated results for a back-to-back via-
based transition (MS) and the proposed edge-plated transition (EMS).

3.4.2 SMPM to SIW transition

An SMPM connector can also be used in place of the SMA connector. In
Figure 3.27, the construction can be observed, where depth controlled routing
is used to remove the dielectric material from layers 1 to 3. SMPM pad is
etched on layer 3, and the SMPM inner pin is connected to the embedded
microstrip line. In Chapter 4 the results between SMA and SMPM will be
compared.

3.4.3 Waveguide to SIW transition

A normal 2-port VNA measurement cannot be used to measure a multimode
waveguide filter. The reason for this is that each waveguide port displays the
sum of a set of different modes and not the individual modes separately. To
measure the scattering parameters of multimode waveguide filters such as the
Waflle-iron filter, it is proposed to launch different combinations of modes into
the Input waveguide port, which is then measured at the output port. The
complete implementation of such a system will be examined in Section 4.2
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Figure 3.27: SMPM PCB.

of Chapter 4. In this subsection, only the waveguide to SIW transition will
be considered. Figure 3.28 consists out of two main sections, (1) the 3 mm
to 0.555 mm air waveguide transition (green area) and (2) the 0.555 mm air
waveguide to SIW transition (purple area).

Section 1 - WR90 waveguide with a height of 3 mm was selected to sup-
press incident modes having horizontal components of electrical fields that can
excite slot modes. The 3 mm opening in the air waveguide is decreased to a
0.555 mm air waveguide and the total length is 91.3 mm. The 0.555 mm is
the same height as the Input and Output port for the SIW structure.

Section 2 - The 0.555 mm high WR90 (width of 22.86 mm) air waveguide
is transformed to MSIW with a width of 13.125 mm. According to Mansor
[72], a linear transition offers the best return loss, and the final length of the
transition is 119.9 mm. A triple cascading through-hole via wall was used for
the waveguide sides. As seen in Figure 3.29, a dovetail opening inside the
waveguide is edge plated (purple area) to give a better defined transition as
seen in Figure 2.6 in Chapter 2. Blind via stitching from layer 1 to 3, as well
as layer 8 to 6, was done to eliminate any resonance from forming between the
unused parallel PCB layers.
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Figure 3.28: 3 mm Air waveguide to 0.555 mm SIW transition.

Figure 3.29: PCB with air waveguide to SIW transition.
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As seen in Figure 3.30, the PCB slides into the metal waveguide structure,
which has a dovetail step to ensure that a 0.555 mm waveguide opening is
formed once the structure is fastened with 3.2 mm screws.

Figure 3.30: Air waveguide to SIW transition.

3.5 Manufacturing Issues

Two sets of PCB batches were manufactured. The first batch’s final finish was
done with Immersion-Gold. For the second batch, it was chosen not to have
any final finish because the signal will only propagate between the inner-layer
copper of the PCB.

A few observations will be made from the two batches, some observations
will be looked at in this section, and some will be considered during the mea-
surement evaluation in Chapter 4.

As previously mentioned, it is essential that the pegs are vertically aligned
and the vertical gap (0') between the pegs must be kept constant. As seen in
Figure 3.31, two round pads, on separate layers, were added to each peg. This
was done to ensure that the vertical gap stays the same, and to control the
depth tolerance of the blind via. For batch 1 it shows in Figure 3.31 (micro-
section), and Figure 3.32 (CT-scan), that the top blind via is not aligned with
the bottom blind via and has an offset of 0.15 mm. The top via was also not
drilled deep enough, and the pads on each layer are also not 1.3 mm, but 1.14
mm. There are also some un-plated sections in the blind vias.
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Figure 3.31: Batch 1 - Micro-section.

Figure 3.32: Batch 1 - CT-Scan.
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For batch 2, the manufacturing process was improved. The panel was
mounted on a 10 mm multi-layered FR4 PCB plate, with a tolerance of 50
pm, as seen in Figure 3.33. What made this step challenging with the waffle-
iron filter panel, is the fact that the copper thickness is only 70 um, so the
depth controlled drilling process needs to be accurately controlled across the
entire length of the panel, in this case, 360 mm. The fabricator, therefore, had
to ensure planarity of the panel of less than 50 pum over the entire 360 mm.
This was accomplished by making a specialised 10 mm base plate out of FR4
material.

Figure 3.33: Depth controlled drilling.

Steel and aluminium plates were also considered, instead of the FR4 PCB
plate, but the steel was too heavy for the drilling-bed and an aluminium sheet
was not level enough for the required size.

In Figure 3.34, the micro-section, and Figure 3.35, the CT-scan, the align-
ment of the top and bottom pegs are much better with a 0.04 mm difference.
Each blind via is also touching both pads, and the pads also have a diameter
of 1.3 mm. The internal dimensions for the second batch are much better
than the first batch but the external finish for batch 2 was not satisfactory.
The external finish will be discussed in Chapter 4, together with the measured
results.
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Figure 3.34: Batch 2 - Micro-section.

Figure 3.35: Batch 2 - CT-Scan.

The main disadvantage between a MSIW waffle-iron filter and a metal
waffle-iron filter is the power handling capability. Metal waffle-iron filters are,
for example, used in pulsed radar systems with peak power levels of 10 kilo-
watts (kW). The MSIW waffle-iron filter is designed to handle an average
power of 10 Watts, but this is ideal for medium power systems.
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Chapter 4

Measurements

4.1 Measurement of devices supporting
multiple propagating modes

Measurement of devices supporting multiple propagating modes at the ports,
such as the one shown in Figure 4.1 (a), is normally difficult and time-consuming.
The summation of the different modes needs to be separated into single-port
measurements taken at one physical port. This is time-consuming because each
mode is made up of a different electrical port, creating this complex multi-port
device that can only be characterised by a generalised scattering matrix [73].

Pace et al. proposed the concept of a generalised scattering matrix for
waveguide problems [74]. In their model, each physical port is made up of
an infinite set of electrical ports, including both propagating and evanescent
modes, and makes use of a multi-port S-parameter formula where the electrical
ports are grouped in each physical port. This generalised scattering matrix cre-
ates a normalised basis by which the magnitude of the complex power carried
by the wave is quantified. In Figure 4.1 (b), the matrix S is called the gener-
alized scattering matrix and is extensively used in solving waveguide problems.
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Figure 4.1: Modes in a Waveguide (a) and its generalized S-Matrix represen-
tation (b). The vectors a and b contain the amplitudes of the incident and
reflected modes at each port respectively [73].

In Section 1.1.3, a summary of possible solutions recorded in literature, is
presented. The most accurate broadband measurement technique is presented
by Sequinot et al. [44]. A multimode thru-reflection-line (TRL) algorithm
used to derive the generalised scattering parameters of multimode two-port
networks is proposed. They make use of multimode-to-N-line transitions in
microstrip. In the theoretical development, they use notation similar to that
used in the previous work of Eul and Schiek |75], which may be familiar to
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engineers involved in microwave calibration techniques. This method requires
the characterisation of a 2N port device with the aid of a network analyser,
but it is unfortunately time-consuming, which limits the practicality thereof.

To measure a multimode device, a controllable mode excitation is required
at the input and output ports. In this chapter, it is proposed to replace Guide
1 and Guide 2 in Figure 4.1 with a lightly coupled single-mode co-axial probe,
feeding into a multimode rectangular waveguide (as seen in Figure 4.2). This
transition is described by the generalised scattering matrix in equation 4.1.1,
where vector quantities are indicated by horizontal bars and matrix quantities
with square brackets. This is a subset of the generalised scattering matrix of
the transition, consisting of only the propagating modes which couple to the
probe, and implies that the reference planes at the various ports are positioned
in such a way that all non-propagating modes have died out. Note that all
waveguide modes not excited by the probe, are excluded. In order to obtain
a description containing all the propagating modes, various probe positions
are required. Although equation 4.1.1 is only a subset of the full matrix, the
characterisation of all the unknowns in this equation is still a formidable task,
requiring a large number of calibration measurements.

Figure 4.2: The three-physical-port probe section.

[Z} %1 %2 %3 a1
112 = 5l21 [522] [5;23] da (4.1.1)
b3 Ss1 [Ssa]  [Sss] as

All the research until now focused on the characterisation of all the un-
knowns and calibrating devices that support multiple propagating modes. This
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dissertation proposes two methods by which only the multimode waveguide fil-
ter is measured. Both methods, using the three-port device, will first use a
Thru to measure the test set-up and show that each port exhibits multiple
propagating modes. The Thru will then be replaced by a filter, and the same
measurements will be taken again. The Sy results of the Thru, as well as the
measurements of the filter, will then be plotted together. The main reason for
this approach is that the interest of this measurement lies in the stopband of
the filter. If enough combinations of modes can be excited, and all of these
combinations show a significant attenuation, the results show that the stop-
band working of the filter can be validated up to 50 dB, without requiring a
full calibration of the transition. Note that the fundamental mode will always
be excited to a certain extend with this approach, resulting in a superposition
with the propagating higher order modes. With the passband measurements,
a normal coaxial to waveguide transition can be used, as only the T E;q mode
propagates in that frequency band.

In the first method, a signal is lightly coupled through a 2.4 mm connec-
tor into an air-filled WR90 waveguide, with a height of 3 mm, that generates
different mode combinations at the port. The modes propagate through an
air-to-dielectric waveguide transition, into the MSIW waffle-iron filter. The un-
filtered multimode signals are received at the output port of the filter. These
modes travel through a dielectric-to-air waveguide transition and are finally
coupled to the 2.4 mm connector at the furthest end. A condition, however,
might occur where a mixture of modes is reflected by the output port. For
this reason, the second method is proposed.

In the second method, the 2.4 mm connector set-up, at the output port,
is replaced by a horn antenna, offering a very low reflection coefficient for all
propagating modes at its feed plane. The 2.4 mm connector configuration on
the input port of the filter stays the same. This method ensures that no mode
is reflected at the output port and all the modes radiate out through the horn
antenna.

If the results in both test methods yield similar results, then it is safe to
assume that the filter works as expected.

4.1.1 First measuring method: 2.4 mm connector set-up

This first method will be done by using a mechanical WR90 waveguide con-
struction with two manual shifters attached to it. As seen in Figure 4.3, one
shifter is attached at the back end of the waveguide (y-direction), to move the
sliding back-short plate by turning the shifter’s knob. The second shifter is on
the side of the waveguide (z-direction), to move the 2.4 mm connector across
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the width of the waveguide.

Figure 4.3: 3 mm High WR90 waveguide with a vertical and horizontal shifter.

The mechanical construction is attached to each side of the filter, to mea-
sure the propagating modes at each of the two ports.

As seen in Figure 4.4 (a), the 2.4 mm connector can move horizontally in
width by turning the adjustment screw on the left-hand side. The 2.4 mm
connector has a frequency range of DC to 50 GHz. The centre pin is very
thin and acts like a monopole. A piece of shim-stock is soldered onto the
centre pin of the 2.4 mm connector. This alters the coupling between the
waveguide structure and the centre pin, resulting in an improved bandwidth
response, as well as the insertion loss over the measured frequency band. This
method differs from the previous proposed methods [38], [39], [40], [41], [42],
[44], because the connector is adjusted slightly by turning the shifter, as seen in
Figure 4.4 (b), and different modes can be generated. The adjustable sliding
back short is created by inserting a machined sliding plug inside the guide
(the green section in Figure 4.5). The other end is connected to the shifter.
A great advantage of this method is the ease with which measurements can
be made for the various choices of lengths, requiring only the manipulation of
the sliding shorts by turning the shifter. Enough measurements must be made
to determine all the elements of the scattering matrix relating to propagating
modes.

Using a matrix network as seen in Figure 4.5, multiple modes are gener-
ated. The manual shifters have a tolerance of 10 um, which leads to accurate
matrix positions. Also, the filter is passive and symmetrical, this means that
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Figure 4.4: Adjusting the 2.4 mm connector.

So1 and Spo will be the same. Figure 4.6 shows the frequencies where the dif-
ferent T'E,,o modes start to propagate.

Figure 4.5: The 2.4 mm connector test set-up.
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Figure 4.6: Simulated results for the T'E,,o modes.

Matrix set-up

Two matrices are proposed:

1. In Figure 4.5, the first matrix test set-up is as follow:

a)
b)

Move Port 2 to position a0.

Move Port 1 also to position a0 and save the results as a0a0. The
capture method of the results must stay consistent with the first
part being Port 1 and the second part being Port 2 of the file name.

Keep Port 2 at position a0 and move Port 1 to position al and
capture the results. Continue until Port 1 reach a5, then move Port
1 to b0. Continue until the last position e5.

Move Port 2 to al and Port 1 to al. Do not move Port 1 to a0 and
repeat step 2 and step 3. The reason to start Port 1 at al is that
the test set-up is not only symmetrical in z-direction (width of the
waveguide) but the whole filter test set-up is symmetrical between
Port 1 and Port 2 (in the y-direction). This means that Sj; equals
Soo and Sy; equals Spo, for one set of measurements using the 2-
port VNA. This reduces the number of measurements from 625 to
325, as seen in Table 4.1. This shows that b0bl (in red) does not
need to be measured because b1b0 (in blue) is already measured.
The matrix does not have to be 5:5 and can be reduced to another
relation, for example, a 4:4 and the number of measurements will
reduce to 136. The 5:5 matrix was selected to prove the validity of
the method.
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e) Each horizontal (z-direction) step is 2.236 mm. This ensures that
the 2.0 mm wide shim-stock does not touch the waveguide wall.
Each vertical (y-direction) step is 4 mm to cover a 20 mm length.
During each vertical or horizontal shift, the VNA display is moni-
tored to ensure that no modes go undetected.

Table 4.1: Matrix for set-up 1.

2. In the second matrix, specific frequencies (as seen in Table 4.2) were
chosen to excite the TElo, TYEQO7 TEgg, TE40, YjE'507 TEG() and TE70
modes. From this, the distance from the centre of the waveguide (z
direction), where the E -field is the strongest for each selected mode,
is calculated. Also, A/4 is calculated for every selected frequency. The
measurements were reduced to 28, as seen in Table 4.2. The symmetry
around the E-plane excludes the possibility of propagating even modes,
but Quasi-T'M,,, modes, for even values of m, may also be excited due to
misaligned pegs that appear asymmetrical with respect to the H-plane.
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Table 4.2: Matrix for set-up 2.

4.1.2 Second measuring method: antenna set-up

As seen in Figure 4.7, the 2.4 mm connector’s position can be adjusted to
transmit different combinations of modes. Another horn antenna receives the
radiation from the transmitted horn antenna, and the results are measured on
the VNA from 26.5 GHz to 50 GHz. A distance of 45 cm between the two
horn antennas are kept constant; and larger than 4\ for the lowest frequency to
ensure that the far-field is measured. In Figure 4.8 the receiving horn antenna
is moved in a vertical (y) and horizontal (x) grid in 5 cm intervals, to ensure
the entire far-field pattern is measured. The Thru calibration PCB is first
measured to establish a baseline.

Figure 4.7: Antenna test set-up.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. MEASUREMENTS 63

Figure 4.8: Antenna measurement grid
4.2 Implementation of measurement system

4.2.1 2.4 mm Connector set-up

The three-section mechanical structure for measuring multimode filters is shown
in Figure 4.9.

Figure 4.9: 2.4 mm Connector to SIW transition.

Section 1 consists of a WR90 waveguide with the two manual shifters. A
sliding plate is connected to the horizontal shifter, with a 2.4 mm connector
mounted on it as shown in Figure 4.10. A small piece of shim-stock (2.0 mm
x 2.7 mm) is soldered on the 2.4 mm connector center pin, as seen in Figure
4.11, to reduce the insertion loss.

Section 2 consists of a 3 mm WR90 waveguide that is decreased to 0.555
mm, and in Section 3, a 0.555 mm WR90 waveguide is transitioned to SIW.
These two sections are discussed in more detail in Chapter 3.
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Figure 4.10: 2.4 mm Connector inserted in the waveguide.

Figure 4.11: 2.4 mm Connector with a small shim-stock piece soldered to the
center pin.

The complete back-to-back 2.4 mm connector to SIW transition is shown in
Figure 4.12, with the dimensions in mm.

Figure 4.12: 2.4 mm Connector to SIW back-to-back transition.
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4.2.2 Antenna set-up

Figure 4.13 shows the antenna section connected to the filter and Figure 4.14
shows the filter inside the complete horn antenna to 2.4 mm connector transi-
tion. In Figure 4.15, the antenna dimensions start from a WR90 waveguide of
3 mm opening and flaring out to a height of 20.50 mm, and a width of 40.36
mm. The total length is 100.47 mm.

Figure 4.13: Horn antenna to SIW transition.

Figure 4.14: Completed horn antenna to 2.4 mm connector transition.
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Figure 4.15: Dimensions of the horn antenna.

4.2.3 The Thru-standard

Before testing the filter, the test set-up must first be calibrated. Figure 4.16
shows the different calibration pieces used for the multimode test set-up. Start-
ing from the left side, are the three pieces for the Thru set-up. To save cost a
0.555 mm double layer Thru PCB was manufactured and two aluminium plates
are placed on the top and bottom of the Thru PCB to make up the total thick-
ness of 2.857 mm. The Thru PCB consists of the same Mercurywave™™ 9350
core material, as the waffle-iron filters, with a top and bottom copper layers.
Three rows of vias on each side were to create the air-to-dielectric waveguide
transition. On the left side of Figure 4.16 is Filter B (2.857 mm thick, 8 layer
PCB).

Figure 4.17 (a) shows how the Thru plate is laying on the CAL bottom
plate, which lays on the bottom air waveguide to STW transition piece. Photo
(b) shows how the top CAL plate lays on the Thru PCB. The last part that
must be fitted and fasten with 3 mm screws is the top air waveguide to SIW
aluminium transition piece.

4.3 Measurements of prototypes

In this section, the measured results for filter A and filter B will be shown. Dur-
ing the manufacturing phase, two panels are manufactured. The first panel’s
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Figure 4.16: PCB test set-up.

Figure 4.17: Calibration mechanical structure.
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micro-section show that there is a misalignment between the bottom and top
pegs. The manufacturing process is altered, and a second panel is manufac-
tured but some inconsistencies occur during the drilling process. Each panel
consists of different versions of filters A and B. The following tests were con-
ducted:

1. Passband response measurement,
2. Multimode measurements in the stopband and

3. Power handling.

4.3.1 Measurement 1 - Passband response

SMA to SMA PCB filter versions were designed for both filter A and B to
measure the passband response. Figure 4.18 shows the comparison between
the simulated ideal lossless filter A (no SIW vias and with ideal waveguide
ports); the simulated lossy MSIW filter A with SMA connectors; and the mea-
sured MSIW filter A with SMA connectors (batch 2). In Section 3.4.1, the
measured insertion loss for the manufactured back-to-back SMA-to-SIW tran-
sition showed between 1.0 dB at 8 GHz and 1.5 dB at 12 GHz, this includes the
SIW line loss. Also, a return loss of better than 15 dB is achieved across the
band. Taking this into account, the measured passband response will have a
maximum insertion loss of ~ 0.6 dB over the band. The ideal filter simulation
is between 4 and 5 times better than the measured filter, but this is due to no
SMA connectors on each side of the filter.

Figure 4.18: Comparison between simulated and measured results: filter A
(batch 2).
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Figure 4.19 shows the comparison between the simulated ideal lossless filter
B (no SIW vias and waveguide ports); the measured MSIW Thru CAL PCB
with SMA connectors; and the measured MSIW filter B with SMA connectors
(batch 2). The insertion loss is more in filter B, but it is understandable due
to the extra peg (waffle) sections in the filter.

Figure 4.19: Comparison between simulated and measured results: filter B
(batch 2).

The first batch has a surface finish of Immersion-Gold as seen in Figures
4.20 and 4.21. Edge mount SMA connectors are connected to each port.

Figure 4.20: Filter A: SMA-EMS-SIW-EMS-SMA classical MSIW Waffle-iron
filter.

Figure 4.21: Filter B: SMA-EMS-STW-EMS-SMA extended MSIW Waffle-iron
filter.
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For the second batch, it was chosen not to have any surface finish. Figure
4.22 below shows the edge mount SMA connectors connected to the ports.

Figure 4.22: SMA connectors soldered on batch 2.

Figure 4.23 shows the response between batch 1 and batch 2 for filter A.
The manufacturing process for batch 2 was much better and precise and this
can be seen from the reflection coefficient that has improved from -10 dB to
-14 dB. Additionally, the insertion loss improved by at least 0.5 dB and range
between 1.8 dB to 2.1 dB. Lastly, the insertion loss of the Thru back-to-back
SMA-to-SIW transition must be taken into account.

Figure 4.23: Filter A: Compare batch 1 and 2.

Figure 4.24 shows the response between batch 1 and batch 2 for filter B.
Batch 2 has a higher insertion loss of 1.91 dB at 8 GHz and 3.04 dB at 12
GHz.
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Figure 4.24: Filter B: Compare batch 1 and 2.

In Figure 4.25 two enclosures are fitted because the SMA to embedded
microstrip transition acts like an antenna in the stopband for higher frequency
modes. As seen in Figure 4.26, the stopband performance has improved from
42 dB return loss to 68 dB.

Figure 4.25: SMA transition enclosures.

Figure 4.26: Results with or without SMA enclosures.
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Figure 4.27 shows the comparison for filter B between SMA and SMPM
transitions. Their response is very similar.

Figure 4.27: Comparison between SMPM and SMA transitions.

4.3.2 Measurement 2 - Multimode measurements in the
stopband

For the multimode measurements an air waveguide-to-SIW transition, as seen
in Figures 4.28 and 4.29, is used to measure the stopband response.

Figure 4.28: Filter A: WG-SIW-WG Classical Waffle iron filter.

Figure 4.29: Filter B: WG-SIW-WG Longer Waffle iron filter.

Two methods are used to measure the multimode in the stopband.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. MEASUREMENTS 73

First measuring method: 2.4 mm connector set-up

The test was conducted using a VNA and connecting each port to a 2.4
mm connector on the test structure as seen in Figure 4.30 below.

Figure 4.30: VNA test set-up.

Batch 1 measurement results:

Figures 4.31 and 4.32 shows the different mode measurement results be-
tween the calibration PCB and filter A (short filter) and B (long filter). Com-
paring with the CAL PCB, both filter A and filter B have at least a 40 dB
greater insertion loss in the stopband.

Figure 4.31: Comparison between the calibration PCB and filter A.
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Figure 4.32: Comparison between the calibration PCB and filter B.

Looking only at filter A in Figure 4.33, it can be demonstrated that it
attenuates the frequency band between 15 GHz and 43 GHz.

Figure 4.33: Filter A, batch 1 - stopband results.

Filter A has at least 10 dB more insertion loss in the stopband than filter
B (Figure 4.34), but filter B attenuates higher that 48 GHz and not 43 GHz
as seen in filter A.
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Figure 4.34: Filter B, batch 1 - stopband results.

Batch 2 measurement results:
Although the manufacturing process was improved during batch 2, the

stopband results got worse. In Figures 4.35 and 4.36, the stopband results for
filter A and B are shown.

Figure 4.35: Filter A, batch 2 - stopband results.
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Figure 4.36 shows the results of different mode measurements for filter B,
batch 2.

Figure 4.36: Filter B, batch 2 - stopband results.

Comparing filter A from batch 2 to batch 1 in Figure 4.37, the insertion
loss is at least 30 dB less in the frequency range around 23 GHz. The same
can be seen for filter B in Figure 4.38.

Figure 4.37: Filter A - Compare batch 1 and 2.

Both batches were mechanically inspected, and the results were compared.
In Figure 4.39, it is shown that the 0.8 mm drill bit broke during the routing
phase and a 6.5 mm slot on both sides of the dovetail can be seen. Also seen in
Figure 4.40, the edge plating did not adhere so well to the PCB edge to form a
grounding wall. Taking these two factors into account, it is proposed that the
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Figure 4.38: Filter B - Compare batch 1 and 2.

6.5 mm slots are A\/2 for 23 GHz and acts as an antenna. Also, because the
insertion loss measure around 80 dB in the stopband, it is essential to make
sure no power leakage occurs and the edge plating in batch 2 did not prevent
leakage.

Figure 4.39: External inspection of the filter batches.

To verify the grounding hypothesis, a test is conducted where filter A from
batch 2 is measured with additional clamps and copper tape used to seal the
filter (Figure 4.41). It can be seen in Figure 4.42 that the insertion loss is at
least 10 dB lower around 23 GHz.
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Figure 4.40: PCB batch 2 - Edge plating.

Figure 4.41: Sealing and clamping of the test set-up.

Figure 4.42: Filter A batch 2 - Compare results between filter structure
clamped and not clamped.
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Second measuring method: antenna set-up

During each antenna measurement, the results showed similar responses
and a combination of these results are shown in Figures 4.43 and 4.44, where
the insertion loss in the stopband is compared between the Thru CAL PCB
and filter A for batch 1 and 2 respectively.

Figure 4.43: Antenna measurements for filter A from batch 1.

Figure 4.44: Antenna measurements for filter A from batch 2.

The results show that the insertion loss is less in batch 2 and this is due to
the drilling and edging-plating problem that was stated in the previous sub-
section.

Figures 4.45 and 4.46 shows the insertion loss comparison between the Thru
CAL PCB and filter B for batch 1 and 2 respectively. Again, the results show
that the insertion loss in the stopband is less in batch 2.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. MEASUREMENTS 80

Figure 4.45: Antenna measurements for filter B from batch 1.

Figure 4.46: Antenna measurements for filter B from batch 2.

It is also evident that filter A has a smaller stopband response than filter B
and this due to the extra peg (waffle) sections in filter B.

4.3.3 Measurement 3 - Power handling

The waffle-iron filter is designed for a pulsed communication system, with a
average power level of 10 Watt. Only a 25 Watt (CW) power amplifier (PA)
was able for the power measurements and for this reason it was decided to
keep the test intervals to 1 minute. Both batches, using the SMA type filters,
were tested at a frequency setting of 10 GHz.



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. MEASUREMENTS 81

For the calibration set-up, the 44.61 dBm (25 Watt) PA is connected to a
40 dB attenuator and measured as seen in Figure 4.47.

Figure 4.47: Power test set-up.

The combined cable and attenuator loss is 41.65 dB, and the 10 GHz signal
strength, measured at the input of the spectrum analyser, is +2.96 dBm. For
the power test, the filters are placed, one at a time, between the PA and the
attenuator. The filters reached a maximum temperature of 64.6°C during test
intervals of 1 minute each. All the filters from both batches showed excellent
results. The calibration test set-up results is shown in Figure 4.48, where the
PA’s second harmonic is measured at 20 GHz, with a signal strength of -55.52
dBm. In Figure 4.49, filter B (batch 1) measured a 1.11 dBm (excluding the
combined cable and attenuator loss of 41.65 dB) signal strength at 10 GHz
and -83.96 dBm at 20 GHz.

The insertion loss over the bandpass section, for all the filters, were mea-
sured after the power tests and compared to the results before the power test.
Figure 4.50 shows the response for the short filter design and Figure 4.51 shows
the response for the long filter design. In both cases, the solid red line shows
the response before the power tests and the black dashed line shows the re-
sults of the response after the test. The response in both filters is very similar.
When considering how much voltage can be tolerated in a substrate, one needs
to consider not just the dielectric breakdown voltage, but also the amount of
resin present and possible resin starvation that can lead to air pockets, which
in turn can degrade the voltage isolation performance of the final PCB. Care
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Figure 4.48: Calibration results for the power test set-up.

Figure 4.49: Power measurement results of filter B (batch 1).

should be taken to insure good resin content to uphold the voltage isolation
property of the substrate. In the case of the test board, the electric field
strength of the Mercurywave™™ 9350 substrate is 590 kV/mm, which refers
to the safe operating point of the substrate. The actual breakdown voltage is
in excess of 50 kV.

4.3.4 Summary and concluding remarks

Two types of MSIW waffle-iron filters were tested. Filter A is a classic MSIW
wafle-iron filter, whereas filter B is an extended version with an extra step in
the middle of the filter. Two PCB panels, containing both types of filters, were
manufactured. The filter pegs in panel 1 (batch 1) do not align vertically, but
the filters still performed well. The filter pegs in panel 2 (batch 2) are aligned,
but the edge plating did not adhere well to the hole’s wall, thus reducing the
effectiveness in forming a RF wall. A drill bit also broke during the routing
phase and damaged the filter. This led to substandard results in the stopband.
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Figure 4.50: Short Filter: Measurements before and after the power test.

Figure 4.51: Long Filter: Measurements before and after the power test.

Both panels were tested for its passband response, multimode response
in the stopband as well as power handling. The multimode measurements
are conducted using two methods and both yielded consistent similar results,
proving that the higher order modes are being attenuated. The filters displayed
less than -12 dB passband reflection over 8.5 to 10.5 GHz, with stopband
attenuation in excess of 70 dB over the harmonic bands 15 to 43 GHz for
filter A and 15 to 49 GHz for filter B. The prototypes were designed to handle
10 Watt average power in a pulsed transmitter circuit, but were successfully
tested using a 25 Watt (CW) power amplifier. A good correlation is obtained
between synthesised and measured responses in these two designs.
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Conclusion

The main objective of this thesis was the design and manufacturing of a Multi-
layered Substrate Integrated Waveguide (MSIW) Waffle-iron Filter. Two filter
versions were designed namely, filters A and B. Filter A is the classical SIW
Waffle iron filter and Filter B is an extended version of Filter A with an extra
step in the middle of the filter, to extend the stopband width.

In Chapter 1 the background into Waffle-iron and SIW filters were de-
scribed. It also highlighted the different methods, until now, for measuring
the scattering parameters of multimode waveguide filters.

An in-depth SIW design methodology and PCB manufacturing process was
shown in Chapter 2.

The design and manufacturing of Filter A and B, two iterations of each,
were discussed in Chapter 3.

Chapter 4 presented two methods to measure a multimode waveguide filter.
All the different measurement methods were examined. It was concluded that
the alignment of the MSIW Walffle-iron filter pegs are not as important as in
normal metallic Waffle-iron filters. The grounding between the air waveguide
and the dielectric transitions, on the other hand, plays a very important roll
in the stopband response of the filter. The prototypes presented, displayed
less than -12 dB passband reflection over 8.5 to 10.5 GHz, with stopband
attenuation in excess of 70 dB over the harmonic bands 15 to 43 GHz for filter
A and 15 to 48 GHz for filter B. The prototypes were designed to handle 10
Watt average power in the transmitted band. A good correlation is obtained
between synthesised and measured responses in these two designs.
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MercuryWave 9350

Figure A.1: Dielectric constant changing with frequency.
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Figure A.2: Dielectric constant changing with temperature.
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Figure A.3: Mercurywave™ 9350 spesifications.
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Figure A.4: Mercurywave™ 9350 thermal properties.
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Figure A.5: Mercurywave™™ 9350 loss tangent changing with frequency.
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