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ABSTRACT

Multibeam antennas have become a key element in nowadays wireless
communication systems where increased channel capacity, improved transmission
quality with minimum interference and multipath phenomena are severe design
constraints. These antennas are classified in two main categories namely adaptive
smart antennas and switched-beam antennas. Switched-beam antennas consist of an
elementary antenna array connected to a Multiple Beam Forming Network (M-BFN).
Among the different M-BFNs, the Butler matrix has received particular attention as it
is theoretically lossless and employs the minimum number of components to
generate a given set of orthogonal beams (provided that the number of beams is a
power of 2). However, the Butler matrix has a main design problem which is the
presence of path crossings that has been previously addressed in different research
works.

Substrate Integrated Waveguide (SIW) features interesting characteristics for
the design of microwave and millimetre-wave integrated circuits. SIW based
components combine the advantages of the rectangular waveguide, such as the high
Q factor (low insertion loss) and high power capability while being compatible with
low-cost PCB and LTCC technologies. Owing to its attractive features, the use of
SIW technology appears as a good candidate for the implementation of BFNs. The
resulting structure is therefore suitable for both waveguide-like and planar structures.

In this thesis, different novel passive components (couplers and phase
shifters) have been developed exploring the multi-layer SIW technology towards the
implementation of a two-layer compact 4x4 Butler matrix offering wideband
performances for both transmission magnitudes and phases with good isolation and
input reflection characteristics.

Different techniques for the implementation of wideband fixed phase shifters
in SIW technology are presented. First, a novel waveguide-based CRLH structure is
proposed. The structure is based on a single-layer waveguide with shunt inductive
windows (irises) and series transverse capacitive slots, suitable for SIW
implementations for compact phase shifters. The structure suffers relatively large

X1



insertion loss which remains however within the typical range of non-lumped
elements based CRLH implementations.

Second, the well-known equal length, unequal width SIW phase shifters is
discussed. These phase shifters are very adapted for SIW implementations as they
fully exploit the flexibility of the SIW technology in different path shapes while
offering wideband phase characteristics. To satisfy good return loss characteristics
with this type of phase shifters, the length has to be compromised with respect to the
progressive width variations associated with the required phase shift values. A two-
layer, wideband low-loss SIW transition is then proposed. The transition is analyzed
using its equivalent circuit model bringing a deeper understanding of its transmission
characteristics for both amplitude and phase providing therefore the basic guidelines
for electromagnetic optimization. Based on its equivalent circuit model, the transition
can be optimized within the well equal-length SIW phase shifters in order to
compensate its additional phase shift within the frequency band of interest. This two-
layer wideband phase shifter scheme has been adopted in the final developed matrix
architecture. This transition is then exploited to develop a three-layer, multiply-folded
waveguide structure as a good candidate for compensated-length, variable width,
low-loss, compact wideband phase shifters in SIW technology.

Novel two-layer SIW couplers are also addressed. For BFNs applications, an
original structure for a two-layer 90° broadband coupler is developed. The proposed
coupler consists of two parallel waveguides coupled together by means of two
parallel inclined-offset resonant slots in their common broad wall. A complete
parametric study of the coupler is carried out including the effect of the slot length,
inclination angle and offset on both the coupling level and the transmission phase.
The first advantage of the proposed coupler is providing a wide coupling dynamic
range by varying the slot parameters allowing the design of wideband SIW Butler
matrix in two-layer topology. In addition, previously published SIW couplers suffer
from direct correlation between the transmission phase and the coupling level, while
the coupler, hereby proposed, allows controlling the transmission phase without
significantly affecting the coupling level, making it a good candidate for BFNs
employing different couplers, such as, the Nolen matrix.

A novel dual-band hybrid ring coupler is also developed in multi-layer
Ridged SIW (RSIW) technology. This coupler has been jointly developed with Tarek
Djerafi in a collaboration scenario with Prof. Ke Wu from the Ecole Polytechnique

XV



de Montréal. The coupler has an original structure based on two concentric rings in
RSIW topology with the outer ring periodically loaded with radial, stub-loaded
transverse slots. A design procedure is presented based on the Transverse Resonance
Method (TRM) of the ridged waveguide together with the simple design rules of the
hybrid ring coupler. A C/K dual band coupler with bandwidths of 8.5% and 14.6%
centered at 7.2 GHz and 20.5 GHz, respectively, is presented. The coupler provides
independent dual band operation with low-dispersive wideband operation.

Finally, for the Butler matrix design, the two-layer SIW implementation is
explored through a two-fold enhancement approach for both the matrix electrical and
physical characteristics. On the one hand, the two-layer topology allows an inherent
solution for the crossing problem allowing therefore more flexibility for phase
compensation over a wide frequency band. This is achieved by proper geometrical
optimization of the surface on each layer and exploiting the SIW technology in the
realization of variable width waveguides sections with the corresponding SIW bends.
On the other hand, the two-layer SIW technology is exploited for an optimized space
saving design by implementing common SIW lateral walls for the matrix adjacent
components seeking maximum size reduction. The two corresponding 4x4 Butler
matrix prototypes are optimized, fabricated and measured. Measured results are in
good agreement with the simulated ones. Isolation characteristics better than -15 dB
with input reflection levels lower than -12 dB are experimentally validated over 24%
frequency bandwidth centered at 12.5 GHz. Measured transmission magnitudes and
phases exhibit good dispersive characteristics of 1dB, around an average value of -
6.8 dB, and 10° with respect to the theoretical phase values, respectively, over the

entire frequency band.
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CHAPTER ONE

State of the Art of Beam-Forming
Matrices with SIW Technology

1.1. Introduction

The increasing development of wireless applications introduces new
requirements for the related terrestrial and spatial communication systems. These
requirements imply severe constraints regarding an increased channel capacity with
improved transmission quality with minimum interference and multipath phenomena.
Different communication multiple access schemes have been developed to satisfy
these needs; such schemes include the Frequency Division Multiple Access (FDMA),
Time Division Multiple Access (TDMA) and Code Division Multiple Access
(CDMA). For further increase of the channel capacity, another approach can be
combined to the three former conventional access methods. This approach allows
different users to access the same time-frequency or code channel within the same
cell using Space Division Multiple Access (SDMA). Recently, the SDMA has
offered new applications for multibeam antennas for both terrestrial and spatial
applications [1].

This chapter presents the state of the art of beam-forming matrices, and in
particular, those implemented using Substrate Integrated Waveguide technology. The
chapter is organized as follows; Section 1.2 addresses the historical background of
beam-forming matrices citing different relevant articles with different technologies.
The need of implementing BFNs in waveguide-like technology with planar topology
is clarified. In Section 1.3, the Substrate Integrated Waveguide technology is

introduced starting from the basic concept, the historical development and going



briefly through some SIW implementations. The basic SIW design considerations are
discussed in Section 1.4. In Section 1.5, the mostly employed techniques for
miniaturization of Substrate Integrated Circuits (SICs) are addressed. Section 1.6
focuses on the so far published SIW implementations of BFNs followed by a

conclusion in Sectionl.7.

1.2. Historical Development of Beam Form Matrices

To realize a multi-beam antenna, one way is to use an elementary antenna
array properly fed by means of a Multiple Beam Forming Network (M-BFN) — also
called Multiple Input/Multiple Output (MIMO) matrix. Multi input, multi output
beam forming matrices are characterized by a number of inputs equal to the number
of beams to produce and a number of outputs equal to the number of elementary
radiators in the antenna array [2]. Such antennas are extensively used in Space
Division Multiple Access (SDMA) applications. The M-BFN subsystem can also be
used in Multi-Port Amplifiers (MPA) for distributed amplification. This technique is
used in satellite communication systems to ensure similar optimum efficiency for all
amplifiers [3].

Since the early 1960’s, different types of (M-BFNs) have been proposed,
such as Blass matrix [4], Nolen matrix [5], Rotman lens [6] and Butler matrix [7].
Among these different matrices, the Butler matrix has received particular attention in
literature as it is theoretically lossless and employs the minimum number of
components to generate a given set of orthogonal beams, provided that the number of
beams is a power of 2. However, the Butler matrix has a main design problem which
is the presence of path crossings. To overcome this problem, some specific designs
have been suggested but they are not easily scalable for larger matrices [8], [9].
Another well-known method for single-layer realizations is to employ extra 0dB
couplers by means of back-to-back pairs of 3 dB couplers to produce the crossover
transfer function [3], [10]. This leads to an increased number of components with
increased losses especially for larger matrices. In [11], a Lange coupler is used to
replace the crossover offering therefore an interesting planar design with wideband
performances. However, the complete structure is rather adapted to microstrip
technology as it requires wire bonding.

Good performances have also been obtained using a multi-layered design

2



with suspended stripline technology [12]. However, the circuit suffers from a linear
phase variation with frequency despite its fabrication complexity. A coplanar
waveguide-based two-layer structure is suggested in [13]. However, this solution
suffers from being narrow band for both transmission magnitude and phase,
consequently, it is very sensitive to technological tolerances.

To avoid radiation losses, scan losses and/or coupling problems that might
occur between the different paths of the matrix and the other components especially
the radiating elements, waveguide implementations are recommended. On the other
hand, as BFNs can be used in MPA systems, waveguide implementations become
better for such applications owing to their improved power handling capability with
respect to the other planar structures. However, such implementations suffer from the
classic waveguides problems in terms of the resulting bulky structures, low
integration profile and excitation problems and limited applications due to the large
weight especially for space aircrafts or satellites applications requiring light weight,
low profile and high integration density. Such waveguide implementations are found
in literature [3]. Computer Aided Design (CAD) optimization has also been reported
in [10] where rigorous fabrication-oriented optimization is presented followed by
mechanical and thermal considerations for related structures reported in [14]. In [15],
a complete waveguide-based structure has been reported for a narrow-band Butler
matrix. Although the two-layer design offers a solution for the crossing arms
problem in a compact area layout, the bulky waveguide problem has not been solved.

In order to obtain the advantages of rectangular waveguides while remaining
in planar profiles, Substrate Integrated Waveguide (SIW) technology becomes an
interesting candidate for the implementation of such matrices. The SIW technology
is indeed a compromise between both planar and waveguide technologies, that
features interesting characteristics in terms of ease of integration to other circuit

components while offering components with high quality factors.

1.3. Historical Background of SIW

The substrate integrated waveguide technology is based on realizing a
waveguide within a dielectric substrate. The upper and lower substrate metallization
are used as the broad walls of the waveguide structure while the side narrow walls
are synthesized in the form of two rows of metalized via-holes or grooves connecting
the top and bottom metallic plates, Fig.1.1. The resulting structure is a waveguide

3



that possesses a planar profile and offers the good performances of metallic
waveguides.

Since the early 1990’s, different attempts have been proposed towards the
implementation of waveguide structures in planar form. The first reference in
literature is a Japanese patent in 1994 in which a new dielectric-filled waveguide is
proposed in the form of a two rows of metallic vias in a dielectric substrate [16].
Shortly later, another U.S. patent reports the implementation of the waveguide with
Low Temperature Co-fired Ceramics (LTCC) process and calling it a layered
dielectric structure [17]. In 1997, a preliminary use of the SIW technology for
millimeter-wave antenna arrays applications appears in [18] followed by further
related studies by the same team in [19] and SIW components in LTCC by another
Japanese team in [20].

Since the early 2000’s, a renew of interest to the SIW technology and SIW-
based components has been intensively carried out by the team led by Prof. Ke Wu at
the Polygrames Research Center. A particular effort has been focused by the latter
team on the design and modeling of SIW components, planar excitations and
interconnects introducing the concept of Substrate Integrated Circuits (SIC) as a new
vision of System on Substrate (SoS). A simple microstrip to SIW transition reported
in 2001 has promoted the research on SIW [21] and became in fact one of the most
cited references in SIW works employing planar excitations. Most of the classical
microwave components have been mapped into SIW technology. This includes
different planar transitions [21]-[26], filters [27]-[32], couplers [33]-[35], diplexers
[36]-[37], six-port circuits [38], circulators [39], [40], and antennas [41]-[46].
Exploiting its ease of integration, several active components have been implemented
in SIW technology. Such implementations include oscillators [47, 48], mixers [49]
and amplifiers [50, 51].

1.4. SIW Design Considerations

In literature, a number of articles treated the analysis and modeling of SIW
components [41], [52]-[56]. In 2002, Cassivi et al. have studied the dispersion
properties of SIW in case of a rectangular waveguide using the Boundary Integral-
Resonant Mode Expansion (BI-RME) method combined with the Floguet’s theorem
[52]. Upon their study, it was shown that the SIRW has the same guided-wave

characteristics as the conventional rectangular waveguides. Empirical equations have
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been extracted for the equivalent rectangular waveguide width giving the same
characteristics for the fundamental mode propagating in the SIW having the same
height and dielectric filling, such that:

d 2
gy = gy T m (1.1)

Where agsyw and arwc are the widths of the SIW and its equivalent classical
rectangular waveguide, respectively, d is the via-hole diameter and h is the

waveguide substrate height, see Fig. 1.1.
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Fig. 1.1 Configuration of an SIW structure synthesized using metallic via-hole

arrays.

According to [52], Eq. (1.1) has a precision within £5% for h < /10\/;/2 and

h<4d.
In 2004, Yan et al. reported experimental formula for arwe/asw [41], such that:
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The relative error of the formula of Eq. (1.2) has been estimated below 1%,
[41]. It has to be noted that, the formulas given by Eq. (1.1) and Eq. (1.2) are
generally used to obtain initial values for the equivalent width. These values are
generally subject to optimizations based on full-wave commercial simulators. For
SIW components with more generalized shapes, two basic design rules related to the
metalized hole diameter and pitch size are used to neglect the radiation loss. These
two rules are sufficient but not always necessary [58, 59], the two conditions are

given by Eqg. (1.3) as

d<0.2/, s<2d (1.3)

where /q is the waveguide wavelength.

In 2005, an interesting study of the leakage characteristics of SIW has been
carried out by Xu et al. based on a numerical multimode calibration procedure [57].
In their study, several interesting conclusions have been reported. This includes the
fact that SIW structures synthesized in terms of periodic metal-plated via-holes can
support only the propagation of TE,, modes. This natural filter characteristic has
encouraged indeed the use of SIW technology in many applications providing
enhanced performances for filer-related applications. On the other hand, by noting
the surface electric current distribution, a technological condition has been
underlined. A good contact of the metalized vias with both metal plates of the
substrate is a must in order not to perturb the surface current density for the TEq
modes. A further improvement in the equivalent width formula has also been

proposed in [52] and given by Eq. (1.4).

d? d’
oy = Agy —1.08?+0.1a (1.4)
SIW

1.5. Miniaturization Techniques of SICs

By comparing the SIW based components to their equivalent realizations in
planar transmission lines supporting TEM or quasi TEM propagation, one can note
that the size of the former ones is much larger than that of other planar realizations.
This is simply due to the fact that the width of the SIW, for normal right-handed
propagation, is strictly related to the operating frequency band. The width of the



other planar transmission lines is rather related to the impedance. Reducing the size
of SIW components to be comparable to those implemented in planar transmission
lines becomes therefore a challenging need especially for relatively low microwave
frequency bands.

So far, several SIW miniaturization techniques have been proposed. In 2004,
Grigoropoulos et al. have suggested compact folded SIW (FSIW) [60]. The structure
is analogous to that reported in [61, 62] so called T-septum waveguide using the
dielectric-filled SIW implementation. The guide operates as a conventional
waveguide whose sides have been folded underneath its central part. In fact, there are
two types of FSIW structures, namely the C-type FSIW and the T-type FSIW, [63,
64].

Another method for SIW miniaturization in single-layer topology has been
proposed by Profs. Wu and Hong by introducing the Half-Mode SIW (HMSIW)
[65]. A size reduction up to 50% has been verified by bisecting the SIW along the
maximum electric field region along the length. Owing to the large width-to-height
ration, each resulting half-open structure becomes a HMSIW structure that keeps
almost the same original field distribution in its own part. The principle is also
applicable on multi-layered structures as in [66] where the same group proposes the
Folded HMSIW (FHMSIW).

The use of single Ridged waveguide in multi-layered SIW implementations
(RSIW) has also been explored for miniaturization of SIW components. The
increased bandwidth of ridged waveguides with respect to classical rectangular
waveguides is directly translated in terms of size miniaturization. A tapered
microstrip access transition with tapered RSIW has been reported in [67] providing
therefore an interesting microstrip excitation for relatively thick SIW through the
tapered RSIW section. Several investigations on the RSIW, FSIW and TFSIW have
been then carried out by Ding et al. in [68]-[70]. Fig. 1.2 illustrates several

realizations of compact SIW components.
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Fig. 1.2 (a) Microstrip to SIW transition through tapered ridged SIW section [67]. (b)

H-plane SIW coupler and its HMSIW implementation, [65]. (c) Layout of TFSIW
[69] and (d) TFSIW hybrid ring coupler [69].

1.6. BFNs using SIW Technology

In literature, several BFNs have been reported using SIW technology in both
single-layer [70-75] and double-layer topologies [76]. This section gives a brief

overview on each of these implementations.



Fig. 1.3 illustrates the post-wall waveguide single-layer Butler matrix
reported by Shinichi et al. in [70]. The matrix employs the typical configuration of a
4x4 Butler matrix. The design employs hybrid H-plane directional couplers, cross
couplers are used at the crossing arms locations and fixed phase shifts are achieved
by varying the corresponding waveguides widths. The matrix was fabricated on a 3.2
mm thick Teflon substrate with a dielectric constant of 2.17, coaxial feed is used for
the matrix excitation. The matrix is about 28mm wide and has a length that exceed
110mm for a narrowband performance around 26 GHz. Further improvements
related to the same group was reported later in [71] to control the side lobe level but

the circuit was not experimentally demonstrated.
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Fig. 1.3 Butler matrix with slot antenna array: 3-D waveguide view and

corresponding planar via-hole arrangement [70].

In [72], Chen et al. presented a 24-beams slot array antenna constructed by
six 4-beams single layer SIW antennas that integrate the design of six 4x8 modified
Butler matrices to ensure a low side lobe level amplitude distribution. The block
diagram of the 4x8 Butler matrix is shown in Fig. 1.4 together with the SIW
multibeam antenna fed by the 4x8 matrix as reported in [72]. The multibeam antenna
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Fig. 1.4 (a) Block diagram of the 4x8 Butler matrix and (b) the corresponding SIW

implementation feeding a slot antenna array, [72].

was realized on a Rogers 5880 substrate with thickness of 1.5748 mm and dielectric
constant 2.2. The developed 4x8 matrix has a bandwidth defined by a reflection loss
less than -14 dB over the 15.6-16.6 GHz frequency band with a 600 MHz usable
bandwidth around 16 GHz with the restriction of a side lobe level lower than -10 dB.

The Rotman lens has also received an interest for SIW planar
implementations where the input and output ports can be realized in SIW technology
as well as the radiating elements [73, 74].

A novel multi-beam SIW Rotman lens in low-cost SIW technology has been
reported by Sharra et al. in [73] where a Ku-band lens prototype with three ports
feeding an eight-element array has been demonstrated. Instead of using dummy ports

with matched termination to avoid multiple reflections in the TEM parallel-plates
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region, adsorbing sidewalls are proposed by appropriately drilling the lossy material
to ensure the matching between the TEM and the drilled absorbing material. The
matrix is illustrated in Fig. 1.5 with overall dimensions of 22cm x 16 cm. The circuit
was implemented on a 1.575 mm thick Taconic substrate with relative permittivity of
2.5 with a 3.15mm thick lossy material with dielectric constant of 13.4. An overall
efficiency around 30% has been reported. With good performances in terms of return
loss, insertion loss and side lobe level.

Another relevant study on the SIW Butler matrix is the one reported by
Cheng et al. in [74] for seven input beam ports and nine output array ports integrated
with a slot antenna array implemented at 28.5 GHz. The dummy ports are exploited
to suppress the side lobes for broadband operation in terms of the beam deviation
angle with frequency. The structure was realized on a 0.508 mm thick Rogers
substrate with relative permittivity of 2.2. Low amplitude ripple over the 27-30 GHz
frequency band has been reported while the overall measured radiation efficiency

remains below 57%. The developed multibeam antenna is shown in Fig. 1.6.

Fig. 1.5 3x8 SIW Rotman lens with perforated absorbing material [73].
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Fig. 1.6 SIW multibeam slot array antenna with 7x9 Rotman lens [74].

Implementation of single-layer Nolen matix in SIW technology has also been
addressed. In [75], Djerafi et al. present a planar Ku-band Nolen matrix in SIW
technology. The matrix consists of a cruciform SIW coupler previously developed by
the same group [35], together with unequal length, variable width SIW phase shifters
[32] in a single layer topology. The matrix offers very good characteristics at the
design center frequency with respect to the reference theoretical values while phase
dispersion has been investigated over 500 MHz around 12.5 GHz with respect to the
beam squint angle. The circuit was realized on a 0.787mm thick Rogers substrate
with relative permittivity of 2.33, the overall matrix dimensions are 13.7cmx10.5cm
and is illustrated in Fig. 1.7.

The implementation of BFNs in double layer SIW topologies has also been
addressed. In [76], Chen et al. proposed a double-layer 4x16 SIW Blass matrix at 16
GHz. The matrix employs SIW like cross couplers [77, 78] while the phase shifters
are realized by extending the corresponding waveguide lengths that are bent into
arcs. Characteristics of -12 dB side lobe level with matrix efficiency of 50% have
been reported. The matrix structure is illustrated in Fig. 1.8 and was implemented on

0.508mm thick Rogers substrate with relative permittivity of 2.2.
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Fig. 1.7 Developed 4x4 SIW Nolen matrix of [75].

Fig. 1.8 Equivalent waveguide structure of the 4x16 Blass matrix [76].
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1.7. Conclusion

In this chapter, the state of the art of beam forming matrices together with the
substrate integrated waveguide technology has been presented. The chapter has
started by describing the function of BFNs in nowadays wireless communication
systems defining the required characteristics and performances, where several
relevant works related to BFNs have been presented pointing out the advantage of
each.

The SIW technology is an attractive candidate for BFNs and their related
passive components. It provides the advantages of metallic waveguides in terms of
high quality factor, good power handling capability, low loss, planar implementation
while being compatible with low-cost standard PCB and LTCC technologies. No
doubt that SIW technology is progressing everyday giving rise to attractive
implementations of passive and active microwave components. Moreover, the design
flexibility of SIW and the development of different transitions and interconnects in
both single-layer and multi-layer topologies gave rise to a larger concept, namely the
Substrate Integrated Circuit (SIC) introducing a new vision of System on Substrate
(SoS). Several realizations for BFNs have been recently reported and briefly
presented in this chapter.

In the following chapters, the multi-layer SIW technology will be explored to
develop different novel passive components (couplers and phase shifters). Some of
these newly developed components will be used to implement a two-layer compact
4x4 SIW Butler matrix offering wideband performances for both transmission

magnitudes and phases with good isolation and input reflection characteristics.
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CHAPTER TWO

Multi-Layer Wideband SIW Phase
Shifters

2.1. Introduction

Phase shifters are crucial components in microwave and millimeter-wave
systems. Many research works have been focused on the development of fixed phase
shifters featuring interesting characteristics in terms of arbitrary well-controlled
differential phase shifts while maintaining low insertion loss and ease of integration.
Such characteristics are major design constraints for phase shifters employed in
beam-forming matrices. For such matrices when used to feed an antenna array, a
well-controlled design for the phase dispersive characteristics, according to the
adopted matrix configuration, is a key element in controlling and/or compensating
the main beam squint.

One of the most famous wideband phase shifters is the Schiffman’s
differential phase shifter which was originally based on the coupled-strip
transmission lines [1], designed also in microstrip form [2]. Another well-known
technique is the stub-loading technique which can also achieve wideband relative
phase shifts with low insertion losses [3]. Recently, some SIW phase shifters have
been implemented based on different techniques, including the basic frequency
dependent delay line [4] and inserted metallic posts [5]. However, these techniques
suffer from poor dispersive phase characteristics and increased insertion loss.
Another SIW-based promising implementation is realized by implementing different
SIW sections and realizing the phase shift by simply varying their relative widths

while maintaining the same length [6]-[8].
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This chapter focuses on the development of novel waveguide-based structures
suitable for the implementation of wideband phase shifters in SIW technology.
Different structures are proposed and studied seeking the best candidate in terms of
wideband performance, low insertion loss and ease of fabrication and integration
within the foreseen beam-forming matrix. The chapter is organized as follows;
Section 2.2 addresses the design of a novel waveguide-based Composite Right/Left
Handed (CRLH) structure suitable for the implementation of wideband SIW phase
shifters. Section 2.3.1 presents briefly the unequal width, equal length SIW phase
shifters. Section 2.3.2 focuses on the development of multi-layered compensated-
length, variable width SIW phase shifters based on an equivalent circuit model
analysis of a developed novel low-loss two-layer E-plane SIW transition. Finally,

conclusions are outlined in Section 2.4.

2.2. Composite Right/Left-Handed Phase-Shifter
2.2.1. Introduction

The first theoretical investigations for materials having simultaneous negative
permittivity and permeability refer to the late 1960°s [9]. However, it is only three
decades later that these Left Handed (LH) meta-materials started to get growing
attention owing to the leading experimental verifications demonstrated in [10]-[13].
In 2002, the transmission line approach to design LH material has been introduced,
almost simultaneously, by three different groups [14]-[17], leading therefore to the
Composite Right-Left Handed (CRLH) concept as a practical method to synthesize
artificial meta-materials.

Different applications have been reported based on the CRLH propagation
concept. In literature, two basic implementations for the artificial CRLH-TL can be
identified. The best results in terms of low insertion losses and weak dispersion
characteristics is the straightforward implementation using lumped elements with
surface mount technology. Such applications include novel dual-band branch line
coupler and ring resonator coupler employing quarter wavelength CRLH-TLs [18]. A
compact broad-band hybrid ring including lumped element-based CRLH-TL has
been demonstrated in [19]. Another well-known implementation for CRLH-TLs is
based on microstrip, or coplanar waveguide, quasi-lumped implementation of the

left-handed shunt inductance and series capacitance. A famous CRLH cell based on a
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series interdigital capacitor and shunt shorted-stub inductor has been proposed by
Caloz and Itoh in [20], and used in different applications, e.g. [21]. Other
architectures for CRLH-TLs can also be found, such as in [22], where a miniaturized
multi-layer TL is developed based on an original implementation for the CRLH cell
which can be explored for numerous microwave applications.

In this section, a novel compact CRLH phase shifter is presented in a
waveguide-based structure [23]. The proposed structure is suitable for the
implementation using SIW technology. Related phase shifters are found in literature
using other technologies [24]- [26], while analogous structures have been reported,
shortly later, by two other groups [27], [28]. In this section, the design procedure
through an eight-cell CRLH waveguide structure is first presented. Then the effect of
varying the LH parameters is investigated by full-wave simulation results using
HFSS. The simulation results revealed that the change in the left handed propagation
parameters provide a well-controlled wideband arbitrary phase shift up to 270° over
5 GHz bandwidth centered at 18.5 GHz with insertion loss better than -2 dB over the

entire band.

2.2.2. CRLH Transmission Line

This section gives a brief overview of the main characteristics of CRLH-TL
propagation that will be used in the design procedure in the following section [29].
The infinitesimal circuit models for purely lossless RH and LH-TLs are shown in
Fig. 2.1 (a) and (b), respectively. The purely LH TL is in fact the dual of the RH-TL
with a series LH capacitance C_ and a shunt LH inductance L.. In practical
realizations, a pure LH structure is not possible due to the existence of the
unavoidable series inductance and/or the shunt capacitance. Consequently, a practical
CRLH-TL is artificially obtained by periodically loading a right handed propagation
medium by the LH components in the form of lumped or quasi-lumped elements.
Fig. 2.1(c) shows the infinitesimal circuit model for the practical CRLH unit cell.
Fig. 2.1 (d), which is equivalent to that of Fig. 2.1 (a) in the balanced case condition,
will be used to provide a direct physical insight for the CRLH-TL characteristics.

The propagation constant § (w) is given by:

y=ip=NzY’ @1)
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Fig. 2.1 Infinitesimal, lossless circuit models. (a) Purely RH TL. (b) Purely LH TL.
(c) Ideal CRLH TL cell. (d) Equivalent CRLH cell for the balanced case.

where Z' and Y' are the per-unit length impedance and admittance, respectively and
are given by:

. 1
Y'=joCL+——
oC| ol jol| (2.2)
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For the balanced case, given by (2.5), (2.3) simplifies to:

L.C/ =L/C,=L'C’ (2.5)

ﬂ:S(a))\/a)zL’C##—Z:a) L’C’—w\/% (2.6)

The phase constant g of Eq. (2.3) illustrates the double nature of the CRLH-
TL. At low frequencies, the line is dominantly LH while at high frequencies it tends
to be purely RH. The presence or absence of transmission gaps for the transition
region from the LH to the RH propagation is evaluated based on determining
whether there is a balanced or unbalanced condition. The balanced condition is
characterized by a complete transmission of energy between the LH and RH ranges,
thus a purely real g, which is obtained when the condition given by Eq. (2.5) is
satisfied. The propagation constant of Eq. (2.6) clearly verifies the equivalence of the
equivalent circuit of Fig. 2.1 (d) to that of Fig. 2.1 (c) under the balanced condition
of Eq. (2.5). The unbalanced case is therefore obtained when Lg’C,’# L. 'Cgr’ for
which  become imaginary over some frequency ranges as the radicand in Eg. (2.3)
becomes negative, which introduces a stopband or a gap in the transition region. The
transition frequency @, between the LH and RH ranges is obtained at =0 and is

given by:

1 1 balanced 1

AZ )\ Az

a)o =

On the other hand, it has to be noted that, for the theoretical case of infinitely
periodic RH and LH-TLs, the artificial CRLH of Fig. 2.1 (c) is a bandpass filter with
a stopband from DC to the LH cutoff frequency F.r and a stopband from the RH
cutoff frequency Fcr to oo, approximate expressions for F. and Fc are given by Eq.
(2.8) and Eq. (2.9), respectively.

F - 2.8
vy L.C, (2.8)
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2.2.3. CRLH Phase Shifter: Structure and Design Considerations

Fig. 2.2 shows the developed novel waveguide-based CRLH structure for the
case of symmetric eight cells. It consists of a rectangular waveguide, above cutoff,
in which the LH shunt impedance L, is realized by means of shunt inductive
windows while the LH series capacitance C_ is the parallel equivalent of the
capacitance due to the coupling between the successive metallic plates of the
inductive windows and that introduced by transverse narrow slots in the waveguide
broad wall placed in the center of each cell. The reactance X of the inductive widows
is given by [30]:

a? (2.10)
g 0.429(1.56¢%)(1-6.75c:°Q) +0.57l(1—0.58a2)\/1— (28, / A4)?

N
E

I

X
ZO

N

where a and a,, are the waveguide and the inductive window widths respectively, «

and Q are given by

J1- ho (2R _
Q=1-11 (3/19). a

The transverse slots have to be very narrow to minimize the surface

(2.11)

® |§°’

conduction current perturbation on the waveguide broad wall, minimizing therefore
the insertion loss. Moreover, the slots’ length is chosen less than or equal to a,/2 to
minimize their series inductive effect due to the electric current rotation around them.
The cell size dz between two successive windows is chosen in the order of 1,/10 for
the lowest operating frequency. The waveguide sections of length d on Fig. 2.2 are
added to make sure that the evanescent modes, created at the discontinuity level, do

not reach the excitation ports.
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(b)
Fig. 2.2 (a) Layout of the developed waveguide-based CRLH structure (eight cells)

(b) Layout of the unit cell of (b) with the equivalent circuit model.

The design procedure for the suggested phase shifter is based on a two-fold
approach. First, the bandpass filter characteristics associated with the CRLH-TL
propagation are determined such that the LH high pass and the RH low pass cutoff
frequencies, F¢ and Fcr , respectively, bound the required frequency band in
balanced-case propagation. This is done using a Matlab program by setting the
values of F, the transition frequency F, between LH and RH propagations, &, a and
the RH impedance Zor. Zor IS the waveguide characteristic impedance which is
evaluated according to the power-voltage definition of Eq. (2.12), [30].

To force the balanced case to avoid gaps within the passband, Z, is chosen
equal to the RH impedance (Zo,r ) evaluated at F,. The used balanced condition is
given by Eq. (2.5). Detailed expressions for F, Fr and F, are given in Egs. (2.7)-
(2.9), from which Eq. (2.13) can be directly derived, to calculate C, and L,.

ay Is then calculated to synthesize a starting value for the required L using
Eqg. (2.10). All parameters are then optimized using HFSS with the previously

calculated starting values to satisfy the balanced condition with the minimum
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insertion loss while respecting that dz remains electrically small to maintain the
validity of the used design equations.

Second, to achieve an arbitrary relative phase shift between different
structures, the LH parameters are slightly modified. Since the left handed capacitance
C_ is the parallel equivalent of two capacitances, it is more convenient to vary L, by
choosing different adjacent values of F, and consequently F... Then, the required
phase shift (4¢ ) is obtained by comparing the different phase delays (¢ (L., d)) and
choosing an appropriate reference length (d) as given by Eq. (2.14).

h
ZOR = Zx/g(gj ;

2 (2.12)

Z n F

Ll =u=%, ClL=gl|1-|—=

RTH n gzo{ (FJ ]
1
LT 07 Fo (2.13)
L

Ap(F)=¢(F,L,,d))—¢(F, L ,.d,), Foo <F<Fg (2.14)

2.2.4. Simulation Results

Based on the structure in Fig. 2.2 and the design procedure demonstrated in
the previous section, an eight-cell phase shifter is designed and optimized. For all
simulations, the structure is designed on a 0.762 mm thick Neltec NY9208 substrate
with g = 2.08, and the waveguide width a = 9.5 mm. The capacitive slots length is
maintained half the waveguide width, with a wall thickness of 0.2mm, and their
width is equal to 50 um while dz is fixed to 2 mm. a, and d are changed to satisfy
arbitrary phase differences according to Eq. (2.14).

Fig. 2.3 shows the simulated S-parameters and transmission phase for the
optimized eight-cell structure in the balanced case with a,=6.5 mm and d=6mm. The
band-pass filter response is clearly achieved with a -3 dB pass-band between 15.2
and 19 GHz and a sharp transmission zero at 27.5 GHz. The balanced condition is

also quite satisfied with F, (identified by the 0° phase shift in the de-embedded case)
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almost equals to the geometric mean of the two later frequencies. The return loss is
higher than 2 dB over the entire band and is due to the radiation losses by the
transverse slots and the mismatch between Z, and Z,r due to the dispersive nature of

Zor as well as the LH parameters.

——dB (S21) ——dB (S11)
—o—arg (S21) with d, in deg. —0—arg (S21) by deembedding d, in deg.
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Fig. 2.3 Simulated S-parameters for the eight-cell structure of Fig. 2.1 with the

transmission phase within the passband before and after de-embedding d, d=6mm.

Table 2.1 summarizes the different values of a, and d with the associated
simulation results for F¢, Fo. Fecg and the sharp transmission zero values remain
almost the same as that of Fig. 2.3. Fig. 2.4 shows the transmission phase curves for
the common pass band between the different structures of Table 2.1. It can be seen
from the results of Table 2.1 and Fig. 2.4 that a wideband arbitrary phase shift can be
achieved over the frequency range from 16 GHz up to 21 GHz (the TE2, mode starts
to propagate at 22 GHz) with phase curves having almost the same slope. The
maximum achievable phase shift dynamic range is actually decided by (2.14)
according to the maximum and minimum L, values. While the minimum achievable
phase shift will be rather controlled by the minimum step in the a,, variations which
is governed by the technology. SIW technology with the selected substrate thickness

can achieve 100 um via-holes diameter with 200um pitch size. It has to be noted that
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further improvement in the relative phase slopes of Fig.2.4 can be achieved by

adding a as a variable parameter to Eq. (2.14) and re-optimizing the structure.

Table 2.1. Parameters and simulation results for six different structures of Fig. 2.2
with the same length of the CRLH part and different values of a,, and d.

Structure
No.

aw mm 6.5 7.25 8.25 8.5

1 2 3 4

Fo GHz | 15.25 13.8 124 12.0

F,GHz 19 17.6 16.6 16.4
dmm 6 8.1 9.1 9.35
—O— Structure 1 —&— Structure 2
Structure 3 --%--- Structure 4

400

300

200

100

-100

-200

-300

Transmission Phase in degrees

-400

Frequency (GHz)

Fig. 2.4 Simulated results for phase shifts of the structures of Table 2.1.

2.2.5. Conclusion

In this section, a novel compact waveguide-based CRLH structure has been
presented. The structure is suitable for compact phase shifter applications in SIW
technology. A simple design procedure has been presented and verified by the
simulation results based on the balanced CRL-TL equivalent circuit model. An eight-
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cell structure has been designed and optimized offering up to 270° phase shift with a
wideband performance over the frequency band (16 - 21 GHz).

Further improvement in the phase shifter characteristics can be obtained by
adding the waveguide width as an optimization variable. The radiation losses through
the transverse capacitive slots can also be reduced by employing a thin stacked
substrate with metallic patches above the slots. The insertion losses of the proposed
structure are within the same order of the semi-lumped implementations of CRLH
structures. However, regarding these return loss values (~2 dB), beside the related
technological aspect for SIW realization, this structure would not be the best
candidate to be integrated in larger sub-systems as the beam-forming matrices.

2.3. Multi-Layer, Variable Width, Wideband Phase Shifter

2.3.1. Single Layer, Variable Width Phase Shifter

Equal length, unequal width SIW phase shifters have been introduced in
2007, by Wu et al. and shortly later by Sorrentino et al., and Ando et al., in [6]-[8],
respectively. In this type of phase shifters, to achieve a specific phase difference (A¢)
between two waveguide sections having the same length (1), the propagation constant

(p) is modified by varying the corresponding widths accordingly, Fig. 2.5.

@0 00 00 00000OCOOO
Waveguidel dsiwi /
< >
00000
0 00 000
Waveguide 2 asiwz
0 00 00 00000COO0OO

Fig. 2.5 Equal length, variable width SIW phase shifter configuration.
As a matter of fact, for rectangular waveguides and their SIW equivalent, the

wider the width of the waveguide is, the higher value of the propagation constant f

will be obtained at the same frequency. Therefore, the wave will propagate slower in
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the wider waveguide achieving a phase delay with respect to the narrower one, which
is given by Eq. (2.15).

M_b=t_p5 4 _\/(2_”}2 _(LJ (2.15)
I | A a,

As the SIW is accurately synthesised in planar substrates, besides its

flexibility in the design of low-loss curvatures and bends [31], this principle is easily
realized in SIW technology for fixed phase shifters. By properly choosing the
different values of the waveguides widths, the corresponding propagation factor
curves are nearly parallel. A wideband phase shift can thus be obtained with a large
phase shift dynamic range.

It has to be noted that the waveguide width variations of Eq. (2.15) are
subject to two major constraints. First, they must ensure the fundamental mode
propagation for a common frequency band corresponding to the band of interest.
Second, the variations of these waveguides widths are naturally associated with
impedance variations. These impedance variations result in a mismatch loss due to
the change in the SIW widths. From Eg. (2.15), as the relative phase shift is
normalised with respect to the common part of length (I) (Fig. 2.15), a compromise
between the overall length (I) and the reflection loss can be obtained. This is done by
employing small progressive variations in the waveguide width along relatively
longer length (l) seeking minimum reflection losses with wideband performance.
Therefore, the larger the required (4¢), the longer (1) would be.

Fig.2.6 illustrates an example of the differential phase shifts between different
equal-length, unequal-width SIW sections. The designed phase shifters are optimized
to ensure phase shifts of -45°, -90°, -135° and -180° when compared to a reference
SIW section of the same length, at 12.5 GHz. The widths of these waveguides in
SIW technology are 10.328, 10.7, 11.115 and 11.85 mm, respectively, with a
reference 10.1 mm wide SIW section. The SIW sections of Fig. 2.6 have been
designed on 0.762 mm thick substrate with relative permittivity of 2.08 and tan (3)
=6x10. The SIW parameters are such that the via-hole diameter is 0.5 mm with a
pitch size of 0.95 mm, while all SIW sections have the same length of 37.55 mm. It
can be seen that these phase shifts are quite satisfied in the frequency band of 12
GHz to 13 GHz. The maximum phase error is of -1.3°, -4.9°, -6.8° and -12° for the

32



previously mentioned four phase shift values, respectively, over the required
frequency range. Phase compensation is therefore needed to ensure better dispersive

characteristics over wider frequency bandwidths.
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Fig. 2.6 Simulated results for differential phase shifts between different single-layer

SIW sections with equal-length and variable-widths.

2.3.2. Multi-Layer, Variable Width Phase Shifter

This section deals with variable width, compensated length phase shifters in
multi-layer topologies. First, a novel two-layer, low-loss SIW transition is
introduced. This transition will be used together with SIW sections for the
implementation of low-loss, two-layer phase shifters suitable for the implementation
of two-layer beam-forming matrices, particularly the Butler matrix where path
crossings can be avoided using such a transition. The transition is also exploited to
develop a variable-width, compensated-length wideband phase shifter in a three-

layer topology. This will be illustrated in details in the following sections.

2.3.2.1. Two-Layer SIW Transition

In this section, a novel two-layer SIW transition is presented. The transition is
used as a low-loss connecting structure between two short-ended SIW sections in
two different stacked substrate layers. Such a transition can be used in microwave

components and sub-systems having multi-layered architectures. To identify the
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phase characteristics as well as the insertion loss associated with the transition, the
transition is analyzed based on the wide-band equivalent circuit model of [32].

Fig. 2.7 shows the structure of the two-level transition. The transition consists
of two waveguides sharing a common broad wall with a narrow transverse coupling
slot. The slot is bounded by two shorting walls at distances d; and d, from the slot

center, each wall shorts its corresponding waveguide section.

transverse slot
/

o

K. 97 Port2

Vertical shorting wall

(a) (b)
Fig. 2.7 Two layer transverse slot-coupled waveguide transition.
(a) 3-D SIW structure. (b) Schematic longitudinal cross section.

Fig. 2.8 (a) illustrates the equivalent circuit model for the case of zero
thickness wall waveguide. The slot (presented by the parallel LC resonator) is
coupled to the upper and lower waveguides via an impedance transformer. The turns
ratio of the impedance transformer depend on the slot thickness, which is the
thickness of the wall within which the slot is etched in our case, as well as the

impedance definition of the two coupled domains [33].

Zg(d2) . Port 2
}- Referece plane, transverse slot
—>
: "_T‘{_‘ é Port 4{ h—e——< z Port 4
W (Z8(dy)  port 1 (| h—&— 5 Wslot ( Port 2

(a) (b)
Fig. 2.8 (a) Equivalent circuit model of transition of Fig. 2.7. (b) Longitudinal cross-

section configuration of the parallel waveguide broadwall-slot coupler.
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For the case of SIW implementation, the zero wall thickness model is a good
approximation as the wall thickness is represented by that of the substrate copper
coating. Since the structural parameters of both waveguides of the transition are the
same and by neglecting the slot wall thickness, the impedance transformer turns ratio
IS unity.

Based on the wideband equivalent circuit model of the transverse slot given
by the encircled part of Fig. 2.8 (a) that has been reported in [32], the slot inductance
and capacitance can be accurately deduced. This is done by evaluating the reflection
scattering parameter Sy; at the input port of a two-layer, parallel waveguide coupler
employing the same slot with the same waveguide structural parameters. The
analytical expressions for L and C can thus be obtained from the analysis of the four-
port network of the coupler (Fig. 2.8(b) and encircled part of Fig. 2.8 (a)), this is
illustrated by Eq. (2.16) through Eq.(2.20).

1 . 1
S =—— Y, = joC +——
11 2(1+YSI0tZg) lot Ja) Ja)l_ (2.16)

where Yot and Zg are the slot admittance and the waveguide wave impedance, and
are given by Eqgns. (2.17) and (2.18), respectively.
1

Yoor = JaC +H (2.17)

_Z,+Z,(d) -7,
T Z,+Z,(d)+Z,

(2.18)

where F. is the TE;o mode cutoff frequency, Z, is a constant given by Eq. (2.19) for

the power-voltage definition of the waveguide characteristic impedance [30].

Z = 2\/2 an (2.19)
£ 8,

where agq is the SIW equivalent width, h is the waveguide height
From Eq. (2.16), it can be shown that

1136w

ol Z, R(Sy) (2:20)
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Evaluating Eq. (2.20) at two different frequency points, L and C values can be
obtained for different slot lengths, width, distances d; and d, for specific waveguide
height, equivalent width and dielectric filling permittivity. The real and imaginary
parts employed in Eq. (2.20) are obtained through HFSS simulation of the broad wall
coupler problem using the same slot dimensions as well as the same waveguide
structural parameters employed in the transition. It has to be noted that, in order to
use HFSS simulation to evaluate the magnitude and phase of S;; of the coupler of
Fig. 2.8 (b), the following two conditions must be satisfied. First, the reference
plane in the simulation of all four ports of the coupler must be at the slot center level,
as shown in Fig. 2.8 (b). Then, the waveguide impedance definition employed in
(2.20) must be the same one employed in the simulation in defining the excitation
ports.

For the equivalent circuit of Fig. 2.8 (a), the reflection and transmission
scattering parameters are given by Eq. (2.21) and Eq. (2.22), respectively.

_Z,+Z,(d)-Z,
1~
Z,+Z,(d)+Z,

(2.21)

_ |:Zg +Zg(d2)i|zslot
©Zy+Z,(d)+2Z

(2.23)

slot

where Zy(d1) and Zy(d,) are the input impedances of short ended waveguide sections
with waveguide impedance Zy and lengths d; and d respectively.

Fig. 2.9 shows the magnitude and phase transmission characteristics versus
frequency for the transition of Fig. 2.8 (a) for different values of h available for the
Rogers 6002 substrate. To avoid filtering effects and/or increased insertion losses
that may be introduced by the shorted stubs at both sides of the transition slot,
distances d; and d, have been kept constant and equal to the minimum distance
allowed by the available technology, such that d;=d,=0.5 mm, while the slot

dimensions are 0.5x9.11 mm?.
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Fig. 2.9 Transmission coefficient versus frequency for the two-layer transition of Fig.
2.7 for different substrate heights, h1=0.508mm, h,=0.787mm, h;=1.524mm,
h,=3.05mm. (a) Magnitude of S,;. (b) Phase of Sy;.

The substrate parameters are those of the Rogers-Duroid 6002 with dielectric
constant g = 2.94, and loss tangent of 0.0017. The via hole diameter is 0.78 mm
while the pitch size p = 1.3 mm and the SIW width ag\w =10.4mm. The equivalent
waveguide width aeq used in Fig. 2.9 is therefore equal to 9.9 mm. The calculated

values for L and C corresponding to the above mentioned slot dimensions with the
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different values of h of Fig. 2.9 are summarized in Table 2.2. The calculated results
of Fig. 2.9 are obtained upon determining the values of L and C using Eq. (2.16)
through Eqg. (2.20).

The calculated values based on the circuit model are in good agreement with
those obtained from the full-wave HFSS simulations. The simulated phase results of
Fig. 2.9 (b) are obtained by setting the reference planes of both ports at the center of
the slot, thus accounting only for the phase introduced by the slot. By considering
both magnitude and phase characteristics of Fig. 2.9, it can be seen that the
thicknesses h; and h; are good candidates for the transition to be used in the foreseen
Butler matrix owing to their low insertion loss together with the relatively small, low
frequency-dependent associated transmission phase. Although the thickness hs has
the minimum insertion loss, its main disadvantage for the foreseen matrix
implementation would be its larger associated phase with larger slope of the phase
curve. In fact, the lower the slope of the transmission phase-frequency curve with
smaller absolute phase values is, the easier would be the integration of the
corresponding transition in the phase delay arms of the matrix for wideband fixed

phase shift.

Table 2.2 Transverse slot L and C values determined upon simulation of the parallel

waveguide transverse slot broad wall coupler structure

hi= h,= hs= h,=
0.508mm 0.7787mm 1.524mm 3.05mm

L (nH) 8.50 3.49 2.14 1.29
C(fF) 12.73 64.93 131.14 224.72

2.3.2.2. Three-Layer, Variable-Width, Compensated-Length, Wideband
Phase Shifter

This section addresses the design and analysis of a novel compact wideband
phase shifter in three-layer SIW technology. The proposed structure exploits the
previously developed low-loss two-level SIW transition in a multiply-folded three-
layer compact SIW configuration.
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Fig. 2.10 shows a cross-section longitudinal view of the developed phase
shifter, together with an exploded view. The structure consists of a substrate
integrated waveguide multiply folded along its length in a stacked three-layer
topology. For each pair of waveguides, in two different stacked layers, the coupling
is ensured via a narrow transverse slot in the common broad wall bounded by a
common vertical shorting wall. From Fig. 2.10, the waveguide sections formed by
the distances between the shorting walls and the corresponding coupling slots
constitute short-circuited stubs. To avoid undesired filter effects or increased

insertion losses, these distances di and d, are chosen as small as the technology

allows.

d, d Ly ‘dz

h SRS A N — Layer 3
1 E‘ai. TR PR Layer 2

e M Layer 1
b ] / ___________ y

Port]  SIW shorting wall— TTwo-Level SIW  port2
Transverse slot Transition
(b)

Fig. 2.10 Three-layer SIW phase-shifter structure. (a) Exploded view. (b) Structure

layout, longitudinal cross-section elevation view.

To achieve a specific phase difference A¢ between two similar structures, the
propagation constant # is modified by varying the corresponding widths accordingly
[23], such that:

A_¢=¢1_¢2 —

; = B.— B, (=2(L +2L,) (2.24)

where £ is the effective propagation path length and ¢ is the transmission phase for

the structure having the SIW width agw;i.
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As previously discussed, the main drawback of the single-layer phase shifters based

on the width variations of SIW sections is that it leads to relatively large sizes, as the

larger the required (A¢) , the longer (£ ) would be.

According to Fig. 2.10 and Eq. (2.24), it can be noticed that the proposed
structure has the double advantage that its physical length 2L, is different than its
propagation path length achieving up to 66% area reduction (for L;=L,, with the
limitation that L, must be sufficiently large to avoid coupling between the slots)
compared to the latter phase shifters. On the other hand, the developed structure
allows the introduction of slight length variations for different structures to
compensate the relative slopes of the associated propagation factor curves, adding
therefore one more design parameter to achieve well-controlled arbitrary wideband
phase shifts while maintaining the same physical length. These slight variations are
distributed over the two sections of length L, [34].

Fig. 2.11 shows the equivalent circuit model of the developed three-layer
waveguide structure. Similarly to the previous section, the LC values are obtained by
network analysis of the transverse slot broad-wall parallel waveguides coupler
employing the same waveguide and slot parameters.

Z4(@) 7.0 Z4(d,)

fmwl:l 1:1w

. : - .
—
4y LC C
Z4(d,)

m 4L Zg(dl) Zg CY )Zngljm Zg(dz)
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ZgLi- i 1105 Zg(d)) Zg(d )0 11 7, Li- oy
o — \ J o

Port 1 —:nl im Port 2

Fig.2.11 Equivalent-circuit model of the three-layer structure of Fig. 2.10, (Zg (d;) is

the input impedance of a shorted waveguide of length d; with characteristic

impedance Zg).

By varying the SIW width of the structure of Fig. 2.10 together with the
corresponding slot’s length and the value of L,, with respect to a reference similar

structure, phase shifts up to 180° are achieved with wideband performance and low
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insertion losses. The slots’ width, d; and L; were kept constant in all designs and
equal to 0.75 mm, 0.75 mm and 9 mm respectively, d,=d;. The structures have been
designed on a 0.762 mm thick substrate with ¢ = 2.08 and tan J =6x10™. The via-
hole diameter d is 0.5 mm and the pitch is 0.95 mm.

Four different phase shifters are designed to ensure phase shifts of -45°, -90°,
-135° and -180° with respect to a three-layer reference structure having the same
physical length. Table 2.3 summarizes the optimized parameters of the different
designed structures. Fig. 2.12 shows the simulated results for the reflection and
transmission coefficients for structures 3 and 5 with the reference structure. The
relative phase shifts between structures 2 to 5 of Table 2.3, with respect to the
reference one are also shown. Electromagnetic simulations have been performed
using HFSS simulator while Agilent ADS has been used to simulate the equivalent
circuit of Fig. 2.11 upon determining the slot LC values as previously discussed.

From Fig. 2.12, a good agreement between the circuit simulations and the
electromagnetic simulations is clearly verified. As expected, the insertion losses have
slightly lower values for the circuit simulation compared to the full-wave simulations
as the former ones do not account for losses through the lateral SIW walls. The
wideband phase shift is clearly satisfied over the 11.5-13.5 GHz frequency band with
maximum phase deviation less than 5° over the entire frequency band. These phase
characteristics demonstrate a significant improvement over those previously
mentioned in Section 2.3.1 with an area reduction of almost 50% with respct to the
latter structure. The insertion losses do not exceed 0.4 dB with reflection losses
below -12 dB over the entire band.

Table 2.3 Parameters and simulation results for four different phase shifters (three-

layer SIW configuration) with the reference structure

Maximum phase error
Structure | Ag Asiw Lo L ¢ over 11.5-13.5 GHz
(mm) | (mm) | (nH) | (fF) band.
1 0° 10.10 5.7 19.17 | 9.04 Reference
2 -45° 10.28 5.94 23.18 | 8.91 +0.73°
3 -90° 10.46 594 | 23.06 | 6.96 -2.00°
4 -135° | 10.64 6.00 | 25.63 | 7.19 -4.29°
5 -180° | 10.90 6.17 | 24.76 | 7.76 -4.56°

For all structures, Lgo=asw-d-0.25mm, d is the via-hole diameter.
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Fig.2.12 EM and equivalent circuit simulated (cct model) scattering parameters
versus frequency for the structures of Table 2.3. (a) |S11| and |S24|- reference
structure. (b)|S11| and |Sza|- structure 3. (c) |S11| and [Szy|- structure 5. (d) Phase shifts

with respect to the reference structure.

2.4. Conclusion

In this chapter, different techniques for the implementation of wideband fixed
phase shifters in SIW technology have been presented. First, a novel CRLH structure
has been proposed. The structure is based on a single-layer waveguide with shunt
inductive windows (irises) and series transverse capacitive slots, suitable for SIW
implementations for compact phase shifters. By varying both right-handed and left-
handed parameters between different structures, wideband relative phase shifts can
be obtained with a wide phase dynamic range. The main disadvantage of this
structure is that it has relatively large insertion loss values especially in applications
requiring many phase shifters as beam-forming matrices. These insertion loss values
remain however within the typical range of non-lumped elements based CRLH
implementations.

Second, the well-known equal length, unequal width SIW phase shifters have
been discussed. These phase shifters are very suitable for SIW implementations as
they fully exploit the flexibility of the SIW technology in different path shapes while
offering wideband phase characteristics. To satisfy good return loss characteristics
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with this type of phase shifters, the length has to be compromised with respect to the
progressive width variations associated with the required phase shift values.

A two-layer, wideband low-loss SIW transition is then proposed. The
transition is analyzed using its equivalent circuit model bringing a deeper
understanding of its transmission characteristics for both amplitude and phase
providing therefore the basic guidelines for electromagnetic optimization. Based on
its equivalent circuit model, it can be shown that bandwidths up to 30% with
insertions loss values lower than 0.2 dB can be achieved by properly calculating the
transition parameters. This transition is then exploited to develop a three-layer low-
loss SIW structure. The developed structure is indeed a waveguide, multiply-folded
along its length in a low-loss three-layer topology. The structure is therefore a very
attractive candidate for the implementation of variable width phase shifters with the
double advantage of offering large dynamic range wideband phase shift
characteristics with embedded compensated-length compact structure. The main
disadvantage of such a structure is its relatively complex technological aspects.
However, one can find several works in three-layer SIW structures showing the
mature SIW technology for such implementations.

A good compromise would be to use the developed two-layer transition in the
implementation of unequal-width, compensated-length wide-band phase shifters for
the implementation of beam-forming matrices in two-layer topologies. Such phase
shifters would be of particular interest for the implementation of two-layer SIW
Butler matrices to avoid the path crossing problems while implementing the

wideband phase shifts. This will be shown in the following chapter.
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CHAPTER THREE

Multi-Layer Wideband SIW Couplers

3.1. Introduction

This chapter addresses the design of novel structures of wideband waveguide-
based couplers in SIW technology. As a matter of fact, couplers are a key component
of nowadays communication systems where low cost, small area, system integration
and wideband characteristics are of great interest.

This chapter addresses the design of two novel, waveguide-based couplers
exploiting the SIW characteristics in multilayer substrate topologies. The first
structure is for a 90° SIW coupler based on the coupling between two-parallel
waveguides through a pair of offset, inclined resonant slots. The structure has the
advantage of providing a large dynamic coupling range with wideband performances
for both phase and magnitudes characteristics with low insertion losses. Such
characteristics make the developed coupler a good candidate for the design of SIW
subsystems as beam-forming matrices in compact two-layer topologies.

For dual-band operation, a novel structure for a concentric hybrid ring
coupler is developed. The structure employs a Ridged Substrate Integrated
Waveguide (RSIW) providing a wideband performance with a compact design. The
structure is endowed with an integrated demultiplexer scheme based on a periodic
defect in the outer ring coupler. Owing to the coupler structure, an arbitrary band
separation can be achieved within the fundamental mode operation bandwidth of the
employed ridged waveguide. A low loss C/K dual band operation is demonstrated
with relatively large bandwidths over both frequency bands.
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The chapter is organized as follows; Section 3.2 shows the two-layer parallel-
waveguide 90° coupler, where Section 3.2.1 gives a complete description of the
coupler structure and design considerations. In Section 3.2.1.1 the effects of the slot
parameters on the coupling and the transmission phase are illustrated followed by the
transmission phase compensation in Section 3.2.1.2. Section 3.3 describes the stub-
loaded ridge waveguide based dual band ring coupler. First, Section 3.3.1 gives the
structure description, and then, Section 3.3.2 gives the design procedures and
considerations, where results and responses are shown in Section 3.3.3 and finally

the conclusion is outlined in Section 3.3.4.

3.2. Novel Two-Layer Parallel-Waveguide 90° Coupler

This section presents a novel two-layer broadband coupler in SIW
technology. The proposed coupler is realized by two parallel waveguides having a
pair of parallel inclined-offset resonant slots in their common broad wall. A detailed
parametric study of the coupler is carried out including the effect of the slot length,
inclination angle and offset on both the coupling level and the transmission phase.

The proposed coupler has the advantage of providing a wide coupling
dynamic range with wideband performance by varying the slot parameters
allowing the design of wideband SIW Butler matrix in two-layer topology [1]. In
addition, previously published SIW couplers (see, e.g. [2]) suffer from direct
correlation between the transmission phase and the coupling level, while the coupler
hereby proposed allows controlling the transmission phase without significantly
affecting the coupling level. Owing to these features, the proposed coupler is a good
candidate for the design of beam-forming matrices in two-layer topologies.

On the other hand, by comparing the hereby presented coupler to that of the
narrow wall waveguide coupler, although the latter one has a simpler design, it
suffers from larger area (almost the double). Two-layer designs of the narrow-wall
SIW coupler have been recently developed to reduce its area [3] by using the folded
waveguide reported in [4]. Such designs meet similar technological challenges as the

proposed coupler while the transmission phase compensation will be more delicate.
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3.2.1. Coupler Structure and Design Considerations

The structure of the proposed coupler is illustrated in Fig. 3.1. The coupler
consists of two parallel rectangular waveguides sharing a common broad wall in

which a pair of compound (offset and inclined) coupling slots is etched.

Compound f

coupling slots

Port 4 S
(isolated)'_,_,-f"‘ 1

el

/"' Z
3 0

Port 1 (input) ~=

Port 4 (Isolated) P orté .Gzi([rﬁect)

Port 1 (Input) ~ Port3 (Coupled)
?; P b+ ¢ +1/2

(b)
Fig. 3.1. Layout of the developed two-layer SIW coupler.
(@) 3-D view. (b) top view showing microstrip access transitions.

The design of the coupler is straightforward: the coupler width is calculated
based on the well established waveguide theory for the TE;o mode propagation over
the entire frequency band. The equivalent SIW width is then calculated based on the
formulas given in [5]. The cutoff frequency Fcio of the TEjo-mode is chosen lower
than the smallest operating frequency in order to obtain a relatively stable coupling
level in the band of interest and to offer a larger width for the coupler waveguide. A
relatively wider waveguide width provides higher design flexibility in the slots
offset, length and inclination angle and therefore a wider coupling dynamic range as

shown later.
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The best matching conditions are reached when the slot length (Lsiot)
corresponds to the resonant length calculated at the design center frequency as a
function of the tilt angle («) and offset (dorset) With respect to the longitudinal axis of
the waveguide together with the waveguide height [6]. The electrical equivalent
circuit of the proposed coupler is not simple to find, as it employs compound
coupling slots and therefore the forward and backward scattered fields are neither in
phase nor out of phase. A detailed parametric study is then very useful to study the

effect of the slot parameters on both the coupling level and the transmission phase.

3.2.1.1 Effect of the Slot Parameters on the Coupling and the Transmission
Phase

In this section, a parametric study is presented by varying the slot offset and
inclination angle while optimizing the slot length to obtain good matching conditions
with reflection losses below -20 dB over the 11.5-13.5 GHz frequency band. (Lot is
expressed in terms of the waveguide wavelength at 12.5 GHz).

Fig. 3.2 shows the variation of the coupling level and the associated
transmission phase (Arg (S,1)) versus dosset for different values of o and Lget, While
the slots width is kept constant at 0.5 mm. Increasing the slot width results in a slight
increase in the coupling but on the expense of an increased return loss as well. These
results are obtained using the FEM-based Ansoft HFSS for a coupler structure
designed on a 0.762 mm thick Neltec NY9208 substrate with &=2.08 and tan &
=6.10.The via hole diameter is 0.5 mm and the pitch is s=0.95 mm. The coupler
SIW width is agw =11.85 mm. With the selected SIW parameters, the first higher
order mode is the TE» mode with a cutoff frequency F20=18 GHz.

It can be seen that a wide coupling dynamic range can be obtained by varying
the slot parameters with a large variation in the transmission phase. As expected, the
same coupling level, as well as the transmission phase, can be obtained by different
sets of «, dosser aNd Lgior. Moreover, it should be noted that among all of the slot
parameters, the offset distance has a critical effect. This is due to its direct impact on
the field within the slots as it causes a rapid variation with « for small offsets and
slow variations for larger ones. This explains the higher gradient of the coupling, as
well as the phase delay, with respect to «, and L for smaller offsets than for larger

ones.
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Fig.3.2 Simulation results at 12.5 GHz for the two-layer SIW coupler versus slot

offset for different values of a and Lgo: () Transmission phase for a total coupler
length of 29.95 mm (32 vias). (b) Coupling level variation.

3.2.1.2 Transmission Phase Compensation

In this section, phase compensation means the achievement of different
coupling levels while maintaining the same transmission phase delay. It has been
shown so far that the phase delay naturally varies according to the slot parameters.

This is not convenient in applications where both amplitude and phase characteristics
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are major design constraints such as beam-forming matrices employing different
couplers such as the Nolen matrix [7].

Three different couplers have been designed and optimized. The same
material and SIW parameters of the previous section have been used in the design.
The structural parameters and simulation results over the 12-13 GHz frequency band

are summarized in Table 3.1.

Table 3.1 Optimized parameters and results for different SIW couplers.

The phase-compensated parameters are given inside the brackets [...].

Coupling (dB) 3.02 4.77 6.02
asw  (mm) 11.85[11.5] | 11.85[11.72] | 11.85 [11.85]
L (mm) 13.05[12.95] | 11.2 (11.15) 10.6
a ) 15 [4] 16 (6) 9
d  (mm) 2.65[2.7] 3(3.2) 3.2
|S31| peak to peak error (dB) [03'2;8/.%5] [8138(1);] 0.29/-0.26
Arg(S21) at 12.5 GHz (°) [:iiigg] [:m:ii] 1442
arg(Sz1) peak(f)o peak error |y 4311 65] | [0.88/-0.83] | Reference

Fig. 3.3 shows the transmission phase versus frequency for the three couplers.
It can be seen that although the slot parameters affect the transmission phase values,
the phase slopes remain almost the same in a relative wide band. This wideband
performance can be explored together with the previously discussed coupling level
and transmission phase in the phase compensation process. This can be accomplished
by varying the couplers width-therefore introduce one more parameter to change the
propagation constant and re-optimizing the slots parameters to reach the required
coupling with the same phase delay. This is shown in Table 3.1 taking the 6.02 dB

coupler as the phase reference case.
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Fig.3.3 Transmission phase versus frequency for the 3.02 dB, 4.77 dB and 6.02 dB
couplers without phase compensation.

3.2.2. Experimental Results and Discussion

In this section, a 6 dB coupler is optimized with the same aforementioned
SIW parameters. The slot parameters are dosset=3.5 mm, Lgo=11 mm and a=12°. In
order to measure the designed coupler, wideband SIW to microstrip transitions [8]
together with 90° SIW bends are used, which is expected to increase the insertion

loss of the circuit.

;| o
1) ! Input  Coupled ‘ 3)

Fig.3.4 Photograph of the fabricated two-layer SIW coupler.

Fig.3.5 shows the simulated and measured magnitudes of the S-parameters.
while the simulated and measured phase difference between the direct and coupled
ports is illustrated in Fig.3.6. Simulated results account for conductor and dielectric
losses. The simulated results show a peak-to-peak error for the coupling coefficient
of +0.09/-0.29 dB over the frequency band (12-13 GHz) and +0.23/-0.47 dB over
(11.5-13.5 GHz) band, while both isolation and reflection coefficients are below -20
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dB. The simulated phase difference remains almost constant at -90° over the (11.5-
13.5 GHz) frequency band.

Measured results are in good agreement with the simulated ones. The
measured reflection coefficient is lower than -15 dB over the frequency band (11.5-
13.5 GHz) and below -20 dB over the band (12-13 GHz) while the isolation is below
-18 dB. On the other hand, the measured and simulated phase differences shown in
Fig. 3.6 are also in good agreement with a maximum deviation of 6°. The peaks
observed in the measured phase are due to the presence of un-metalized via holes
whose effect is not observed in the amplitudes measurements. The waving effect
observed in the measured results especially the phase is due to the non-linear phase
characteristics of the microstrip-SIW transition.

m
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3d -10 A —a— S21-Measured
a —o— S31-Simulated
D12 —s=— S31-Measured
----- Measured S31 (Average)
_14 L | | L
11,5 12 12,5 13 13,5
Frequency in GHz
(@)
0
B -10 |
£ <
s-20T1
E b=
(@]
©n -30
©
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S 40 ——S11-Simulated §
-% —e—S11-Measured
L 50 [ [—*—S41-Simulated
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_60 L I L L
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(b)

Fig. 3.5 Simulated and measured results of the 6dB SIW coupler. (a) Direct and
coupling amplitudes. (b) Reflection and isolation amplitudes.
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Fig. 3.6 Simulated and measured phase difference between ports 2 and 3.

3.2.3 Conclusion

A wideband SIW directional coupler is developed in a two-layer SIW
topology. A detailed parametric study is presented proving a wide coupling dynamic
range. The wideband performance of the coupler in terms of coupling magnitudes
and phase difference between the direct and coupled ports besides its low insertion
loss represents very promising characteristics for the implementation of beam-
forming matrices in two-layer topologies. The proposed structure allows phase
compensation for different coupling levels. A 6 dB coupler is verified
experimentally, showing a 16% coupling bandwidth at 12.5 GHz with good isolation

and reflection performances.

3.3. Stub-Loaded Ridge-Waveguide Based Dual-Band Ring
Coupler

This section presents a novel dual-band concentric 180° ring coupler. The
coupler is designed to cover two independent frequency bands. The lower frequency
band lies in the C-band with a bandwidth more than 8.5% centered at 7.2 GHz while
the upper band lies in the K-band with a coupling bandwidth of 14.6% centered at
20.5 GHz. The presented coupler ensures low dispersive 3-dB coupling with almost

the same characteristics over both frequency bands while the upper frequency band is
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about three times the lower one. The structure is based on Ridge SIW (RSIW) which
ensures the wide band operation. The structure is also endowed with a low insertion

loss demultiplexing scheme and a wideband microstrip to RSIW transition.

3.3.1. Structure Description

Fig. 3.7 shows the proposed coupler structure. The structure consists of two
concentric hybrid ring couplers with the outer coupler responsible of the low
frequency band while the coupling at the higher frequency band is ensured by the
smaller inner one. The same access waveguides are used for both bands. These
waveguides are the outermost waveguide sections in Fig. 3.7. A fundamental mode
operation must be therefore ensured by these waveguides over the entire frequency
band between the lowest operation frequency of the lower frequency band and the
highest frequency in the upper band which makes a relatively large bandwidth for
classical rectangular waveguides even for those with reduced heights implemented in
SIW technology.

Therefore the use of ridge-waveguide appears as a very good candidate for
such a structure to resolve the bandwidth problem. For single and double ridged
waveguides, having the same ratios for the ridge depth and width with respect to the
waveguide height and width, respectively, there is no great difference in the
achievable maximum bandwidth [9], [10]. Therefore, for simpler design and
realization, a single ridged waveguide will be used in the design of the foreseen
coupler. On the other hand, as the feeding waveguides allow the propagation of both
frequency bands and since the outer ring must be designed such that its waveguide

impedance is /2 times that of its feeding waveguide sections, exciting the coupler at
the upper frequency band would lead to undesired propagation in the outer coupler
instead of the inner one. In order to maintain the coupler operational in two
independent arbitrary frequency bands (lying within the bandwidth of the ridge
waveguide), a demultiplexing scheme is needed to forbid the propagation of the
upper frequency band within the outer coupler. In other words, the outer coupler
should act as a bandpass filter with the lower frequency band within the pass-band
and the outer frequency band cutoff by the stopband. This filter effect is hereby
achieved by periodically stub-loading the outer coupler through periodic radial
transverse slots in its un-ridged waveguide wall.
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Fig. 3.7 Layout of the developed dual-band concentric ridged-waveguide ring
coupler.

3.3.2. Design Procedure and Consideration

The design of the proposed ring coupler follows a twofold approach. First,
the impedance and bandwidth curves are calculated for different ratios of ridge width
and depth with respect to the waveguide width and height. These curves are
calculated based on the Transverse Resonance Method (TRM) design equations of
the ridged-waveguide for acceptable variations of the ridge’s parameters. Upon
calculating these curves, the parameters of the outer-most ridged-waveguide are
determined by satisfying the required bandwidth and space constraints. The
parameters of the ridge waveguide constituting the ring are calculated by using the

previously calculated design curves subject to the known impedance ratio of the ring

coupler, such that the impedance of the ring is V2 times that of its feeding
waveguide section. This is accomplished for both rings. Second, the outer ring is
periodically loaded by short-circuited stubs via radial transverse slots centered above
the ridge. These stubs and their spacing are optimized such that to produce an upper
stopband in the transmission response of the outer ridge waveguide. This stopband
has to provide a sufficiently high rejection for the upper frequency band, therefore
forbidding it from propagating through the outer ring. The parameters calculated
upon this procedure together with other structural parameters at the different
junctions are then subject to optimization using Ansoft HFSS.
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3.3.2.1. TRM for Ridged Waveguides

The characteristic impedance, cutoff wavelength and fundamental mode
bandwidth are in fact the major parameters of a ridged waveguide. These parameters
have been the subject of several full-wave based works [11]-[13]. However, the
TRM has the advantage of providing approximate analytical expressions for the
characteristic impedance and bandwidth. These expressions are very useful to have a
good understanding of their performance corresponding to the ridge waveguide
parameters [9], [10], [14] and [15]. This section addresses the analytical expressions
based on the TRM for a single-ridged waveguide which will be used to calculate the
design curves used through the design of the foreseen coupler.

Fig. 3.8 shows a cross-section view of single and double-ridged waveguide.
Both waveguide types have the equivalent circuit model shown in Fig. 3.9. The
circuit model of Fig. 3.9 is that of a parallel-plate transmission line representing the
ridge of width W and height S connected at both sides to short-ended sections of

similar transmission lines with width (a -W )/2 and height b.
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Fig. 3.8 Cross-section of ridged-waveguide and equivalent circuit model. (a) Single-

ridge waveguide. (b) Double-ridge waveguide.
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Fig. 3.9 Equivalent circuit model of a ridged waveguide, annotations refer to Fig. 3.8.
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The shunt capacitive susceptance jB accounts for the energy stored in the
fringing fields at the step junction between the two different heights [9], [10] and
[16]. According to the equivalent circuit of Fig. 3.9, the input admittance seen at the

center of the middle section Yi, is given by:

v - Y + jY,, tan(6,)
"y, 4 jY tan(6,)

3.1)

Where Y3 and Y, are the characteristic admittances of the parallel-plate transmission
line sections with heights b and S, respectively. Y is the parallel equivalent
admittance and is given by Eq. (3.2) while & and & are the electrical lengths with
respect to the cutoff wavelength and are given by Eqgns. (3.3) and (3.4), respectively.

Yin = jB- chl COt(@l) (3.2)
a—-W 21
6, =k k=== .
1 c 2 /1(; (3 3)
92 = kc V?V (34)

From Eq. (3.1), the ratio Yc/Yc; can be substituted by the inverse ratio of the
corresponding heights b/S since the admittance of a parallel-plate TL is inversely
proportional to its height. The cutoff conditions for the TEj, and TE modes
propagations are directly obtained according their corresponding field patterns. The
TE10 mode corresponds to a maximum electric field with zero current at the center of
the middle section of the ridged waveguide of Fig. 3.9 which corresponds to setting
Eqg. (3.1) to zero (numerator = 0). For even TEy, modes, the electric field vanishes at
the latter position which can be described by setting Eqn. (3.1) to infinity
(denominator = 0). The cutoff conditions for the TEjo and TE modes can be

therefore given by [9]:

b B
cot(6,)— 5 tan(d, )— v =0 (3.5)
cl
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b B
cot(4,)+—tan(d,)-— =0 (3.6)
S Y,
Eq. (3.5) applies to the odd TE,, modes while Eqg. (3.6) applies for the even
TEn. An approximate expression for the normalized shunt susceptance has been
reported in [16] based on the calculated curves presented in [17], and is given by Eq.
(3.7).
B 2b 1 1 4 b’ s
—=""|1-In(4u)+Zu*+=(1-u?) = |, u==<05 3.7
Y, A ()3 z( ),15 b 3.7)
Approximate expressions for the characteristic impedance Z,r for a single
ridge waveguide, based on the power-voltage impedance definition, have been also

reported in [9], which is given by:

Zp 1
Z, ‘
0
F
7 nK;S

Z(Sin(@2 )+ ucos(é, )tan(ezln (3.9)

3.3.2.2. Design Curves and Design Procedure

Based on the formulas presented in the previous section, the normalized
cutoff wavelength with respect to the ridge waveguide width (Ac/a) is calculated for
different values of ridge normalized width (W/a) and depth (u=S/b). This is achieved
for both the fundamental TE;o mode and the first higher order mode, the TE,, mode
using Eq. (3.3) through (3.7). For a ridge waveguide with width a and height b, it is
well-know that there is no significant effect for the chosen ratio of b/a upon the
corresponding bandwidth curves for different values of u. In other words, the choice
of the ridge waveguide width would rather affect the cutoff frequencies which shifts
the whole fundamental mode bandwidth without a significant change in the

separation between the TE; and the first higher order mode.
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On the other hand, regarding the operational fundamental mode bandwidth,
for the same values of b/a and W/a, the bandwidths increases significantly by
reducing the ratio u=S/b [9], [10]. Therefore, in our study, b has been chosen equal to
1.524 mm which represents a relatively thick available substrate allowing therefore a
good flexibility in the choice of u. For this choice of substrate thickness, approaching
small values of u less than 0.2 provides reasonable values for the substrate thickness
that will be employed for the implementation of the microstrip access transition.

Fig. 3.10 shows the calculated normalized cutoff wavelength Ac/a as a
function of W/a for different values of S/b. To obtain the bandwidth of the
fundamental mode propagation, analogous curves are calculated for the TE;y mode
for the same variations of S/b. The curves of Fig. 3.10 and Fig. 3.11 are calculated
based on Eg. (3.5) and Eq. (3.6), respectively and the ratio of b/a is chosen
approximately 0.2. In order to use the calculated curves of Fig. 3.10 through Fig.
3.12, frequencies F; and F, bounding the frequency band of interest are such that F;
is smaller than the lowest frequency in the lower band and F, is larger than the
highest desired operation frequency in the upper band. To cover the previously
mentioned C/K dual band operation, frequencies F; and F, are set to 6.5 GHz and 26
GHz respectively. Therefore the ratio Ac10/Ac20 Would be about 0.96. According to the
choice of F, and for a value of a = 7mm, the ratio Aci0/a would be 3.8.

For the lower frequency band to start propagating at a frequency F; of 6.5
GHz and for a value of a = 7 mm, the ratio Aqo/a will be 3.8. To ensure a TEjg
propagation up to a frequency F, such that F,= 26 GHz, the ratio Ac10/Ac20 Should
have a value of 4. A ratio of W/a in the range between 0.2 up to 0.49 for u=S/b=1/6
can therefore satisfy these constraints. For simpler design and easier realization, the
ridge width (W) has been kept almost constant for the outermost waveguide section
and the outer ring. Therefore, to satisfy the impedance constraint of the ring coupler,
this implies the decrease of the width of the ridge waveguide constituting the ring.
Therefore, the value of W/a is preferable to be chosen in the positive slope part of the
bandwidth curve of Fig. 3.12 (between 0.2 to 0.3 in our case) rather than the negative
slope part. A similar procedure is followed to obtain primary dimensions for the
inner ring coupler with its ridge waveguides feeding sections between the two rings.
The inner ri, and outer rq radii of each ring coupler are therefore given by Eq. (3.10)
and Eq. (3.11), respectively.

62



_ 2(i) (i)
=g T2 19
3,00 @
Four(i) = 4;()+—é) (3.11)

Where the suffix i denotes each specific ring coupler with its corresponding

waveguide wavelength A4 and its width ag.
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Fig. 3.10 TEjp mode normalized cutoff wavelength versus W/a for different values of

u=S/b, b/a=0.2.
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Fig. 3.11 TE,, mode normalized cutoff wavelength versus W/a for different values of
u=S/b, b/a=0.2.
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Fig. 3.14 Impedance variation of the ridged waveguide versus the width a
(b=1.524mm, S/b=1/6, W=1.6mm). HFSS simulation is given by the continuous line

while points curve represents calculated values.

As previously mentioned, the higher frequency band has to be guided towards
the inner ring while forbidding its propagation in the outer one. This is achieved in
the proposed design by loading the waveguide of the outer ring with equally spaced
radial transverse slots centered above the quasi uniform field in the ridge section.
These slots are loaded by short-ended stubs, Fig. 3.7.

The use of such defects to produce the required stopband has the double
advantage to control the position of the bandgap by selecting the period between the
slots (measured radially from the center of two successive slots) and controlling the
effect of the slot defect by the loading waveguide. In fact, the spacing between the
slots is chosen around half the waveguide wavelength corresponding to the center
frequency of the stopband [18], [19]. On the other hand, for further control of the
slots effect without disturbing the propagation characteristics for the lower band, the
slots are loaded by a waveguide such that the waveguide is under cutoff for the lower
band and starts propagation at a frequency that limits the lower bound of the
stopband. To avoid radiation at the waveguide ends and therefore coupling between
the different loading waveguide sections, the waveguides are short-ended. Such
waveguide stubs in the used configuration are very compatible to the space
constraints as well as to the SIW technology.

To measure the developed coupler, wideband microstrip to SIW transitions
are need as shown in Fig. 3.15. As a matter of fact, the field distribution for a ridge
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waveguide operating in the fundamental mode has a similar pattern at the center
region as that of the quasi-TEM of the microstrip line. This pattern match becomes
more obvious for the upper band case as the field becomes more confined in the
ridged region. The optimization of the transition parameters follows therefore a
similar procedure as that of [8] and concerns more the lower frequency band.

Fig. 3.15 Excitation of the RSIW using a wideband tapered microstrip transition.

3.3.3. Results and Discussion

Based on the primary values of the different design parameters obtained
according to the previously discussed design procedure, the overall structure is
optimized using Ansoft HFSS simulator. For a better control of the impedance
characteristics seeking better improvement of the return loss and bandwidth, H-plane
notches are introduced at junctions between the arms and the ring to the optimization
parameters besides modifying the shape of the inner conductor of the smaller
coupler. Analogous modifications are reported for SIW ring coupler [20] and T-type
folded SIW ring coupler [21].

Table 3.2 summarizes the different dimensions of the overall structure after
its optimization using HFSS. In Table 3.2, RSIW1, RSIW2, RSIW3 and RSIW4
refer to the ridged waveguide sections of the outermost arms, the outer ring coupler,
the RSIW connecting the two rings and the inner ring, respectively. The H-plane
notch at the junction between the outermost arm and the bigger ring has dx x dy
dimensions of 0.83 x 0.83 mm?. The stub length (Ls) and width (W) are 1.24 mm and
4.82 mm, respectively while the transverse coupling slots are 0.4 mm wide and 4.6
mm long and have a radial pitch size (Ps) of 2.84 mm. The separation distance (d)
between the inner and outer rings is equal to 1.36 mm. The inner wall of the smaller

ring coupler is modified as shown in Fig. 3.15 with d,= n/6 rad and J; = 0.62 mm.
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All RSIW sections have S=0.254 mm with b=1.524 mm and the coupler is designed
on a 1.524 mm thick Rogers 6002 substrate with a relative permittivity of 2.94 and
loss tangent tan (6)=1.4x107.

(b)

Fig. 3.16 Final optimized ridged waveguide concentric hybrid ring coupler.

() Top view. (b) 3-D view.
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Table 3.2 Dimensions of the different ridged waveguide sections of the

optimized dual band coupler of Fig. 3.16.

RSIW1 | RSIW2 | RSIW3 | RSIW4
a (mm) | 7.377 | 7.087 | 2.350 | 3.410
W (mm) | 1.627 | 143 | 1.547 | 1.947

Wia | 022 | 020 | 067 | 057

Fig. 3.17 shows the stopband effect introduced by the transverse stub-loaded
radial slots in the outer ring coupler at the upper frequency band. The simulation
results correspond to the previously mentioned optimized dimensions for the outer
loaded ring only (see the inset in Fig. 3.17). The subs are implemented within the
same dielectric material with a height of 0.762 mm. According to the width of the
employed waveguide stubs, the cutoff frequency of these latter ones is about 18 GHz
which limits the lower bound of the stopband. Coupling values below -12 dB are
observed over the frequency range from 19 GHz up to the cutoff frequency of the

TE, mode around 28 GHz.

10

-10

Magnitude of S-parameters in dB

——dB (S11)

b | —e— dB (S21)

- — -dB (S31)
—a—dB (S41)

Frequency in GHz

Fig. 3.17 Simulated magnitudes of the S-parameters illustrating the stopband

introduced in the upper frequency band response of the outer ring.
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Simulated results for the coupler structure of Fig. 3.16 are shown in Fig. 3.18
through Fig. 3.20. For the C-band operation, a bandwidth of about 9% around a
center frequency of 7.2 GHz is achieved. The bandwidth is calculated with reference
to -20 dB reflection loss. The insertion loss at the coupled ports undergoes less than 1
dB maximum dispersion, with respect to the theoretical -3 dB, over the entire
frequency band (6.84 GHz -7.5 GHz). The isolation level remains below 20 dB over
the entire band. The phase differences between the coupled ports are 0+£10° and

180°+10° when feeding from port 1 and 2, respectively.

——dB (S11)
—0—dB (S21)
—»—dB (S31)
—o—dB (S31)

S-parameters magnitudes in dB

Frequency in GHz

Fig. 3.18 Simulated S-parameters magnitudes for feeding from port 1 for C-band
operation.
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o5 | b i) —»—dB (S31)
30 b---t--- —o—dB (S41)

S-parameters magnitudes in dB

18 19 20 21 22 23
Frequency in GHz
Fig. 3.19 Simulated S-parameters magnitudes feeding from port 1 for K-band
operation.
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For K-band operation, a bandwidth of 9.3% with a center frequency around
20 GHz is obtained for the -20 dB reflection loss. Wider performance is observed
regarding a maximum dispersion in the insertion loss values at the coupled ports
which remain less than 1 dB over a bandwidth of 14.6% around 20.5 GHz. The
reflection and isolation losses remain lower than -15 dB and -20 dB, respectively,
over the extended band. The phase differences between the coupled ports are 0+10°

and 180°+10° when feeding from port 1 and 2, respectively, over the extended band.
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Fig. 3.20 Simulated phase differences between the coupled ports for excitations at

ports 1 and 2. (a) C-band operation. (b) K-band operation.
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Fig. 3.21 illustrates the field patterns for the electric field magnitudes at both
frequency bands obtained using Ansoft HFSS. It can be seen that a good confinement
of the field is achieved at each frequency band with equal power split between the

coupled ports.
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Fig. 3.21 Simulated electric field magnitude patterns.
(a) Field pattern at 7.2 GHz. (b) Field pattern at 20.5 GHz.
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3.3.4. Conclusion

A novel dual-band hybrid ring coupler is developed in multi-layer RSIW
technology. The coupler has an original structure based on two concentric rings in
RSIW topology with the outer ring loaded with radial, equally spaced stub-loaded
transverse slots. A design procedure is presented based on the TRM of the ridged
waveguide together with the simple design rules of the hybrid ring coupler. The
coupler provides independent dual band operation with low-dispersive wideband
characteristics. The maximum separation between the lower and upper frequency
bands is limited by the employed ridged waveguide maximum operational
bandwidth. The minimum separation between two separate adjacent frequency bands
is compromised by the occupied are of the coupler. When the two required frequency
bands are close to each other, one additional waveguide wavelength can be added to
the outer ring coupler extending the distance between its adjacent arms from Ag/4 to
514/4 allowing a larger degree of freedom for the inner ring coupler.

Future work will first focus on mapping the design of the ridged waveguide
coupler into a multi-layer design for simpler fabrication and measurement. The
coupler design adopted so far has been based on an implementation employing a
thick substrate while the ridge is mechanically grooved in it. Although this technique
has the advantage of a simpler mapping between the waveguide structure and its
analogous SIW realization, it has a main disadvantage which is the alignment of the
microstrip access transitions that are realized separately and then soldered to the
access ridge waveguides. Mapping this structure into a multilayered design, in which
the microstrip line, microstrip taper and the horizontal part of the ridge are printed
over the same substrate while synthesizing the vertical wall of the ridge by metalized

via holes or grooves, seems more promising for a robust and reliable realization.
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CHAPTER FOUR

Two-Layer Wideband SIW Beam-
Forming Matrices

4.1. Introduction

Multi-beam antennas have become a key element in nowadays wireless
terrestrial and spatial communication systems where increased channel capacity,
improved transmission quality with minimum interference and multipath phenomena
are severe design constraints. These antennas are classified in two main categories
namely adaptive smart antennas and switched-beam antennas.

Switched-beam antennas consist of an elementary antenna array connected to
a Multiple Beam Forming Network (M-BFN) characterized by a number of inputs
equal to the number of beams to produce and a number of outputs equal to the
number of elementary radiators in the antenna array [1]. Such antennas are
extensively used in Space Division Multiple Access (SDMA) applications [2]. The
M-BFN subsystem can also be used in Multi-Port Amplifiers (MPA) for distributed
amplification. This technique is used in satellite communication systems to ensure
similar optimum efficiency for all amplifiers [3]. Since the early 1960’s, different
solutions have been proposed, such as Blass matrix [4], Nolen matrix [5], Rotman
lense [6] and Butler matrix [7].

This chapter focuses on the design of a wideband, compact, Butler matrix
employing the previously developed SIW components. Prior to the Butler matrix
design, the phase compensation of the previously designed two layer coupler is
investigated, and then an SIW two-layer layout for a 4x4 Nolen matrix is presented
where the design limitations are identified. Due to the bandwidth limitations facing
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the Nolen configuration and its numerous components, the Butler matrix attracted
our attention especially for the investigation of the two-layer SIW design.

As a matter of fact, among the different types of BFNs, the Butler matrix has
received particular attention in literature as it is theoretically lossless and employs
the minimum number of components to generate a given set of orthogonal beams,
provided that the number of beams is a power of 2. However, the Butler matrix has a
main design problem which is the presence of path crossings. To overcome this
problem, some specific designs have been suggested but they are not easily scalable
for larger matrices [8], [9]. Another well-known method for single-layer realizations
is to employ extra 0dB couplers by means of back-to-back pairs of 3 dB couplers to
produce the crossover transfer function [3], [10]. This leads therefore to an increased
number of components with increased losses especially for larger matrices. In [11] a
Lange coupler is used to replace the crossover offering therefore an interesting planar
design with wideband performances. However, the complete structure is rather
adapted to micro strip technology as it requires wire bonding.

Two-layer designs are also found in literature ensuring a solution for the
crossing arms problem. In [12], a complete waveguide-based structure has been
reported for a narrow-band Butler matrix. Although a compact area layout was
proposed, the use of classical waveguides leads to a bulky structure. Good
performances have also been obtained using a multilayered design with suspended
stripline technology [13]. However, the circuit suffers from a linear phase variation
with frequency despite its fabrication complexity. A coplanar waveguide-based two-
layer structure is suggested in [14]. However, this solution suffers from being narrow
band for both transmission magnitude and phase consequently, it is very sensitive to
technological inaccuracies.

In this chapter, a two-layer compact 4x4 Butler matrix is proposed in SIW
technology offering wideband performances for both transmission magnitudes and
phases with good isolation and input reflection characteristics. The use of SIW
technology appears as a good compromise as it combines the advantages of classical
rectangular waveguides while being compatible with standard low-cost printed
circuit board technology [15]. Owing to its attractive features, a number of
implementations for BFNs have been recently developed in SIW technology [16-19].

The structure is therefore suitable for both waveguide-like and planar structures.
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The use of the two-layer SIW implementation is explored through a two-fold
enhancement approach for both the matrix electrical and physical characteristics. On
one hand, the two-layer topology allows an inherent solution for the crossing
problem allowing therefore more flexibility for phase compensation over a wide
frequency band. This is achieved by proper geometrical optimization of the surface
on each layer and exploiting the SIW technology in the realization of variable width
waveguides sections with the corresponding SIW bends. On the other hand, the two-
layer SIW technology is exploited for an optimized space saving design by
implementing common SIW lateral walls for the matrix adjacent components seeking
maximum size reduction.

The two-layer transverse slot-coupled SIW transition is used as a low-loss
guiding element between the two layers of the matrix. To demonstrate the validity of
our design, two different configurations of the 4x4 Butler matrix are designed,
optimized and implemented. Simulated and measured results are in good agreement
for the separate constituting elements as well as for the complete matrix.

This chapter is organized as follows. Section 4.2 presents a brief overview on
the Nolen matrix architecture and design considerations. A two-layer layout is
developed and bandwidth limitations are shown through the simulated results of a
developed two-layer layout. Section 4.3 presents the Butler matrix, where Section
4.3.1 presents the architecture and design considerations of the Butler matrix. Section
4.3.2 focuses on the design and realization of two different configurations of 4x4
Butler matrices employing the previously developed components. Experimental
results are presented in details for both matrix prototypes. Measured transmission
magnitudes and phases are then used to calculate the radiation pattern for a

theoretical 4-element antenna array followed by conclusions in Section 4.3.3.

4.2. Two-Layer 4x4 SIW Nolen Matrix

This section presents an investigation of the possibility to use the previously
designed components for the design of compact Nolen matrix and the associated
limitations. A layout of a 4x4 Nolen matrix is proposed in two-layer topology.
Magnitude and phase characteristics of the matrix are investigated through Agilent
ADS simulations by cascading the scattering matrices of the matrix elements

according to the presented layout.
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4.2.1. Nolen Matrix Architecture

The general form of a Nolen matrix is illustrated in Fig. 4.1, where the N
output ports are coupled to M input ports [20], [21]. This matrix has been introduced
by J. Nolen few years later than the Blass [4], and Butler [7] matrices as a
modification to the Blass matrix. The Nolen matrix combines properties from both
latter matrices, as it is a series feed network, as the Blass matrix, and it is lossless
(produces orthogonal beams), as the Butler matrix. Each node in Fig. 4.1 consists of
a directional coupler, represented by a coupling value siné;, and a phase shifter with
a phase shift of ¢;. These parameters have been studied in [22] for the calculations of
Blass matrices then used in the particular case of orthogonal beams, producing
therefore the Nolen matrix, in [23]. Theoretical parameters for the directional

couplers and phase shifters for the matrix of Fig. 4.1 are summarized in Table 4.1.
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Fig.4.1 (a) General form of a Nolen matrix. (b) Detailed node, [22], and [23].
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Table 4.1 Design parameters of the directional couplers (sin4;) and phase

shifters (¢;) for a 4x4 Nolen matrix

1 2 3 4
1 0.500 0.577 0.707 1.000
0° 45° 90° 135°

5 0.577 0.500 1.000

180° 0° 180°
3 0.707 1.000

90° 0°

1.000

4 0°

4.2.2. Two-Layer SIW Nolen Matrix

According to Table 4.1, three different couplers and 4 different phase shifters
are needed to realize the 4x4 Nolen matrix. The matrix is designed to operate at 12.5
GHz center frequency. The two-layer coupler presented in chapter three will be used
together with the equal-length, variable width phase shifters and the two-layer
transition discussed in chapter two. The simulated scattering parameters of the three

couplers are shown in Fig. 4.2 and their performances are summarized in Table 4.2.
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Fig. 4.2 Scattering parameters and phase difference between the direct and coupled

ports for different coupling levels (a) 3.02 dB coupler. (b) 4.77 dB coupler. (c) 6.02

dB coupler.
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Fig. 4.3 shows the proposed layout for 4x4 Nolen matrix. Ports 1 to 4 are the
input ports while ports 5 to 8 are the output ones. The hollow circles in Fig.4.3
indicate the SIW lateral walls of the bottom layer while the black ones are used for
the upper layer with the two-layer transition being used at the end of each input line
of the matrix. Therefore, the matrix consists of 6 couplers used in the horizontal
direction with SIW connecting sections between the different couplers as well as
wideband equal length variable width SIW phase shifters used in the vertical
direction. The used phase shifters are those presented in chapter two.

Tracing the phase progression along the different stages of the matrix, for
instance for feeding from port 1, and by considering the phase quadrature between
the direct and coupled ports of the coupler, the phases at the output ports of the
matrix of Fig. 4.3 will be ¢.+90°, 2¢.+A44+45° 3¢d.+2A ¢ and 4. +3A¢-45° for ports 5
to 8 respectively, where ¢ is the transmission phase of the coupler, that is ¢ = Arg
(S21) and Ag is the propagation phase delay of the SIW sections connecting two
successive couplers in the same horizontal line, Fig. 4.3. These phase values are
obtained such that, to maintain a systematic design, the branch with the 0 dB coupler
at the end of each line introduces a phase delay given by A¢ + ¢. In fact, these
values have a linear dependence with frequency due to the series feed topology of the
matrix. On the other hand, to satisfy the relative phases given by Table 4.1 at the
design center frequency, all couplers must provide almost similar values of ¢.
Therefore, the phase compensation discussed in chapter three for the parallel
waveguide coupler is needed for the matrix design; Table 4.2 summarizes the
different parameters of the couplers with and without phase compensation. Then
SIW sections whose phase propagation delay is A¢ have lengths such that ¢.+4¢ is

an integer multiple of 2.

The simulated scattering amplitude and phase parameters at the output ports
of the matrix are shown in Table 4.3 and Table 4.4, respectively, for different input
ports, while simulated isolation and return loss amplitudes are shown in Table 4.5.
By comparing both theoretical and simulated results of Tables 4.3 and 4.4, there is a
great agreement with maximum amplitude error of 0.054 and maximum phase error
of 1.6°. The highest return loss value is for an input at port 3 and corresponds to 16

dB losses.
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Table 4.2 Parameters and simulation results for the three SIW couplers
over the 12-13 GHz band

Coupling Level (dB) 3.02 4.77 6.02
SIW width 11.85 11.85 11.85
“agiw” (mm) (115) (1172)
Slot Length (mm) 13.05 11.2 10.6
(12.95) (11.15)
a’ 15 16 9
(4) (6)
d_offset (mm) 2.65 3 3.2
(2.7) (3.2)
Coupling peak-to-peak +0.04/0 +0.12/-0.07 | +0.29/-0.26
error dB (+0.14/-0.05) | (+0.16/-0.12)
Arg (S21) at 12.5 GHz ( °) -159.35 -149.29 -144.19
(-144.27) (-144.14)

Table 4.3 Simulated Amplitude Output Excitation Laws at 12.5 GHz

5 6 7 8
1 0.510 0.491 0.485 0.469
2 0.475 0.472 0.448 0.463
3 0.446 0.449 0.466 0.455
4 0.469 0.458 0.488 0.470

Table 4.4 Simulated phase output excitation laws at 12.5 GHz (Theoretical Values)

5 6 7 8

1 0 | -45.314 | -91.063 | -134.915
(0) (-45) | (:90) | (:135)

) 0 | 135.287 |269.064 | 44.096
(0) (135) | (270) (45)

3 0 |-135.621| 88.406 | -46.251
() (135) | (90) (-45)

4 0 45182 | 89.75 | 134.752
() (45) (90) (135)

Table 4.5 Simulated isolation and return loss at 12.5 GHz

1 2 3 4
1 0.098 0.141 0.037 0.034
2 0.143 0.113 0.045 0.123
3 0.037 0.044 0.151 0.142
4 0.035 0.124 0.144 0.113
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4.2.3. Conclusion

A two-layer layout for a 4x4 Nolen matrix is presented in SIW technology.
The previously studied parallel waveguide coupler is used in the design. The use of
the wideband coupler offers a good flexibility in the design of the Nolen matrix,
while satisfying both amplitude and phase laws at its outputs at a specific frequency.
However, due to the series feed type used in such a matrix, the phase gradients at the
matrix output exhibit linear phase dependence, limiting the bandwidth. Such
frequency dependence may be exploited to compensate the beam-squint of the
matrix when used to feed a linear antenna array. Some investigations about such
compensation have been addressed in [23]. The two-layer design together with the
developed coupler topology appears as a good candidate for the implementation of

two-layer wideband Butler matrices.

4.3. Two-Layer Compact Wideband Butler Matrices

4.3.1. Butler Matrix: Architecture and Design Considerations

Fig. 4.4 shows the basic layout of a 4x4 Butler matrix using 3dB/90° hybrids.
The figure is a direct schematic mapping for the matrix general layout in a two-layer
topology. The Butler matrix, being square, has N input ports coupled to N output
ports (N=2") through a certain number of hybrid couplers and phase shifters. Being
theoretically lossless [26], the Butler matrix produces N orthogonal beams when

associated with a linear antenna array [20].

Output ports PSS P6 P7 P8
3 z 3 dB/90 © ? ’ g
14 coupler 4 1L 4
nx7t/N fixed : -
phase shifter :
T > a
1 o= 0 "1
o 2-Level transition o :
3 12 3 =2
1 ," 4 1 "' 4
Input ports Pt P2 P3! P4

Fig. 4.4 General block diagram of a 4x4 Butler matrix with 3dB/90° couplers
schematically mapped to a two-layer topology.
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For an N x N matrix employing 90° hybrid couplers, the total number of
phase shifters is N(n-1)/2, used in a symmetrical matrix topology. Each input
port is associated to a specific linear phase gradient (¢) at the output ports orienting,

therefore, the main beam towards a corresponding direction (&) such that:

(p=(2m—1)%, m integer, me[1-N/2,N /2] (4.1)

.4, A @
0, =sin' (-———
° (d 27r) (42)

S

One value of m is assigned for each input port. ds is the inter-element spacing of the
antenna array and A is the free space wavelength.

It is noteworthy that, the phase gradient values of Eq. (4.1) as well as the
number of phase shifters would be different for the case of the Butler matrix
employing 180° hybrids, resulting in an asymmetric distribution of the phase shifters.
The number of couplers remains however the same for both cases and is equal to
Nn/2 for both matrices. The theoretical scattering parameters relating the outputs to
the inputs of the matrix of Fig. 4.4 is given by:

I i .
1 e 4 e 2 gl
—i= _151 _J3£

1] e * 1 e 4 e *

(4.3)

Regarding the matrix dimensions and its numerous components, each
component is first designed and optimized separately according to the required
specifications and a properly optimized geometrical layout to reduce the
computational burden of the electromagnetic simulation and optimization of the
complete matrix. The matrix components are the wideband two-layer SIW coupler,
variable width, compensated length wideband SIW phase shifters and the low-loss
SIW layer transition. The optimized components are presented in the following

sections.
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For the Butler matrix, hereby presented, the separate components as well as
the complete matrix is simulated and optimized using the FEM-based Ansoft HFSS
simulator. The substrate used is the Rogers-Duroid 6002 with dielectric constant & =
2.94, thickness h = 0.508mm and loss tangent tan 6 = 1.7x10°. The via hole
diameter is 0.78mm while the pitch size p = 1.3 mm. Conductor and dielectric losses
are taken into account in the electromagnetic simulations, while the added microstrip
to SIW access transitions are de-embedded in the measurements [15]. For all the
measurements presented in this work, an Anritsu 37397D network analyzer is used
with standard TRL calibration.

4.3.2. Developed 4x4 Butler Matrix

Fig. 4.5 shows the structure of the used two-layer SIW coupler. This coupler
has been presented in details in chapter three. Based on the parametric study and
performance, the coupler is optimized for a 3dB coupling value in the 11-14 GHz
frequency band with 90° phase lead of the coupled port with respect to the direct one.
The theoretical scattering matrix is given by Eq. (4.4), where ¢ is the propagation

phase delay between an input port and its corresponding direct port.

0 1 e 0]
S:e1_'¢ 1 0 0 e (4.4)
P21 0 0 1 '
0 €™ 1 0 |

Simulated and measured S-parameters of the designed coupler are shown in
Fig. 4.6. The simulated results (access transitions are not included in the simulations)
show a peak-to-peak error for the coupling coefficient less than 0.5 dB over the 11-
14 GHz frequency band, while both isolation and reflection coefficients are below -
20 dB with a relative phase difference which is almost constant at -90°.Measured
results are in good agreement with the simulated ones. The measured reflection and
isolation coefficients are lower than -20 dB over the entire band with a measured
peak-to-peak error of 0.6 dB for the coupling coefficient. On the other hand, the
measured and simulated phase differences are also in good agreement with less than

5° peak-to peak error over the entire frequency band.
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i

Por 1 (Input) - | Port 3 (Coupled)
&; P i+ ¢ +1/2
Fig. 4.5 The developed two-layer SIW coupler structure with microstrip to SIW
transitions. agjw = 10.2 mm, Lgot = 10.7mm, dofrser=2.1mm, ¢=15°, slot width 1 mm,

w=2.6mm, Li=4.9mm and ws=1.29mm.

In this section, the previously designed components are combined to form the
foreseen two-layer 4x4 Butler matrix. Seeking wideband performance, for both
magnitude and phase, implies wideband characteristics for all matrix elements. The
phase shifter becomes therefore a crucial component in the matrix in order to provide

the required wideband phase shift with low insertion loss.
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Fig. 4.6 Simulated and measured S-parameters for the two-layer SIW hybrid coupler:
(a) Reflection and isolation magnitudes. (b) Direct and coupled magnitudes with

the phase difference between the direct and coupled ports.

Referring to Fig. 4.4, the required phase delay can be achieved by properly
increasing the SIW width of the outer arms asiwo, with respect to that of the inner
ones, denoted by agiwi. The phase curves of both arms will maintain almost the same
slope over a wide frequency range [16], [25]. However, as the two-level transition is
integrated within the former SIW arms, additional frequency-dependent phase delay
with a different slope due to the transverse slot will be added to their transmission
phases degrading the bandwidth of the relative phase shift. Owing to the phase
characteristics of the transition studied in the chapter two, the frequency dependent
phase delay of the employed slot for a specific substrate thickness (the 0.508 mm in
our case) and slot dimensions can be compensated by properly modifying the
effective length of the outer SIW. Upon determining the proper substrate thickness,
the two-level transition is integrated to the SIW arms and then optimized together for
wideband relative phase shift with respect to the matrix inner reference SIW arms to
fit the overall geometrical design. This phase shift A¢= ¢,—¢, can be given by Eqg.
(4.10).
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Ap=gy~¢, = I()\/(zsz(a; T varg(S,l, )t - 'i\/(%ﬂjz(a:ﬁ T (4.10)

Where aqerf and ajess are the effective widths of the rectangular waveguides equivalent
to the SIW outer and inner arms, respectively. arg(Szi|siot) 1S the phase delay of the
transition transverse slot which is the argument of Eq.(4.8). |, and |; are the effective
path lengths of the outer and inner SIW arms, respectively.

As mentioned before, two different 4x4 wideband Butler matrix
configurations are designed and optimized. Both matrices are designed to operate in
the 11-14 GHz frequency band, the substrate being used and the SIW parameters are
those mentioned in Section 4.3.1. The SIW widths of the outer arms of the phase
shifters of configuration 1 and configuration 2 will be denoted by asjwo1 and asiwoz,
respectively. The width of the inner arms agjw; will be fixed for both configurations
to the same value as that of the employed coupler, therefore agwi = asw. Both
configurations are described, illustrating their corresponding simulation and
measurement results in the following subsections. Simulation results account only for
the central part of the matrix, whose length and width will be denoted by L, and W,

respectively, the microstrip transitions are not considered either.

4.3.2.1. Configuration One

Owing to the two-layer design, this configuration is a direct two-layer
mapping of the typical block diagram of Fig. 4.4. Fig. 4.7 illustrates the developed
layout of the overall matrix while Fig. 4.8 (a) shows that of the employed SIW phase
shifters. Exploiting the two-layer topology, the proposed design of the Butler matrix
ensures a geometrical flexibility by exploring the lateral dimension on each layer
while keeping the same physical longitudinal length L; for the matrix phase shifting
arms.

Fig. 4.8 (b) shows the simulated and measured results for the insertion loss of
the employed phase shifting arms together with the associated phase difference 4.
Simulated results show a wideband performance for the relative phase shift over the
11-14 GHz frequency band with a phase peak-to-peak error of 10° with respect to the
required 45° phase difference. The optimized simulated insertion loss is kept below

0.6 dB for both arms over the entire frequency band. The additional insertion loss
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observed for the outer arm with respect to that of the inner one is due to the presence
of the two-level transition in the former one. Measured results are in good agreement
with the simulated ones for both magnitude and phase. The slight increase observed
in the measured insertion loss is due to the dispersive dielectric loss whose value was
considered constant in the simulations.

Fig. 4.9 shows the simulated and measured results for transmission phase and
magnitude parameters versus frequency when port 1 is fed. The wideband
performance is clearly verified over the frequency band from 11 GHz to 14 GHz
with a good agreement between the simulations and measurements. The maximum
dispersion in the simulated transmission magnitudes is less than 1 dB, with an
average value of -6.5 dB. Measured transmission magnitudes have almost the same
dispersion characteristic of the simulated ones with an average value around -7 dB.
Simulated and measured phase characteristics have peak-to peak dispersions less
than 7° and 10°, respectively, with respect to the required theoretical scattering
parameters given by Eq. (4.1). Moreover, the simulated reflection and isolation
losses are below -15 dB over the entire frequency band, Fig. 4.10. The measured
reflection coefficient is lower than -12 dB while the isolation coefficients are below
-15 dB over the entire band.

Due to the symmetrical physical structure of the hybrid coupler used and the
geometry of the matrix, the transmission dispersion characteristics as well as the
reflection and isolation losses discussed above are expected to be almost the same
when feeding from the other ports. This is verified from the results of Fig. 4.11
which also shows good agreement between the simulated and measured results. A
slight increase in the measured insertion loss is observed for both cases (feed at port
1 and feed at port 2). This is attributed to the dispersive substrate losses, as well as,

possible minor misalignment between the two layers.
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Fig.4.7 Complete layout of the developed configuration 1 for the 4x4 two-layer SIW
Butler matrix, including phase-compensated (at the outputs) microstrip to SIW
transitions. Ly=76.67mm (~34g|12.56Hz), Wim=77.2mm (~34g|12.56Hz), Lx1=10.2mm, Ly,
=30.6mm, Lgior=9.11mm, Wsjor= 0.5mm, dsio= 0.5mm. Agl1256H: IS the waveguide

wavelength at 12.5 GHz and is equal to 25.8 mm.

@
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Fig.4.8 (a) Layout of the SIW phase shifting arms employed in configuration 1.
L1=51.2mm, L,=10.4mm, L3=19.32mm, L,=5.84mm, Ls=20.4mm, asiwo1=10.4mm,
aswi=10.2mm, 6,;=1.06mm. (b) Simulated and measured insertion loss for the inner

and outer arms together with the corresponding simulated and measured phase

difference 4¢ versus frequency.
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Fig. 4.9 Simulated and measured results for the coupling magnitudes and relative
phase differences at the outputs versus frequency for the matrix configuration 1 for
feeding from port 1. (a) Simulated coupling magnitudes (b) Measured coupling
magnitudes (c) Simulated and measured phase characteristics at the output ports with

respect to that of port 5.
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Fig. 4.11 Simulated and measured results for the coupling magnitudes and relative

Phase difference in degrees

phase differences at the outputs versus frequency for the matrix configuration 1 for
feeding from port 2. (a) Simulated coupling magnitudes (b) Measured coupling
magnitudes (c) Simulated and measured phase characteristics at the output ports with

respect to that of port 6.

4.3.2.2. Configuration Two

Fig. 4.12 illustrates the proposed layout for configuration 2. In this
configuration, a further improvement in the matrix layout is achieved by the
implementation of common SIW walls between the adjacent hybrid couplers and
parts of the SIW phase shifters. As they have the same SIW width of that of the
hybrids, the central part of the inner SIW phase shifting arms are in fact a replica of
the coupler waveguides shifted by agw/2 in the lateral direction, Fig. 4.12. This
allows a two-layer overlapped implementation of these arms; therefore, each arm is a
mirrored image of the other with respect to the matrix geometrical central line, each
in a separate layer. The outer arms are slightly shifted by the distance o, for low
insertion loss, relative wideband phase shift, and do share one of the SIW walls of
the inner arms. Therefore, the overall width is reduced to half its value leading
therefore to a size reduction of almost 50% with respect to configuration 1. The two-

level transition parameters are shown in the insets in Fig. 4.12.
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Fig. 4.12 Complete layout of the developed 4x4 two-layer SIW Butler matrix,
configuration 2, including microstrip to SIW transitions. (b) Layout of the employed
SIW phase shifting arms. L,y=83.18mm (~3.2)g|1256Hz), Wm=36.25mm
(~1.4)g|12.56Hz2), Lsiot=9.15mm, W= 0.5mm, dsi= 0.25mm.

Fig. 4.13 (a) shows the layout of the employed phase shifting arms, while Fig.
4.13 (b) presents their corresponding simulated and measured results for the insertion
loss and the associated phase difference A4¢. Fig. 4.14 and Fig. 4.16 show the
simulated and measured results for transmission phase and magnitude parameters
versus frequency when feeding from ports 1 and 2 respectively. The simulated and
measured reflection and isolation parameters are shown in Fig. 4.15. By considering
the results of Fig. 4.13 (b) to Fig. 4.16, the wideband behavior is clearly verified with
a good agreement between simulation and measurement results. As it can be
expected, the matrix performances are quite similar to those of configuration 1. A
slight enhancement (~0.2 dB) in the measured insertion losses for this configuration
is generally observed compared to those of the former one validating the losses

introduced due to slight misalignment between the two different layers of the matrix.
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Fig. 4.13 (a) Layout of the SIW phase shifting arms employed in configuration 2.
L1=51.2mm, aswe2=10.44mm, 6, =1.53mm. (b) Simulated and measured insertion
loss for the inner and outer arms together with the corresponding simulated and

measured phase difference 4¢ versus frequency.

97



gp ul sepnuubew parenwis

14

13

11,5

11

Frequency in GHz

(a)

gp ul sspniubew painsesiy

14

13

12

11,5

11

Frequency in GHz

(b)

98



: : : o —f-===d
-45 o qp an @5 @D GD GD G G b @) > G» Ge GD G ED G G a» a» )

W S adiam oo NE =K.

! i —— Arg S61-Arg S51sim
-165 f[-------- ro------- 1------ === Arg S61-Arg S51meas |- 1

v Arg S71-Arg S51sim

195 oo == Arg S71-Arg S51meas

Phase difference in degrees

i i —#— Arg S81-Arg S51sim
: : == Arg S81-Arg S51meas

-225

11 11,5 12 12,5 13 13,5 14

Frequency in GHz

(©)

Fig. 4.14 Simulated and measured results for the coupling magnitudes and relative
phase differences at the outputs versus frequency for the matrix configuration 2 for
feeding from port 1. (a) Simulated coupling magnitudes (b) Measured coupling
magnitudes (c) Simulated and measured phase characteristics at the output ports with

respect to that of port 5.
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versus frequency when feeding from port 1, configuration 2.
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Fig. 4.16 Results for the coupling magnitudes and relative phase differences at the
outputs versus frequency for the matrix configuration 2 for feeding from port 2. (a)
Simulated and (b) Measured coupling magnitudes (c) Simulated and measured phase
characteristics at the output ports with respect to that of port 6.
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Fig. 4.17 Electric field magnitude pattern for the matrix excited at 12.5 GHz.
(a) Configuration 1. (b) Configuration 2.
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For both matrix configurations, the two layers are fabricated separately. The
coupling slots for the 3-dB coupler and the two-layer transitions are etched in one
layer only, while corresponding larger windows are etched in the other substrate
layer to reduce losses due to alignment inaccuracies, Fig.4.18. To avoid the use of
extra adhesive layers, copper eyelets (hollow pins) are used to attach the two layers
through the pre-aligned sets of common holes between the two layers, bounding all
regions including coupling slots, Figs.4.7 and Fig. 4.12. To ensure good metallization
of SIW via holes, a thin copper layer is deposited using plasma vaporization prior to
the classical copper electro-deposition process. The matrices are fabricated using the
technological facilities of “Ecole Polytechnique de Montréal”, Poly-Grames
Research Center, Quebec, Canada.

. i

1 2 3 a 5 " z
(a)
(b)

Fig. 4.18 Photograph of the common layer between the upper and lower substrates
for both developed matrix configurations. (a) Configuration 1. (b) Configuration 2.
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Fig.4.19 Photograph of the fabricated matrices. (a) Configuration 1 (b)
Configuration 2.

4.3.3. Use of the Developed Butler Matrix to Feed a Linear Antenna
Array

In this section, the developed 4x4 Butler matrix is used as a feeding network
for a multiple-beam antenna to investigate the impact of the phase and magnitude
dispersions on the radiation pattern over the entire frequency band. The measured
results of configuration 2 are adopted to feed a theoretical 4-element linear array.
The array inter-element spacing is set to 0.74, at the design center frequency (12.5
GHz), while a small, low directivity antenna is selected as the radiator element.

The radiation pattern of the adopted array element is defined analytically by

cos’(8),0 is the observation angle with respect to the normal direction of the array
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plane, with q set to 1.2. This type of antenna has been chosen together with the
aforementioned value of ds in order to reduce the grating lobes especially for those
beams that have the highest values of &,, while maintaining realistic values.

Fig. 4.20 shows the calculated array radiation patterns versus frequency for
the different input ports. According to Eq. (4.1) and Eq. (4.2) and the value of ds, the
theoretical pointing angles &, of the main beam produced at 12.5 GHz are -10.28°,
+32.39°, -32.39° and +10.28° when feeding from ports 1 to 4 respectively. The
calculated diagrams are therefore in good agreement with the theoretical ones at the
design center frequency with values of &, of -9.25°, +30.0°, -29.5° and +9.6° when
feeding at ports 1 to 4 respectively. On the other hand, as it could be expected owing
to the wideband phase performance of the developed matrix, a relatively small main
lobe beam squint less than 5° is observed over the 11.5-13.5 GHz frequency band.
Interestingly, the natural beam squint of a linear array, due to the fact that the inter-
element spacing normalized to the wavelength varies with the frequency, is of the
same order. This means that the phase dispersion of the matrix over the operating
bandwidth has almost no impact on the beam squint. The side lobe levels (SLL)
remain around -10 dB. Typical value for a uniform magnitude array distribution is
around -13 dB on the array factor. The element factor of the aforementioned array
element has naturally an impact on the overall radiation pattern as it tends to degrade
the side lobe levels of the beams with larger &,. This explains the SLL values
between -10 and -9 dB of Figs. 18 (b) and (c). One can also note the existence of
grating lobes in Fig. 4.20 (b) and (c). The levels of these grating lobes can be
lowered by reducing the inter-element spacing down to 0.5 A but this is obviously
limited by the elementary radiator size. Most importantly, the coupling between
elements will increase as they get closer which may degrade the overall
performances. A preferred solution to reduce the grating lobes would be to increase
the directivity of the elementary radiator, using stacked patch for instance in order to

keep similar in-plane dimensions.
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Fig. 4.20 Calculated radiation patterns versus frequency of a 4-element linear array
fed by the developed Butler matrix, for different input ports. (a) Port 1. (b) Port 2. (c)
Port 3. (d) Port 4. Dashed line: 11.5 GHz, solid line: 12.5 GHz and dotted line: 13.5
GHz.

4.3.4. Conclusion

A novel compact two-layer Butler matrix has been presented in SIW
technology. Two 4x4 prototypes have been optimized, fabricated and tested. A space
saving design with shared walls between adjacent electrical paths has also been
validated, exploiting the flexibility of the two-layer SIW technology to reduce the
matrix dimensions. The developed matrix has shown good dispersion characteristics
in terms of insertion, reflection and isolation losses together with phase
characteristics over 24 % bandwidth centered at 12.5 GHz. The two proposed
designs have similar performances emphasizing that high component density is
acceptable for small size sub-systems, with limited impact on isolation between
electrical paths. To evaluate to which extent the compact design can be generalized;
a combination of shared walls and stand alone waveguides may be the solution for
larger matrices. Furthermore, the proposed implementation offers a robust, compact

design, suitable for the implementation of these larger matrices.
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Conclusion

The motivation of this thesis is to explore the potentials of the Substrate
Integrated Waveguide (SIW) technology, in particular, multi-layer implementations,
in order to develop a compact wideband beam-forming matrix in two-layer topology.
To achieve our goal, first we had to choose the matrix type that meets all required
specifications and for which a two-layer SIW implementation would be of particular
interest. Between the different types of BFNs, the Butler matrix has received a
remarkable interest in literature as it is theoretically lossless and it can produce
orthogonal beams while employing the minimum number of components. The Butler
matrix suffers however from a basic structural disadvantage which is the presence of
path crossings in its typical architecture. The use of two-layer topology appears then
to have promising potential to bypass this problem without employing additional
components neither specific design.

Among the different technologies, the SIW technology has received a
growing interest in the last decade, as it maintains the advantages of rectangular
waveguides in terms of low-loss, high quality factor and higher power handling
capability than the planar transmission lines while being compatible to low-cost PCB
and LTCC technologies. The first chapter of this thesis addressed the state of the art
of BFNs, as well as the historical development of SIW technology and BFNs
reported so far in literature in SIW technology. Upon determining the suitable
candidate for BFN, the following step of this research was to explore the potentials
of SIW technology with the degree of freedom of the multi-layer design to develop
novel passive components. As the final goal of this work was to achieve a Butler
matrix, the attention was focused on the two-basic building elements of the matrix,
namely couplers and phase shifters.

Starting with the phase shifters, different novel topologies were investigated.
First, a single-layer Composite Right/Left Handed (CRLH) structure was proposed.
The structure was based on a single-layer waveguide with shunt inductive windows
(irises) and series transverse capacitive slots, suitable for SIW implementations for

compact phase shifters. By varying both right-handed and left-handed parameters
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between different structures, wideband relative phase shifts could be obtained with a
wide phase dynamic range. The main disadvantage of this structure was that it had
relatively large insertion loss values, especially in applications requiring many phase
shifters as beam-forming matrices. These insertion loss values were however within
the typical range of non-lumped elements based CRLH implementations. Then, to
exploit the multi-layer SIW topology, a novel wideband, low-loss two-layer
transition was developed. The transition was based on a transverse narrow slot
coupling two short-ended waveguides in two different layers. According to a
wideband equivalent circuit model, a detailed study of the transmission phase and
magnitude of the transition was carried out. Based on its equivalent circuit model, the
transition could be optimized within the well known unequal width, equal-length
SIW phase shifters in order to compensate its additional phase shift within the
frequency band of interest. This two-layer wideband phase shifter scheme was
adopted in the final developed matrix architecture. On the other hand, the low-loss
wideband interconnect was then exploited to develop a three-layer, multiply-folded
waveguide structure as a good candidate for compensated-length, variable width,
low-loss, compact wideband phase shifters in SIW technology.

The following step was to investigate the SIW facilities in the development of
novel coupler structures. Two novel multi-layer SIW couplers were developed. The
first structure was that of a 90° coupler that consisted of two parallel waveguides
coupled through a pair of offset, inclined resonant slots etched in their common
broad wall. By modifying the slots parameters, namely the slot length, inclination
angle and offset, a wide coupling dynamic range with wideband performance for the
coupling level and the phase quadrature between the direct and coupled ports could
be achieved. A detailed parametric study for the slots parameters was carried out
providing a good understanding of the coupler characteristics for both the coupling
magnitude and transmission phase performances. Moreover, the coupler structure
allowed the phase compensation for different coupling levels, in other words,
different coupling levels could be achieved while maintaining the same phase delay
at the output. A 6 dB coupler was experimentally verified, showing a 16% coupling
bandwidth at 12.5 GHz with good isolation and reflection performances.

Another ridged-waveguide-based 180° ring coupler was developed. The
coupler was endowed with a novel compact design based on two concentric hybrid
ring couplers offering an arbitrary dual band performance. The outer ring was
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responsible for the lower frequency band operation while the coupling at the higher
frequency band was carried out by the inner (smaller) one. To avoid the propagation
of the higher frequency band in the outer ring, an original solution was proposed.
The ridged waveguide of the outer ring was periodically loaded by radial defects in
the form of transverse slots loaded by short ended waveguide sections. The
separation between the slots was a crucial parameter to create a bandgap for the
higher frequency band propagation in the outer ring. The loading waveguide sections
had a width, such that, they became below cutoff for the lower frequency band, to
avoid the presence of ripples in the corresponding coupling performance of the outer
ring. The higher frequency band was therefore guided towards the inner coupler. The
use of the ridged waveguide allowed a large separation between the two arbitrary
operating bands. The maximum separation was limited by the fundamental mode
bandwidth of the adopted ridged waveguide parameters, while tight separations could
be achieved by increasing the size of the outer ring, thus compromising the total area
of the coupler. A design procedure was presented to develop a C/K dual band coupler
with bandwidths of 8.5% and 14.6% centered at 7.2 GHz and 20.5 GHz, respectively.

Finally, the last step to reach our goal was to develop a 4x4 wideband Butler
matrix employing the previously developed SIW components. Prior to the Butler
matrix design, the phase compensation of the previously designed parallel-
waveguide coupler was investigated through a two-layer layout for a 4x4 Nolen
matrix where the design limitations were identified. For the Butler matrix design,
two 4x4 prototypes were optimized, fabricated and tested. The use of the two-layer
SIW topology was exploited in a space saving design with shared walls between
adjacent electrical paths to reduce the matrix dimensions without using extra 0 dB
couplers. The two proposed designs had similar performances with good dispersion
characteristics in terms of insertion, reflection and isolation losses together with
phase characteristics over 24 % bandwidth centered at 12.5 GHz. Furthermore, the
proposed implementation employing the shared SIW walls, offered a robust, compact
design, suitable for the implementation of larger matrices.

Future work will focus on the development of novel SIW components in
single and multi-layer topologies, the investigation of the phase compensation within
the designed SIW Nolen matrix and other SIW BFNs for the beam squint with

respect to frequency as well as the control of the side lobe level in BFNs.
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