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CHAPTER 1

INTRODUCTION

1.1  Substrate Integrated Circuits (SIC)

There has been immense development in wireless technologies in the last few decades. It is
mainly due to the introduction of cellular technology and the emergence of multiple services
that requires continuous research on the better functioning of microwave systems, which
includes lower loss, lighter weight systems, and effectiveness. In conjunction with these,
researchers are striving for low power, minimum interference, and low radiation options for the
current and future wireless applications. A microwave system is usually a combination of
various fundamental microwave components, such as antennas [1], active [2] and passive [3]
devices. Out of which passive devices, such as couplers, power divider/combiners, filters, etc.,
and the transmission lines occupy the major fabrication area and also play an important role as
the overall performance of the complete system is determined to a great extent by the transition
lines and passive devices. Several passive devices are reported in both planar and non-planar
forms of transmission media, such as waveguide [4], coaxial waveguide [5], stripline [6], and

microstrip [7].

However, the upcoming compact systems and technologies involve a large number of
hardware, and hence the components should be compact, low loss, economical, and can be
easily integrated. With the Substrate Integrated Circuit (SIC) concept, an entire system is

realized within a single substrate by developing the non-planar circuits in a planar form and
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integrating them with the existing planar circuits of the system on the same substrate [8]. Not
only antennas, but SIC is also used to implement active and passive circuits as well. Unlike
waveguides and coaxial lines, where broadband impedance matching and packaging between
the guides is difficult, SIC can embed devices on the same substrate. It also allows

interconnection between various transmission lines.

In order to facilitate proper SIC systems, the designer should aim at the following

characteristics:

e To reduce the systems' bulkiness and avoid non-planar transmission lines, like waveguides,
and planar alternatives are explored.

e The SIC components, mainly the passive devices, should have lower losses, which planar
transmission medias are usually not known for.

e  Proper transition between the SIC components should be developed.

1.2  Substrate Integrated Waveguide

Substrate Integrated Waveguide (SIW) is an emerging SIC technology [9][10]. It is
realized on a substrate and acts as the planar form of the waveguide. SIW structure promotes
integration with other planar and non-planar structures and hence finds useful even in dense
packaging systems. SIW, thus, acts as a very important transmission line to design components,
including passive devices. The advantages of SIW are its lightweight, lower losses, the
common mode of transmission with the waveguide, and cost-effective, which would meet the

needs of the emerging industry trends [11]-[17].
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As discussed, a microwave system consists of various subsystems and devices, these
subsystems and devices are not necessarily of the same transmission media, and it can be
formed as a combination of various non-planar and planar lines. To successfully integrate these
planar and non-planar devices, a special passive device must be designed to transfer and
transform the fields from one form of transmission line to another. Such devices are known as
transitions. Transitions maintain the system’s bandwidth, center frequency, and impedance
between the two devices [18],[19]. A well-designed transition may avoid many problems
related to power consumption, signal integrity, thermal dissipation, and bandwidth can be
solved. Being an alternative form of waveguide, SIW can also be used to design transitions.
Not only transitions between planar technologies but between bulky non-planar technologies,
as well. Already a lot of advancements in various forms of transitions of SIW into other
transmission lines have been achieved. However, there is scope for multiband transitions and

other forms of SIC devices.

1.3  Application of SIW in power division and combining

In a microwave and millimeter wave system, power divider plays a very important role as a
passive component. The recent challenge in the communication industry is that the
electromagnetic spectrum is becoming more crowded with wireless signals. The future
generation of wireless communication systems along with other industrial electronic
applications would demand critical spectral channelization of coexisting bandwidths, which
might be already in use for other applications. Researchers are also getting ready to introduce
multiple-input multiple-output (MIMO) techniques in the above mentioned systems and

applications. It is hence evident that to support these techniques, power dividers with more than
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two ways of division i.e. multiway power dividers/combiners are immensely required. Several
multiway power dividers are reported in both planar and non-planar forms of transmission
media [20]-[23]. However, the upcoming systems and technologies including MIMO involve a
large number of hardware and hence the components should be compact, low loss, economical
which can be easily integrated. SIW, thus, may act as a very important transmission line to
design couplers and power dividers, including multiway power divisions, which would meet
the needs of the emerging industry trends. The advancement of 5G and satellite
communications technologies push for wider bandwidth hence there is huge requirement for

multi-band passive devices, components and transitions.

1.4 Motivation of the research

Thus, this thesis is being presented with this motivation, which explores various SIW
passive devices and transitions that would cater to the concept of SIC along with multi-band
and multi-way capabilities for 5G and satellite communications and beyond communication
applications. The thesis proposes the following designs and analysis:

e To workout/design novel planar configurations of riblet couplers in SIW, which would be

compact, broadband with improved isolation and achieve three-way power division
e To develop compact broadband, eight-way SIW-based radial power divider.

e To explore dual band capability of the radial eight-way SIW power divider by realizing it

in dual-band configurations.

e To investigate the transition capabilities of the SIW transitions with various planar and

non-planar guides and achieve multi-band capabilities out of it.
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1.5 Outline of the chapters

The investigations studied and reported in this thesis are organized into the following

chapters:

Chapter 2 is a review on the substrate integrated waveguide (SIW) since the time it was
first proposed in 1998. Based on the earlier works, SIW have been studied and analyzed. The
evolution of SIW into various applications from its initial developmental phase is also
discussed. Transitions of the fields of an SIW to other various planar and non-planar guides are
also appraised. Special emphasis on the power division applications of an SIW is investigated

as well along with their advantages and disadvantages.

Chapter 3 addresses the fundamental principles of Substrate Integrated Waveguide (SIW)
theory and analyzes the design of a functional SIW that operates effectively within circuits. In
addition, the research involves an exploration of various transitions between SIW and
alternative technologies. Through simulation-based investigations, the focus is on creating
compact transitions that facilitate seamless connections between SIW and microstrip,
waveguide, and empty substrate integrated waveguide (ESIW). The key challenge is to ensure
efficient power transfer between transmission lines by achieving appropriate impedance and
field matching. These methodologies hold significance within the context of substrate

integrated circuit (SIC) technology, paving the way for enhanced integration and performance.

Chapter 4 provides a space-efficient three-way power divider using Substrate Integrated

Waveguide (SIW) technology, operating in the X-band frequency range. This design is based
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on a Riblet configuration. The power coupling among the three output ports is achieved
through the inclusion of short openings in the narrow walls of the central SIW channel. To
further enhance the performance in terms of return loss and isolation between ports, matching
posts are strategically placed. These posts are positioned at both the input and output ends of
the coupling region. It's worth noting that this specific SIW three-way power divider design is
distinct in that it demonstrates non-adjacent port isolation, which sets it apart from other six-

port couplers.

Chapter 5 presents a study on compact multi-way power divider using Substrate
Integrated Waveguide (SIW) technology. The designs mentioned are intended to serve both
broadband and dual-band applications. The approach involves the incorporation of a planar
impedance transformer, which includes an annular slot and a circular patch at the input and
output feed locations. Through an analysis of the equivalent circuit, the optimization of these
elements on the substrate is carried out, resulting in the attainment of a broadband operational
bandwidth. Furthermore, by utilizing complementary split ring resonator (CSRR) metamaterial,

the design achieves dual-band capabilities.

Chapter 6 furnishes a comprehensive summary of all the preceding chapters. It offers an
overview and synthesis of the key points, findings, and insights presented in each individual
chapter. It serves as a condensed reference that allows readers to not only grasp the main
contributions, outcomes, and implications of the entire body of work behind SIW’s multiway
and multiband usage, especially in the power division and combining applications but also
paves way into the future evolutions of SIW applications and its integration with other

technologies.
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CHAPTER 2

LITERATURE REVIEW

2.1 Review on Substrate Integrated Waveguide as a promising SIC

technology

Transmission lines are used to transport signal from one point to the other and twin-wire
transmission lines were reportedly widely used at low frequency range. But as the frequency
range increases, they present large radiation losses. To overcome this loss, a shielded coaxial
line was used. But here again ohmic losses were huge at higher frequency region due to the
central conductor. Hence the central conductor was removed giving circular and rectangular
waveguides which had only one loss as dielectric loss which was negligible and hence they
were used for long. But they were bulky and occupied larger space. Hence the designers opted
for planar lines like microstrip, stripline, SIW. Till now various high performance microwave
and millimeter wave components in various technologies such as waveguides, microstrip,
stripline, coaxial line, coplanar waveguides, etc have been developed. Technologies, such as
waveguides, even though proved to be useful in high performance systems, were however
bulky, complex and expensive to build. Whereas, traditional planar circuitry proves to be either
lossy or difficult in integrating with other non-planar structures. In the last decade a lot of
research has been carried out in developing components in a technology known as the
Substrate integrated circuit (SIC) which doesn’t come up with the problems mentioned above.
The concept of SIC is based on the foundation of realizing an entire system and hence all the

circuits in a single substrate or multilayered platforms. The scheme includes the unified
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integration of various planar and non-planar components in a single substrate by the realisation
of various non-planar components into their planar forms and is interconnected to each other
through proper transitions, designed on the same dielectric substrate. One such popular SIC

technology is the Substrate Integrated Waveguide (SIW).

Initially introduced as post wall waveguide [1] and laminated waveguides [2] Substrate
Integrated Waveguides are the planar realization of the air filled rectangular waveguides, that
can be easily fabricated using common printed circuit board (PCB) fabrication methods. In [1]
the technique to excite TEM waves in a parallel plate waveguide was proposed using a dense
array of posts on the same layer of the parallel plate as the feed structure. For feeding a line,
microstrip lines produce radiation losses at discontinuities. Coplanar lines are worse than
microstrip and also produce radiation losses. Triplate line however doesn’t radiate at bends, but
parallel plate modes occur at the feeding point. Waveguide has the best transmission
characteristics but their large sizes prevent them from being embedded into circuit boards or
packages. Also since the waveguides have vertical sidewalls, it can’t be manufactured using
lamination techniques. Post-wall waveguides can be built in circuit boards and are also smaller
in size, but allow current flow only in the vertical direction. Though it reflects the vertical
component of the electric field, it cannot reflect the horizontal component, hence
electromagnetic waves will leak at these points. An application of the post wall waveguide was
presented by developing a parallel plate slot array antenna which is fed using the post wall
waveguide [3]. A gain of 35.3 dB with 39.3% efficiency has been measured at 77.0 GHz for a
size of 104 mm x 100 mm. A waveguide of new structure has been introduced, the laminated
waveguides [2]. These guides have their sidewalls made up of arrays of via-holes, and can be

manufactured using lamination techniques. Through electromagnetic simulation, it is found
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that electromagnetic waves do not leak from the waveguide of a via-hole pitch smaller than a
quarter wavelength. Samples are designed and fabricated. Results show that they have low loss
and also have a good isolation between two lines. Basic bends, branches, and dividers also
showed good performances. The laminated waveguides are suitable for feed lines of a small

size array antenna.

The common form of SIW is synthesized by placing two rows of periodic metallized via-
holes in the substrate. The cut-off frequency is only related to the width of the integrated
waveguide. But, the width should always be greater than the substrate thickness. The diameter
and radius of the holes are set such that the radiation loss and the return loss are minimized [4].
The metallic posts are laser drilled on the substrate and then the metal, usually copper, is
deposited on the inner walls of the drilled holes. In [5], close analysis on period arrangement
of metallic holes showed that this arrangement could be used for new guiding microwave
structures. The structures having an array of periodically arranged metallic holes, which result
in the formation of stop bands in the microwave frequency range, are known as
electromagnetic band gap (EBG) structures. The EM waves scattered by the materials act as
secondary sources which destructively interfere at certain frequency ranges. SIW should be
designed at frequency ranges where there is no bandgap effect [6]-[7]. In [6], the concept of
EBG has been applied to design SIW interconnects with a systematic approach to the
placement of side-wall vias. Any interconnect based out of SIW can provide way better
efficiency in a bend geometry than microstrip. Multiple connects, when investigated, showed
minimal far-end and near-end couplings [7]. SIW is a better choice for high frequency compact
routine networks. The design and performance analysis of SIW has been discussed in [8]. The

authors have also reported a few basic structures like H-plane step at 37 GHz, post resonator at
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30 GHz, and a wideband 90° curve having a 15 dB return loss from 25 GHz to 38 GHz. In
2002, the first cavity using SIW was designed along with mathematical equations required to
design the SIW cavity [9]. Subsequently, to prove its usefulness an SIW cavity based filter was
developed by the authors at 20 GHz. The filter measurements reported a bandwidth of 260
MHz with an insertion loss of 2.4 dB. In [10], another study has been conducted to substantiate
the complete integration of planar circuits. It also showcases a Chebyshev filter at 28 GHz. The
inductive posts are designed using drilled metallic vias which are aligned in an offset
arrangement with the same dimensions, instead of centred posts with various diameters. A 1
GHz bandwidth is obtained with a return loss more than 15 dB. To validate the guided-wave
characteristics of SIW, which is similar to that of a conventional waveguide, the dispersion
properties of SIW was obtained using the BI-RME method combined with Floquet’s theorem
[11]. An algorithm using finite difference frequency domain (FDFD) method was also
suggested for SIW in [12]. Both the simulated and experimental results show the similarity in
the behaviour of SIW and standard waveguides. In [13], the authors have used the approach of
method of lines along with Z-transform for the absorbing boundary conditions to propose
propagation constants of SIW. The authors have also presented a frequency independent
empirical equation to calculate the adjusted attenuation constant for qualitatively understanding
the leakage loss property. A new method of analysis for determining the complex propagation
constants has been documented in [14] which further demonstrate the wave guiding
mechanisms, basic SIW characteristics, leakage losses, design, bandgap effects. The paper also
presents steps to choose the dimensions of the via hole diameter and its periodicity which are a
function of the cutoff frequency. It also explains that the modes that will be excited in an SIW
are TE,,y, only. Further investigations on the propagation of only TE,,, modes in an SIW

shows that the dispersion characteristics match with that of a waveguide for the same TE,,,
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mode [15]. Improved design equations are also suggested by the authors and they proposed
smaller vias and lesser gaps between the vias are beneficial to prevent leakage loss. In an SIW,
the conductor and the dielectric significantly contribute to the losses than the radiation loss and
all the three types of losses are modelled in [16] using the BI-RME method, which also allows
easy derivation of the equivalent circuitry for the SIW lossy discontinuities. In [17], the
unloaded quality factor of an SIW is studied. It was studied that though the unloaded quality
factor of an SIW resonator is lower than that of the waveguide, but at higher frequencies it is
much higher than that of a microstrip. The paper also suggested that thicker substrates are
preferred in narrowband applications where the insertion loss greatly matters. To understand
the similarity between an SIW and the conventional waveguide, research has been carried out
in [18] where it has been found out that a waveguide has its sidewalls replaced by vertical
conducting cylinders, it behaves similar to an SIW. The analytical equivalence between an SIW
and a rectangular waveguide has also been proposed [19]. It was carried out by comparing the
surface impedance of both the side walls of an SIW and the waveguide by an analytical

continuity.

Integrated waveguide techniques, which were filed as a patent way back in 1994 [20],
gained popularity with the SIW scheme from 2000. Till now SIW has been applied in the
design of filters [21], couplers [22], oscillators [23], power amplifiers [24], slot array[25] and

leaky antennas [26], circulators [27], mixers [28] and many more [29].

With the advancement of SIW technology, several modified forms of SIW have also been
discovered. If the SIW is bisected along the longitudinal axis, it results in an Half Mode SIW

(HMSIW), which not only retains the features of SIW, but reduces the entire size by half [30].
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A directional filter at 12 GHz has been reported in HMSIW in [31]. The bandwidth is reported
to be 250 MHz with less than 3.2 dB. Quarter-Mode SIW or QMSIW is the quadrant structure
of a square SIW resonator [32]. The first two cavity modes of QMSIW are TElQOAf and TEZQJ;. It
finds huge applications in antenna designs with lesser footprint [33]. The concept of folded
waveguide can also be realised in planar form using a dual layer substrate, which reduces the
waveguide width, and is called Substrate Integrated Folded Waveguides (SIFW) [34]. Filter
fabricated in SIFW technology showed good results at 7 GHz with a bandwidth of 5.71% [35].
If the dielectric part of an SIW is removed and metallic-via array sidewalls are replaced by
continuous metallic wall, an empty SIW (ESIW) is formed [36]. The losses in the ESIW are
less and the quality factor is more than SIW. Filters designed in ESIW, by the authors, have 4.5
times more quality factor than SIW. High-performance millimeter wave ESIW passive
components such as a 90° hybrid coupler and a T-junction over Ka-band have been proposed in
[37]. A combination of HMSIW and SIFW technology was also introduced as a folded half-

mode substrate integrated waveguide (FHMSIW) in 2008 to design a 3dB coupler of a further

reduced size [38].

2.2 Review on various forms of SIW Transitions to planar and non planar

guides

Even though the new scheme, Substrate Integrated Circuit (SIC), was proposed to
eliminate the drawbacks of the planar and non-planar circuits by synthesizing the entire system
within a single substrate [39], the wireless systems may be made up of several other microwave
or millimeter wave components and they need not necessarily be constructed using the same

technology. In fact it might so happen that at least one component is a non-planar device. It is
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thus very important to have a near to perfect impedance matching and mode matching between
the ports of the transition and the technologies. The transitions available between different
planar and non planar structures such as waveguide, coaxial, microstrip, etc are bulky and the
mechanical fabrication involved in it makes it expensive and complex [40]. Due to its planar
construction and conformability, SIC technology allows interconnection of different
transmission lines through simple transitions. Over the past few years, as the SIW is gaining
popularity as an emerging technology in SIC microwave and millimeter-wave systems [41],
[42], researchers are looking forward to realizing SIW transitions as well. SIW inherits the
lower loss and higher quality factor properties from the waveguide due to the construction of
the sidewalls and thus can handle power at higher frequencies. SIW being compact and
inexpensive [42], the transition between SIW and other structures becomes easier. It can be
integrated with other planar and non-planar structures in higher degree of integration and dense
packaging systems [41]. Various transitions between SIW and other technologies like
waveguide, coaxial, microstrip and CPW along with their advantages and disadvantages [43]-
[71] have been discussed in this section. In systems such as Radar, GPR, satellite
communication systems, SIW transitions are reported to integrate components like power

dividers [42], [48], antenna [53], and filter [60].

Rectangular waveguides being bulky still find usage in various high frequency microwave
and millimetre-wave applications, due to its lower loss and power handling capabilities.
However, for a complete system a transition between SIW and rectangular waveguide is
necessary. Due to the cross-sectional width and dielectric differences between both the guides,
there is an impedance mismatch between them which lead to loss. Therefore, proper transitions

which match the impedance between both the waveguides have been designed. The first
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transition between waveguide to SIW is reported in 2003, which demonstrates that the energy
is transferred through an input-coupling aperture made on the bottom conductor layer of the
PCB [43]. The Ka-Band transition presents a 15dB return loss bandwidth of 8%. In [44], the
transition is initiated from a radial probe extended from the SIW, which is inserted in a height-
tapered waveguide. Though it exhibits a higher bandwidth of 33.03%, the insertion loss is poor.
Longitudinal slots are also used to couple energy from SIW to the waveguide. When the
substrate with a longitudinal slot etched on the broad wall of the SIW is surface mounted to the
standard flange of the waveguide, it acts as the window to transfer energy [45], however, the
design suffers from narrow bandwidth of 800MHz. In order to increase the bandwidth upto
1.72 GHz, two longitudinal slots of different lengths can be simultaneously resonated at close
frequencies [46]. The longer slot is resonating at the lower frequencies, whereas the shorter slot
is excited at the upper edge of the frequency band. A multiple substrate layered V-Band
transition is documented in [47], where the signal propagates from the bottom SIW substrate to
the second substrate level through a longitudinal slot. The second substrate acts as a short
vertical waveguide section. The signal now couples from the second substrate to the third
substrate through another longitudinal slot. The upper layer of the topmost substrate behaves as
an aperture coupled patch antenna, which transfers the signal into the waveguide. The structure
gives an effective 10 dB bandwidth of 35%. Transverse slot is also used in SIW transitions to
develop a power divider, where an extra substrate layer is sandwiched in between the etched
transverse slot SIW and rectangular waveguide [48]. The middle substrate has only one copper
layer facing the rectangular waveguide, which acts as the radiating microstrip patch. The power
divider could present a narrow bandwidth of 5.6% only. However, both [47],[48] are bulky. An
8 GHz broadband SIW transition is developed by realising an antipodal quasi-Yagi Antenna

probe on the same SIW substrate, and then inserted vertically into the waveguide at the centre
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[49]. In [50], along with two stepped ridges in the waveguide flange, an additional arrangement
of etched coupling aperture on the broad wall of the SIW is made to obtain a 7.05 GHz
broadband response in Ka-Band. An improved, compact and broadband transition technique
had been proposed in [51], where the aperture is designed to create three coupled resonators. In
another new type of back-to-back W-Band transition, the SIW is tapered to increase its width
and then extended as a wave-impedance transformer into a smooth height tapered waveguide
[52]. The measured bandwidth is 26%. Instead of tapering the height of the waveguide, height-
stepped waveguides are also incorporated [53] in the design of transitions. The structure can be
further extended along with an arrangement of either a single-step widening transformer [54] or
normal inserted substrate taper [55] for better performance. Recently, antipodal finline tapers

are reported in the construction of SIW to waveguide transition [56].

SIW proves to be a technology that bridges the gap between waveguides and microstrip
lines by having better loss characteristics [41]. However, it occupies a larger area than
microstrip [42]. Though both SIW and microstrip are planar, they exhibit different dominant
modes and characteristic impedance. An SIW to microstrip transition overcomes these
difficulties over the operating bandwidth. The basic transition from microstrip to SIW is
proposed in [57]. In order to interface signals between the technologies, a tapered microstrip
line connects the 50 microstrip line to the planar SIW. The entire design is realised on the same
substrate. As the signals in both the cases propagate in the same direction and the electric fields
are of similar orientation, the taper is able to transform the quasi-TEM mode of the microstrip
line to the dominant 7E;) mode of an SIW. Since there is a mismatch between the width of the
50 microstrip line and the SIW width, the taper length has to be taken into consideration for

matching the impedance between them. The analytical equations to design the mentioned
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transition in [57] are elaborated in [58]. To derive the equations the transition is divided into
two parts: the tapered microstrip line and the step between the SIW and 50 microstrip line. The
step is further analysed by considering the SIW to be a dielectric filled rectangular waveguide
having a height equal to the substrate and by modelling the microstrip to an equivalent TEM
waveguide. The return loss of the tapered transition is improved by placing an extra pair of
metallic via at the tapered line and SIW junction [59]. In another transition, a pair of quarter-
wavelength short circuited slots and grounded coplanar waveguide impedance transformer is
connected between the microstrip line and the SIW on the same substrate [60]. As the
dominant 7E;) mode enters the transition structure from the SIW, the stronger electric fields at
the centre enters the GCPW, and the rest gets eliminated by the slots. After the parallel plate
modes generated in the GCPW are suppressed by the via-holes on the GCPW planes, the fields
are launched in the microstrip line. The measured transition resulted in a 50% bandwidth at V-
band. Transition between microstrip and SIW is achieved over a broadband with lower loss in
multilayered substrate environment, as well. The structure is using tapered and multi-sectional

ridged SIW and tapered microstrip line for the required transition [61].

In applications like GPR, radar where low frequency RF signal is fed to any SIW
component through coaxial lines, transformation of TEM waves from the coaxial line to the
TE;p) mode in the lower impedance SIW is necessary. Direct transitions from coaxial line to
SIW were reported in [62]-[66]. The designs proposed in [62]-[65] make use of a short-
circuited back wall, placed at a quarter wavelength distance from the inner conductor of the
coaxial connector. In [62], three different transition techniques are investigated. The primary
design has a coaxial Line appended onto the top plane of the SIW such that the inner conductor

is inserted into the substrate and shorted onto the ground plane. However, due to mismatch of
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impedance the bandwidth got restricted to 1.1%. To lower the impedance of the coaxial line to
that of the SIW, instead of inserting the inner conductor till the ground plane, a step or taper is
installed at the end of the inner conductor midway in the dielectric. The structures present a
bandwidth of 14.7% and 13.2 % bandwidth, respectively. A further modification of [62] is
suggested through simulation, where an inductive septum is formed after the signal is launched
in the SIW [63] and a ring is cut around the contact between the inner conductor and the top
conductor of the SIW [64]. In [65], a triangular slot around the inner conductor is used to
improve the bandwidth to 30%. Coaxial Line to SIW transitions without the use of any short-
circuited back wall have also been reported [66]. Such structures have a ring etched at a certain
radius from the inner conductor of the coaxial line. The SMA connector pin is soldered
between the top and bottom conductor through a via at the centre of the patch. Since no short-
circuited back wall is used, both the transitions are wide band. The same concept is applied to

transitions between Coaxial lines to ESIW guides [67].

Literature reveals transitions from SIW to CPW as well. In [68], by widening the gap
between the parallel lines of the grounded coplanar waveguides (GCPW) to form a stub and
further bending it by 90° to form a slot into the SIW, a transition between GCPW and SIW is
designed [68]. The stubs are used for impedance matching and the slot radiates into the
substrate to excite the SIW. However, it radiates outside the structure as well. A metallic post
can initiate the coupling between GCPW and SIW as well [69]. To avoid parallel plate modes,
rows of metallic-via on each side of GCPW are used. To nullify the parasitic effect of an open
GCPW, an open circuited-stub is inserted between the coupling post and the open GCPW. 70%

bandwidth is achieved in a three layer transition design that uses an elevated CPW [70].

21



LITERATURE REVIEW

Stepped resonator is applied along with the 90° bent in [71] to design transitions. This type of

transition makes integration of active and passive components simple and inexpensive.

Transitions between SIW and other transmission lines such as waveguide, microstrip,
coaxial line, CPW for various microwave and millimetre-wave applications are reviewed
through standard literature. An overview of the designs and performances are listed in this
paper. SIW has been presented as an emerging technology to integrate various transmission
lines on a single substrate and thus facilitate advancements in SIC approach. The future scope
includes the development of transitions between other substrate integrated circuits (SICs) and

to modify the existing bulky transitions with compact, low cost designs at different bandwidths.

2.3 Review on various SIW power dividers and couplers

In a microwave and millimeter wave system, the power divider plays a very important role
as a passive component. The recent challenge in the communication industry is that the
electromagnetic spectrum is becoming more crowded with wireless signals. The future
generation of wireless communication systems along with other industrial electronic
applications would demand critical spectral channelization of coexisting bandwidths, which
might be already in use for other applications. Researchers are also getting ready to introduce
multiple-input multiple-output (MIMO) techniques in the above mentioned systems and
applications. It is hence evident that to support these techniques, power dividers with more than
two ways of division i.e. multiway power dividers/combiners are immensely required. Several
multiway power dividers are reported in both planar and non-planar forms of transmission

media, such as waveguide [72], coaxial waveguide [73], stripline [74], microstrip [75].
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However, the upcoming systems and technologies including MIMO involve a large number of
hardwares and hence the components should be compact, low loss, economical which can be
easily integrated. SIW, thus, acts as a very important transmission line to design components,
including multiway power dividers, which would meet the needs of the emerging industry

trends and hence SIC systems.

The first SIW power dividers were developed in 2003 [76]. They were the standard T-
junction and straight Y-junction waveguide power dividers but developed on a PCB for Ka
band operations. At the T-junction, a metallic via is drilled to act as an inductive post, similar
to the septum in a waveguide, to achieve better input return loss. The diameter of the post along
with its placement, determined the level and the peak frequency of return loss at the input port.
In order to widen the bandwidth, multiple posts were suggested [77], which can easily be
implemented in SIW. The entire X-band has a return loss better than 15 db with a power
division of around 3.4 dB with hardly any variation in the magnitude and phase between both
the outputs. The same work was further extended to achieve arbitrary power division as well
[78]. The paper showcases power dividers with division ratios of 1:4 and 1:8 at 6 GHz. The
bandwidths measured are 53% and 63.3%, respectively. In the Y-junction SIW power divider
[76], the guide was bifurcated into two channels of equal width, with a coupling region in
between the two discontinuities. The dominant mode TE;, from the input port enters the
coupling region to form a higher order TE,, mode, which gets divided between the output
channels to form TE;, modes. The output channels are separated by a series of metallic vias.
To avoid reflections and other higher order modes, the coupling length should be properly

optimized.
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A very well established power divider in waveguides is the Riblet coupler and recently, its
SIW counterpart was also reported in [79], where the return losses are over 11dB, insertion
losses are 4.5 = 0.5 dB and isolation over 15dB throughout a bandwidth of 36% in Ku-band. As
TE,, mode is excited from the input or from the three outputs if used as a combiner, the
longitudinal axis symmetry of the structure makes it useful to further re-excite TE;, mode in
the coupling area. The divider is tapered in the coupling region in order to widen the

bandwidth.

Whenever there is a requirement of high power level along with higher degrees of isolation
between the output ports, Wilkinson power divider is preferred, but they are practically not
implemented in waveguide. However, with the SIW technology, Wilkinson power dividers can
be developed. A standard Wilkinson power divider includes quarter wavelength transformers in
its two arms, which individually has an impedance of V2 times the input characteristic
impedance (Z)). In [80], the quarter wavelength transformers are realised in HMSIW. In the
gap between the HMSIW branches, a surface mount component (SMC) isolation resistor is
placed. The measured fabricated power divider operates in the X-band with a 71% 10dB
isolation bandwidth. In order to achieve a broadband response along with size reduction,
polyline unit cells can be etched on the surface [81]. This power divider reported a measured
10 dB isolation bandwidth of 91.7% and 15 dB bandwidth of 43.4%. There is also a size
reduction of 40% when compared with similar performances in various SIW power dividers.
Ring shaped Wilkinson power dividers were also suggested in both SIW and HMSIW [82]. In
order to maintain the quarter wavelength shift, the output ports are arranged in a 60° rotation
configuration. A slot is realised in the main circular section in order to place the SMC isolation

resistor. The HMSIW equivalent can also be implemented with multiple parallel resistors (for
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better isolation) or avoid resistors and instead replace them with the equivalent resistance of
resonant slots to simplify the circuit and reduce the size. All the four power dividers, when

fabricated, presented a bandwidth of more than 23% at X-band and less than 0.3 dB loss.

Gysel powder dividers which are usually constructed in microstrip have better power
handling capability than Wilkinson power dividers. These power dividers when designed in
waveguides results in a complex and a bulky construction [83] but, SIW proves to be a better
alternative [84], [85]. In the SIW design [84], apart from the input port, there are two
distributing (output) ports and two isolated ports which are terminated by isolation resistors.
The same structure can be built in multilayered SIW PCBs, by stacking them vertically. Folded
SIW structures have also been used in the design, so that a difference in electrical length of
Ag/4 and Ag/2 remain between the distributing ports and isolation ports, and that between the
distributing ports, respectively. Within a frequency range of 17-19 GHz, a return loss, insertion
loss and isolation loss of 12.5, 5.25, 20 dB is found in the fabricated planar structure and those
for the non planar structure are 10, 8, 10 dB. Gysel power dividers can also be achieved with

the help of HMSIW [85].

It is thus apparent from the literature that SIW is beneficial in designing power dividers
which are usually realized in non-planar transmission lines. It is also used in developing power
dividers which are otherwise not possible to design in rectangular waveguides, like Wilkinson
and Gysel power dividers. As discussed that multifunctional components are the recent and
upcoming requirements of the industry, power dividers with filtering characteristics are in great
demand, and, SIW triangular cavities [86] and circular cavities [87] are used to design dual

band filtering power dividers (FPD) as well. The triangular cavity FPD results in divided power
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passbands at 5.5 and 8.3 GHz. The circular cavity FPD results in divided powers a single

passband at 5.61 GHz with 7.8% 3-dB bandwidth.

With the advancement of research in the development of power dividers and couplers in
SIW, multiway division or coupling has also been explored, a very important application in
MIMO systems. Initially, multiway power dividers were formed by combining various
configurations of basic power dividers. Such topologies are often called corporate feeders.
Similarly, either by using a single configuration or multiple configurations of well established
two way power dividers, SIW multiway power dividers were designed. The most common SIW
multiway power dividers were constructed out of T-junction and Y-junction power dividers.
The first developed SIW multiway power divider was reported in 2005 [88], where seven T-
junction and eight Y-junction power dividers were arranged and combined together using
fourteen bends to develop a sixteen-way SIW power divider in X-band. As the input TE,,
mode is initiated, it gets divided in the first T-junction. These divided powers get further
divided in the subsequent T-junctions. The bends help these divided powers to move into
another divider as their input. At the last step, these signals are finally divided by the Y-
junctions to achieve a 16-way division. The power divider has a 15dB return loss bandwidth of
1.75 GHz with an insertion loss of 14.5dB + 0.5dB. This approach was further carried out to
develop various types of multiway power dividers [89]-[94]. [89]consists of T-junctions, Y-
junctions and smooth bends at X-band. The power divider is fed by a GCPW transition instead
of usual microstrip. In [90]-[93], the same arrangement were utilized with only T-junction
power dividers to attain 2" ways of power division. By adjusting the power division ratios in
the elementary T-junctions at each step, difference of power in the final output ports can be

achieved to build unequal power dividers [90]. The configuration has been further extended in
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planar ridge waveguides known as Ridge SIWs [91] which upon fabrication presented a
bandwidth of 55% and an insertion loss less than -9.7 + 0.3dB for eight ways of division. In
[95], a single T-junction SIW power divider is used to design a four-way power divider. In
addition to the two way power divider, it utilizes a slot based multi-layered transition between
SIW and microstrip to carry out the further division. The power initially enters the T-junction
through a microstrip line. The divided power from the T-junction is further captured on two
microstrip lines. Each of these microstrip lines are further branched out into two more lines,
with an isolation resistor in between, to provide a X band four way power divider having good
amplitude and phase balance, 1.75 GHz return loss (12 dB) bandwidth which has an isolation
of more than 12 dB. Similar structure was reported in [96],[97] as well. [97] suggests the usage
of an extra isolation resistor in the centre of the short-circuited slotline, which would provide
an isolation of more than 17 dB over 1.6 GHz of bandwidth in the X-band. The topologies
mentioned above require basic two way power dividers to be combined in such a topology that
2V ways of power division are achieved. However, with such a topology, odd number of
divisions is not possible. To facilitate odd ways of division, [98] suggested a technique where
in the first step, the input power is divided into two ways using a Y-junction power divider. As
discussed, Y-junctions [88] include a step junction just after the input channel that bifurcates
into two output channels. These divided powers further enter into another step junction or the
coupling area, which trifurcates into three output channels to divide the power in three ways.
The fabricated divider resulted in a bandwidth of almost 10 GHz bandwidth in the E-band.
However, there is a shift of 7° in the phase, which might have resulted due to additional bends
in the circuit required for measurements. The authors have analyzed the superposition of the
sinusoidal functions generated from the Y-junction and hence proposed the technique to design

power dividers with any even or odd ways of division. For example, to achieve four ways of
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division, these three way divided powers should further broaden into another step junction and

finally quadfurcated into four output channels.

SIWs are known to exhibit three types of loss [99], [100]. The presence of metallic via
holes in the circuit contributes to conductor losses and the presence of dielectric, in the PCB,
contributes to dielectric loss. The gaps between the metallic via holes too can lead to radiation
losses. Since, the dielectric results in the major loss in SIW systems, hence larger the area more
will be the overall loss. With the above mentioned topologies, it was found that even though
several ways of equal and unequal power division with good isolation characteristics were
possible, the overall footprint of the circuitry increases which not only might result in the
increase of overall loss but are not compact. The power dividers investigated in this section are,
however, built of separate topologies where they do not cascade any basic two-way power
dividers, instead the input power is directly divided into multiple ways after it propagates

through a coupling area.

In order to reduce dielectric losses and circuit footprints, simple designs of multi way
power dividers, without using multiple T- or Y-junction two way power dividers, were
proposed in [101]- [104]. Equal power division with uniform phase division at each output was
observed in [104], where the structure was a modified T-junction. An extra arm was added to
the structure, at the junction of the regular T-junction output ports, opposite to the input port.
The central via placed at the junction of the output ports was highly responsible in controlling
the reflection characteristics and hence adjusted the magnitude and the phase of the divided
power. It measured an insertion loss of 4.77 dB, 17.5% bandwidth for a return loss better than

18.5 dB at X-band. Similar structure was demonstrated in HMSIW as well, which helped in the
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further reduction of the size [101]. Primarily, all the three branches of the basic T-junction
were developed in HMSIW, where an input vertical branch was connected to a horizontal
branch having both the outputs. To avoid unwanted energy coupling, due to the direct
connection between the half-open dielectric walls of both the vertical and horizontal HMSIW
branch, an air gap was etched out on the top metal layer of the PCB along with a row of
metallic via. This structure was further modified in two ways to present two types of four way
power dividers. In one of the structures, the horizontal branch was connected to three parallel
and equispaced vertical branches. One of the ends of the horizontal branch was ended by a 90°
bend and made parallel to the vertical branches. All the vertical branches and the bend acted as
the four outputs. The return loss was better than 14.5 dB over 3GHz in the Ku-band with a loss
of 1.1 £ 0.3 dB. In the second structure, two vertical branches were appended to the horizontal
branch, and both the ends had a 90° bend. The input branch was however in SIW, which
connected to the horizontal branch directly to the wall in which the via holes were drilled. The
SIW branch was the input. In all the above structures, it was the air gap which played a role in
the equal division of the power. This power divider achieved a bandwidth of 2 GHz, with 0.6 +
0.5 dB loss and a return loss better than 12.5 dB. Just like T-junctions, Y-junction power
dividers were also redesigned to develop multi way power dividers as shown in [102]. In these
dividers, multilayered SIW and HMSIW concepts were used. Two identical PCBs were
sandwiched back to back, such that both the guides had a common metal layer. Each PCB had
an SIW channel which finally bifurcated into two HMSIW output channels. The output
channels had a common via wall at the centre. The power entered the circuit from the top PCB,
with the help of a tapered microstrip to SIW transition. This input power is first divided
vertically between the two SIW layers and from each of the SIW layers it is further laterally

coupled to the HMSIW output channels, to achieve four way power division. This out of phase
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divider was fabricated and measured to operate in X-band between 7.63 GHz to 11.12 GHz,
where the insertion losses were within 7 = 0.5 dB and the return loss was better than 10 dB.
However, the isolation was poor. In order to improve the isolation, the authors suggested the
use of isolation resistors between the two HMSIW channels in each layer. Unlike the previous
design, the output HMSIW channels did not have a common via wall boundary, instead they
were in continuity with the SIW via-walls, and the open ended via walls were towards the
centre with an air gap between the channels in the metal (not in the common metal layer).
Isolation resistors were placed between the magnetic walls of the HMSIW output channels.
Usually in a Y-junction, the output branches have one of its sidewall as common, but the
common wall can also be separated with a certain angle between the output embranchments
and this can be realized in SIW and HMSIW as well. In [103] this concept of 90° Y-junction
was used to design a four way power divider, by combining two adjacent Y-junctions. The
input branch was designed in SIW, and the output branches were in HMSIW. A 15 dB
bandwidth was observed in almost the entire X-band, but the amplitudes of output ports were

not equivalent.

Several multilayered structures also facilitate multiple ways of power division. The X-
band out-of-phase power divider in [105], utilized a two layer SIW, with the input in one layer
and four outputs in the other. The power from the input was coupled to the output SIW through
a coupling slot, etched at the common metal layer. The power divider however presented a lot
of loss. The power divider presented in [106] was a structure with two PCBs, SIW and
microstrip, sandwiched together and having a common middle metal/ground layer. It consisted
of an SIW which was short circuited at one end. Four rectangular slots were etched on the

middle metal/ground layer, such that one-fourth of the input power from the SIW PCB was
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coupled to the microstrip PCB. This divided power was available at the output through four
microstrip lines on the topmost PCB. The short wall was placed at the quarter-guided
wavelength of the SIW. The slots width, length and the position were chosen carefully to avoid
higher order modes and poor coupling. The measured results showed narrowband
characteristics of 250 MHz bandwidth with more than 15 dB return loss and less than 1.5 dB of
insertion loss. Similar divider was reported in [107] as well where it operated in the W-band.
To avoid possible overlapping of the reflection generated by each of the slots, their positions
were optimised such that all the four slots are not placed and aligned near to only one side wall,
and instead alternatively placed. It had a narrowband performance but with high insertion loss.
Filtering anti-phase power dividers like [108] were also explored in Ka-band. The input power,
after getting filtered, is coupled to the above TE,;, mode SIW through a longitudinal slot
(longitudinal to the TE,, mode SIW). The TE,, mode SIW had two output branches on its two

sides and hence the filtering anti-phase four way power division response was obtained.

In a system it might so happen that its constituent components are built on various
transmission lines. These transmission lines might not be restricted to only planar forms, but
non-planar structures, such as waveguides, might be a part as well. We are already aware that
out of all available SICs, SIW is the most developed technology and it supports transition
between various planar and non planar structures, but with the requirement of miniaturization
in the current and upcoming manufacturing scenario, a component should be multifunctional.
SIW is favourable as a guide which carries out both the functions of transitioning and power
dividing. Four multilayered SIWs stacked on top of each other were tapered and inserted into
the reduced height waveguide (transition) in [109]. Since the SIW was a reduced height

dielectric waveguide of reduced width, in order to match the impedance between the SIW and
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the reduced height waveguide, the waveguide taper and the SIW taper was realized. As the
power transits from the waveguide to the SIW, it gets divided in just one step, as compared to
series or tree structures. In [110], instead of substrate taper, substrate wedges are realized in
between the width tapered SIW and height tapered waveguide. Both the structures operated in

Ka-band and had a broad bandwidth, but the losses were more.

A Ka-band six-way power divider is presented in [111], where the structure involves a
single mode SIW input channel opening up to a coupling area in order to generate multiple
modes. At the other end of the multimode SIW, six single mode SIW channels are connected.
The divider is excited with TE;, mode which finally generates TE,,, modes (odd modes) in the
multimode SIW. Just before the output channels, six-fold multiple imaging of the E-field is
achieved, which the six channels captures individually and hence present TE;, divided power
at the output. It achieves a 15 dB return loss bandwidth of 2GHz, however losses are more.
Using this technique N-way power division can be carried out and the length of the multimode

SIW can be determined accordingly.

A ten-way SIW power divider is investigated using shape optimization technology to
reconstruct the diffraction field at Ka-band [112]. Good power splitting, amplitude and phase
balance are achieved in simulation. It is expected that such a work would provide a new idea to
the design of the millimeter wave device such as the application to filtering-power divider

based on hybrid SIW-spoof surface plasma filter.

The Riblet coupler is originally a four port device, when designed in waveguides, but

when realized in SIW to design a two way power divider, it is modified to a five port device
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[79] with an extra isolation port. In order to split powers in three ways, the five port device is
further upgraded to a six port device, by adding an extra output channel to the already existing
two output channels [113]- [117]. The TE;, mode which enters into the divider input, is
allowed to generate TE3;, mode in the coupling region, and the interaction between coupling
section and the output arms are so designed that it gets divided into them equally as TE;,
modes. The first reported six port three way power divider was proposed in 2013, as an X-band
device with 10% bandwidth [113]. Resonating cavities were introduced through inductive
irises in each arm to increase the bandwidth. In order to provide better isolation between
adjacent channels, unsymmetrical apertures were used in the lateral port arms. The insertion
loss was better than 1.6 dB whereas the isolation and the return loss was below 19 dB. Six port
three way dividers were further presented as a more compact option in [115] at X-band itself. It
achieved 12 % bandwidth, with less than 1 dB variation in the insertion loss and the reflection
was better than 15 dB. The isolation was, however, not reported. Another alternative to a
compact structure is suggested in [117], where the lateral arms were realised in HMSIW, such
that the via walls of the SIW and the HMSIWs were common. It was an unequal power divider
which operates in the X-band as a 90° phase shifter. The structure also included a longitudinal
slot at the centre of the structure, in the coupling region. After passing through the SIW line, as
the input power reached the slot, it was divided into two. These divided powers were again
individually halved at each of the SIW and HMSIW output junctions, such that the HMSIW
junctions receive -6 dB and the central SIW output arm received two in-phase -6 dB powers,
which added up to -3 dB. The fractional bandwidth was 23.5 %. The basic structure of a Riblet
Coupler is basically two guides appended together with a common narrow wall, but the
common wall has a short slot or a gap in between which forms the coupling region. Similarly

in the above mentioned dividers, there were three SIW/HMSIW guides, with a gap in their
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common walls. But, it is also possible to design three way (both equal and unequal) power
dividers using multi-apertures in the common walls [114], [116]. The equal division coupler is
a uniform structure, which is symmetrical in its axial direction, and the two coupling windows
are of the same length, while the unequal division one was designed with an asymmetrical
structure, in which the two coupling windows were of different lengths. Both the dividers

operated from 12.5 to 16.5 GHz with a measured isolation was more than 18 dB.

In most of the SIW power dividers studied above, the input or the output of the SIW can’t
be measured directly using a coaxial SMA connector. A tapered transition between SIW
input/output channels and microstrip is first designed and the SMA connector is soldered to the
50€Q microstrip line. This results in additional loss and a certain increase in the circuit footprint
due to the taper. In the paper [118], a method is suggested in order to avoid the microstrip taper
transition in the input, a stepped coaxial line transformer is directly connected to feed the SIW
power divider, at the centre. This transformer connects with an axially symmetric dual disk
probe, in order to achieve a broader impedance matching between the coaxial line and the SIW.
From the dual disk probes, four rectangular SIW channels branch out in a radial fashion, to
divide the power equally in four ways. The output is however, measured through the SMA
soldered at the tapered transition. A prototype is fabricated to work in C-band and is measured
to obtain a bandwidth of 4.4 GHz, covering almost the entire C-band. The return loss of the
divider is below 10 dB throughout the bandwidth. This technique is further carried out to
design a C-band six way out-of-phase power divider [119]. By placing three alternate output
channels on the top plane and the rest three on the bottom, the polarity of their potential
changes and hence 180° phase shift is achieved. The results are broadband with 3 GHz of

bandwidth. Further reduction of size and complexity can be achieved by getting rid of the
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dependency on microstrip and its transition, at the outputs as well [120]. Here, instead of
guides, four SIW rectangular cavities, with tapered openings to the central coaxial feed, are
connected. All the four output probes and the input probes are current probes and don’t include
the coaxial transformer, instead SMA connectors are directly appended. Such power dividers
can be developed using 100Q2 impedance transition between the SIW and the coaxial lines,
instead of regular 50Q impedance transition [121]. Similar four way power divider is built on
ESIW platform [122], as well. The tapered openings act as inductive posts, which helps in the
reduction of transmission loss and reflections. Within a band of 5.15 to 5.85 GHz, the return
loss is less than 10 dB and the insertion losses are less than 1 dB. These power dividers are
very much useful in feeding antenna arrays for mobile satellite TV receptions, high

performance, cost effective applications in 5G communications, and smart surface systems.

Cavities designed in SIW can be used in the design of direct coaxial fed SIW power
dividers [123], which sometimes provide the power division with additional filtering
characteristics as well [124], [125]. It is known how the quarter mode of an SIW, QMSIW, is
obtained from a rectangular SIW cavity. When a QMSIW is bisected diagonally, the structure
is known as 1/8th mode SIW, which looks like an isosceles triangle. If it is further bisected
diagonally, 1/16th mode SIW is formed and when the 1/16th mode SIW is bisected, it is known
as 1/32th mode SIW. This 1/32th mode SIW if placed radially across the central coaxial feed,
multiway power dividers can be built [123]. The feeding for the output is a 50€2 microstrip line
connected to the perpendicular edge of the wedged-shape 1/32th mode SIW with an offset from
the short wall. Four way and eight way power dividers were fabricated. While the 10 dB
bandwidth for the four way power divider was 39.3%, that of the eight way power divider was

13%. The size was very compact with 0.49/15 area. The isolation of the four way divider was
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more than 13.5 dB and that of the eight way divider was 19 dB across their respective
bandwidths. Similarly, in [124] a four way power divider was realized in the 1/8th mode of a
circular SIW cavity. The design was a multilayered structure, in which one substrate acted as a
regular SIW cavity. Power was fed into the cavity using a coaxial feed. In the second substrate,
four 1/8th mode of circular cavities were aligned radially. The output power was measured
using SMA connectors appended to microstrip lines. Circular perforations of various radius
across different layers of the PCB was made to solder the inner conductor pin of the input SMA
connector, and power was coupled from one substrate to the other. Filtering characteristics
were observed in the circuit, and it acted as a narrow S-band divider with isolations more than
15 dB. In [125], a square patch was fed with a coaxial probe at the centre, resulting in TE,,
mode only. The patch was further loaded with a square SIW cavity resonator to widen the
bandwidth, which depended on the interaction between the TE;;, mode of the resonator and
TE,) mode of the patch. Four open ended coupling lines were connected to each 50Q
microstrip output feed lines and four isolation resistors were loaded between each output port
linked by the transmission line stubs. The fractional bandwidth of the S-band FPD was 21.3%
which had a return loss less than 10 dB, but insertion loss less than 2 dB. Another technique to
reduce the size in designing four way SIW power dividers was proposed in [126], by
incorporating complementary split ring resonators (CSRR) in HMSIW. The structure includes
two HMSIW with a loaded CSRR connected at their magnetic wall and at the centre, the input
power is fed using a coaxial line. The power then divides into the two HMSIW sections. These
divided powers in the HMSIW sections are again divided by placing two microstrip lines at
both the ends of each section, and hence four way power division is attained. A narrow
bandwidth of 3.2% in the C-band was observed with return loss less than 15 dB, insertion loss

within 1.1 dB and isolation better than 12 dB. The size came to be around 0.079/15.
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With the development of feeding power directly to waveguides or SIW, via coaxial lines
and the radial alignment of cavities around the central feed to design power dividers, a new
topology for multiway power divider was presented in the literatures [127]-[135], where
instead of using segmented cavities, an entire circular SIW cavity is used. The input power is
fed at the centre of the cavity via a coaxial line and the output probes are placed radially around
the cavity as peripheral probes. The peripheral probes are also fed by coaxial lines. Such power
dividers are known as radial power dividers. In [127], a four way radial power divider was
presented in Ku band. The SIW radial cavity was synthesized on a planar substrate by drilling
arrays of a metallic via holes to form a circumferential wall. These metallic vias act as an
electrical wall and suppress the parallel-plate leaky modes. Four identical peripheral current
probes were placed radially, on the opposite side of the substrate. Since the peripheral current
probes were symmetrical with the centre probe, the power divider structure can be viewed to be
radially divided into four sectors and each sector forms a branch of the power divider. Each
sectoral waveguide consisted of an input and an output with a short at the back and the sectors
were separated by magnetic side walls. In order to achieve proper power division, the
impedance of the current probe is to be matched with a current probe in a sectoral waveguide
with magnetic side walls and a short at the back. Based on these assumptions, the existing
technique of conventional radial cavity was analysed and other multiway SIW radial cavity
power dividers were designed. At 12.3 GHz, the measured minimum insertion loss was
approximately 0.6 dB and return loss was better than 30 dB. The measured 15 dB return loss
bandwidth was around 600 MHz. Another prototype for four-way SIW radial power
divider/combiner operating at Ka band was fabricated and measured [128]. Experiments on the

back-to-back design showed a minimum insertion loss of 1.5 dB at 31.1 GHz which
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corresponded to 84% power-combining efficiency. The measured 10-dB return loss bandwidth
was 2.2 GHz. Similar approach is extended to the design of eight way radial SIW power
dividers. The power divider in [129] was developed in C-band using simple electromagnetic
modelling. This narrow band power divider provided an advantage of low insertion loss. The
broadband power dividers are however not so good with their isolation. In 2020, [136]
presented a microstrip structure which acted as the isolation network for the broadband power
divider. This overall structure was multilayered, with an extra layer having the microstrip
isolation network, which was a star network with lines from the centre to each output port.
Usually a signal from the output port will pass the SIW cavity, the microstrip circuit and finally
arrive at other output ports, due to poor isolation. But, since there were two path signals having
180° phase difference between them, they were cancelled out and good isolation performance
was observed. There were eight resistors in the isolation circuit and they balanced the output
ports and played an isolation role. The 15 dB bandwidth was 25% with more than 16 dB of
isolation. Differential radial power dividers in SIW for both four ways and eight ways of
division were also reported [130],[132]. In both the structures this is obtained by not placing
every consecutive peripheral probe on the same metal plane. Such arrangements provide 180°
out of phase, without any dependency on the frequency, and hence change the electric field
polarity for every consecutive probe which results in power division with a differential
operation. The four way divider presented a 350 MHz of bandwidth with losses less than 1 dB
and excellent amplitude and phase balance [130]. Additional pairs of radial slots were etched
out around each peripheral probe in order to improve the out-of-band rejection level [132].
Since, the currents of higher order modes are not along the radial direction, they will be cut off
by these radial slots. This will result in the suppression of the higher order modes and extension

of the upper stopband bandwidth. The radial slots were parallel to the current direction of the
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dominant mode and hence would not change the performance of the divider. To achieve
broadband input impedance matching, multiple-via probes were used in the central patch of the
input probe. More than 84% of bandwidth was achieved. There might be issues for realizing
these power dividers at higher frequencies because as the overall size decreases and the number
of ways of division increases, appending coaxial SMA connectors to the feed becomes difficult
or impossible. However, with multilayered structure it becomes possible. The authors of [133]
hence suggested a technique and used it to design a prototype for a seven way SIW radial
power divider in K band. The SIW PCB was sandwiched between two microstrip PCB layers.
The input power was fed to the microstrip layer, at one side of the structure and not to the
centre. It was the microstrip line, which carried it to the centre. At the centre, this power was
captured through a patch and with the via and the normal current probe (in the SIW metal
layer), it was transmitted to the SIW cavity for power division. Similarly, the output powers
were captured by coaxial feeds away from the ports. -10 dB reflection bandwidth of 45% was
observed in the K-band at 20 GHz. The power dividers being low profile, simple and having
high power-combining efficiency finds usage in sub 6-GHz 5G base stations and satellite
communication applications such as multiplexers, power amplifiers, antenna arrays [134],

switches [131].
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CHAPTER 3

SIW THEORETICAL CONCEPTS AND TRANSITIONS

3.1 Objective

To understand the basic SIW theory and analyze the design of a Substrate Integrated
Waveguide (SIW) for proper operation in circuits. Various transitions between SIW and
other technologies are also studied. Simulation based investigations are carried out to
design compact transitions between a SIW and microstrip, waveguide and an empty
substrate integrated waveguide (ESIW), respectively, to efficiently transfer power from
one transmission line to the other through proper matching of impedances and fields
between the two lines. These approaches may be useful in the substrate integrated circuit

(SIC) technology.

3.2 Introduction to SIW

In the past few decades, a rapid progress in the microwave and millimeter wave
components at higher frequency range having desired performances is reported. The
increased research interest is mainly due to the availability of high frequency simulation
softwares (with advantages of faster iterations of accurate design models), precision
fabrication techniques and advancements in planar structures. The wireless and
communication systems having microwave and millimeter wave components, like power
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dividers, couplers, filters, antennas etc, thus find its usage in various industrial, scientific

and medical applications.

Till now, high performance microwave and millimeter wave components in various
technologies are developed. The earliest transmission line technology to design such
components is waveguide. Waveguide is known to present lower losses. It can handle
high power and has a higher quality factor. But, the technology is however bulky,
complex, expensive and face difficulty in the integration with other non-planar structures.
To overcome the problems faced by waveguides, planar circuit technology is developed in
the later stage. Some of the common planar structures include microstrip, coplanar

waveguide and stripline. But, they are lossy and have lower Q- Factor.

In the last ten years, a lot of research is carried out in developing transmission line
technologies which could fill in the technology gap. One such emerging technology is the
Substrate Integrated Waveguide (SIW), which is first introduced in 1998 [1],[2]. SIW is a
substrate based transmission line, which has metallic via holes drilled in a standard
printed circuit board (PCB), which connects the top and bottom conductors [3]. The via-
holes are arranged in an array on both the sides and act as the side wall of the waveguide
in the substrate itself. The SIW combine the advantages of both waveguide and planar

circuits [4].

The SIW inherits a lot of properties from the waveguide due to the construction of the
sidewalls and thus, it can handle power at higher frequencies [5],[6]. It presents lower loss

and also has a higher quality factor [7]. Planar SIW is light weight, simple and
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inexpensive. It is constructed using the same PCB fabrication techniques used for other
planar circuits. It finds application in various wireless and communication systems due to
its broad spectrum which ranges from few GHz to few hundreds of GHz [8],[9]. It can be
easily integrated with other planar and non-planar structures which makes it popular in
high integration and dense packaging systems. Various microwave and millimeter wave
components like filters [10]-[12], resonator [13], circulator [14], mixer [15], oscillator
[16], amplifier [17], antennas [18], interconnects [19], etc are already developed in SIW
technology. Satellite communication and 5G application may use SIW as one of the
recent attractive technology in designing various active and passive components. Even the
evolving wireless technologies, like Multiple-Input Multiple-Output (MIMO), introduces
a demand for hardware components that possess certain key characteristics: compactness,
low loss, cost-effectiveness, and seamless integration. In this context as well, SIW holds
significant promise. SIW can serve as a crucial transmission line for the design of
couplers, power dividers [20], and even multiway power distribution [21],[22], and,

multiband [20] solutions. Some power dividers realized in SIW are shown in Fig. 3.1.
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(©
Fig. 3.1. SIW power dividers: (a) 2-way dual band [20], (b) 4-way [21], (c) 4-way broadband [22]

3.3. Construction of an SIW

3.3.1. Basic Geometry of an SIW

The basic geometry of a substrate integrated waveguide is similar to a rectangular
waveguide which is filled with a dielectric [23]. Unlike waveguides, SIW is constructed

using the standard PCB fabrication process, used for microstrip and this reduces the
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height of an SIW drastically to that of the substrate thickness. The two metallic broad
walls of the rectangular waveguide are substituted with deposition of copper sheets on
each side of the substrate. The narrow walls of the waveguide are replaced by an array of
periodically placed metallic vias which are drilled through the substrate. Alternatively, the
sidewalls can be realized using techniques of sputtering copper on laser cut troughs in the
substrate, as well. Fig. 3.2 shows the basic structure of a substrate integrated waveguide
(SIW) along with the geometric parameters for via diameter, via spacing, SIW's physical

width, substrate height as: d, s, wand h, respectively.
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Fig. 3.2. () Top View of an SIW, (b) Side View of an SIW, (c) Front View of an SIW
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3.3.2. Construction Parameters of an SIW

Since, substrate integrated waveguides are the planar realization of a dielectric filled
metallic rectangular waveguides, it has an inherit cut-off frequency. Any signal having a
frequency below this cut-off frequency will not propagate through the SIW. The width of
the SIW determines the cut-off frequency of the dominant mode. Just like a waveguide,
the width of an SIW is the distance between the two metallic via rows, measured from the

center of the metallic via in each row.

The other important construction parameter of an SIW is its metallic via sidewall.
During the design of an SIW, the metallic vias are placed appropriately, all with the same
diameter, in order to support guide wave propagation with minimized radiation loss. It is
the spacing between the vias that limits the amount of leakage of field outside the
waveguide. Placing the vias too far apart from each other leads to compromised isolation.
If the spacing between the vias are close enough, the two arrays becomes equivalent to

electric walls for the electromagnetic waves propagating in the SIW.

d? d?
Goqy =@ =108 —+0.1-— (3.1)

The equivalent width of an SIW a.,, is the width of a dielectric field waveguide
having the same dominant mode cut-off frequency as the substrate integrated waveguide
having width a. The width of an SIW and a dielectric filled rectangular waveguide is
nearly identical if the correction factor is taken into account. This correction factor [24] is

reflected in equation (3.1) and thus presents a relation between the equivalent width of an
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SIW a.q4, and the other design parameters of an SIW, like d, p and a, where d is the
diameter of the metallic via and p is the space between the vias. The cut-off frequency f;
of a dielectric filled rectangular SIW having width a.,, and height h, can be calculated

from equation (3.2).

c mr \ nm- 2
w0

3.3.3. Design Procedures of an SIW

It can be viewed from equation (3.1), that by proper adjustment of the periodicity of
the metallic via arrays, the diameter of the metallic via and the width of the SIW, we can

reduce the leakage losses for the operating frequency and bandwidth.

When the diameter of the metallic via d is increased, the space between the vias p
should be decreased in order to reduce the leakage loss. However, when the value of d/a
is more, larger d and smaller p will cause the dispersion characteristics of an SIW to
degrade. Thus, from equation (3.1), it is understood that the ratios p/d and d/a should be
as small as possible. It is suggested to follow a design rule where p/d is less than 2.0 and
d/a is less than 1.5 for better dispersion characteristics and lower leakage loss.

The design procedure is as follows [24]:

Step1l)  Select p/d less than 2.0.

Step 2)  Select d/a less than 1.5.

Step3)  Calculate a4, based on the cut-off frequency defined in equation (3.2).

Step4)  Calculate a from equation (3.1).

Step5)  Calculate d and p from p/d and d/a.
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3.4. Field configuration of an SIW

Conventional rectangular waveguides support both transverse electric (TE) modes
and transverse magnetic (TM) modes. The transverse electric (TE) modes have no electric
field components in the direction of propagation, while the transverse magnetic (TM)
mode is mode of propagation when there is no longitudinal component of the electric field
and have no magnetic field in the direction of propagation. Hence, the magnetic fields are
transverse to the direction of propagation in TM mode. Similarly, for transverse electric
modes, there is no longitudinal component of the magnetic field and have no electric field
in the direction of propagation. The electric fields are thus transverse to the direction of
propagation in TE mode. The transverse electric and transverse magnetic fields in a
waveguide are denoted by TE,,, and TM,,,, respectively, where m and n are the mode
numbers. Mode number m represent the sinusoidal half-wave variation in the x-direction
and the mode number n represents the sinusoidal half-wave variation in the y-direction.
By calculating the half sinusoidal variations of the fields and considering the cross-section
of the waveguide, the field distribution patterns are identified. The propagation of the
modes are independent without any coupling between them, which means they are
orthogonal to each other. The boundary conditions, width and the height of the uniform
waveguide structure, defines the number of half modes, independent of the operating

frequency of the waveguide.

One of the major difference between an SIW and a rectangular waveguide lies in the
surface current. In the case of transverse magnetic mode propagation, longitudinal surface

currents propagate along the narrow walls. Similarly, for TE,,,, transverse electric mode
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propagation, where n # 0, longitudinal narrow wall surface currents propagate for efficient
propagation. Now, if the standard waveguide is modified to a structure having vertical
slits on its narrow walls, then it will become a waveguide with discontinuous side walls.
In case of TM and TE,,,, where n # 0, mode of propagation, the vertical slits will cut
through the longitudinal surface currents along the side walls. This will produce a large
amount of radiation through the narrow wall. Similarly, for an SIW, which has
discontinuous narrow walls realized by the row of metallic vias, there will be a
considerable amount of radiation through the spacing between the vias, when it will be
trying to propagate TM and TEm, modes, where n # Z. It is essential to establish a
conducting connection between the metalized vias to preserve the longitudinal currents
along it for the propagation of TM and TEmn, where n # 0, modes. Substrate integrated
waveguides, thus, support only transverse electric modes with no sinusoidal half-wave
variation in the y-direction, i.e., TEmo modes and as a result, the first mode called
dominant mode is the TEip mode. Fig. 3.3 shows the surface currents for the dominant
TE10 mode for an SIW which has its metalized via side walls replaced by solid conducting

walls with vertical slits.

Fig. 3.3. TE1o mode surface current distribution on an SIW. The metalized via holes are replaced

with narrow slot openings on the side wall [24].
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It can be thus observed that in waveguides, the surface currents circulate freely in any
direction along the sidewall. But, in the case of an SIW, the current flow is limited to
vertical direction along the sidewall. Due to the periodically spacing of the via holes, the
narrow wall longitudinal current component cannot circulate alongside the SIW across
each regular interval for TM and TEmwn modes, where n # 0. SIW allows propagation of

vertical and longitudinal surface currents along the side walls.

3.5. Losses in an SIW

Just like, substrate integrated waveguide preserves the well known advantages of
both rectangular waveguides and planar structure, it also suffers from losses. In an SIW,
there are three major loss mechanisms [25]. First, the ohmic losses, which it inherits from
the standard metallic waveguide. The second loss is the dielectric loss, though this is
avoided in air filled metallic waveguides but, it is present in any substrate based planar
circuits Last but not the least is the radiation losses, which are very much prevalent in
planar circuits due to lack of shielding. The major issue in the application of SIWs to the

design of microwave and millimeter-wave components is related to these losses.

Both, SIW and standard waveguides being similar metallic structures, they exhibit
ohmic losses due to the presence of the conductor in the metal broad and narrow walls.
Ohmic losses depends on the height of the structure and the conductivity of the metal. The
conductor losses are lower if the SIW is of a more thickness. This is because, with height
the power handling capability of the SIW increases. Since, SIW is a planar structure and

is based on PCB substrates, it suffers from dielectric losses due to the loss tangent of the
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dielectric material present in the chosen PCB board. Dielectric losses are disadvantageous
to not only planar structures but, to non planar dielectric filled waveguides as well. It is
dependent on the substrate thickness and width. In an SIW structure, the dielectric is
confined between the top and bottom copper sheets and the two arrays of metallic vias. If
the area of the dielectric increases, it will be storing more energy and this energy will be
transformed into heat, thus producing loss. Radiation loss can occur when the conditions
on the diameter and the spacing between two vias are not fulfilled. Since, other planar
structures are not shielded, they present more radiation losses, but in comparison to
waveguides, due to the presence of discontinuity in the narrow walls of an SIW, the
shielding is lower and thus produces radiation losses. These are the primary losses that
SIW suffers from and during the design of any SIW component they are taken into

consideration.

In [26], the three main loss mechanisms are separately investigated. It states that the

power P(z) flowing through a section z can be denoted by the following equation.

P(z) = P(0)e~?%* (3.3)

where, o denotes the overall attenuation constant. Now, if the losses are reasonably small,
the overall attenuation constant would be a sum of all the other losses as shown in
equation (3.4), as the evaluation of losses is based on the determination of the attenuation

constant.

a=a,+a;+a, (3.4)
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where, the attenuation constant due to ohmic loss is denoted by «., the attenuation
constant due to dielectric loss is denoted by a4, and «a,. is the attenuation constant due to

radiation losses. The attenuation constant can be derived from the S-parameters as follows

a——11010 ﬂ dB (3.5)
A VI N E |

In equation (3.5), d is used to denote the length of the SIW structure and it is chosen

in such a manner that the insertion loss is close to unity.

In order to determine the three attenuation constants, three separate analysis is

followed in the sequence as follows:

Step1l) Firstly, we consider a perfect conductor (6=00) and ideal dielectric (tan
8=0). Hence, the only source of loss is the radiation loss. Thus, a, can be
calculated from (3.5) and (3.4). As, all the attenuation constants are zero,
a=a,.

Step 2)  We now consider a finite conductivity for the conductor but, the dielectric
is still considered to be ideal. In this case, the losses are due to the
conductor and the radiation. Thus, a; = 0 and a, is known from the
previous step. The overall attenuation constant is calculated from equation
(3.5),and a, = a — a,.

Step3) In the third analysis, we again consider the SIW to have a perfect

conductor, but with a lossy dielectric. Here, the losses are contributed by
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the dielectric and the radiation. Thus, @, = 0 and a, is known from the
Step 1. The overall attenuation constant is calculated from equation (3.5),
and oy = a — a,.

From, the analysis of the attenuation constants mentioned above, it can be concluded
that the radiation losses are large when the metallic vias have a small diameter and are
placed far apart from each other. The radiation losses are negligible when the vias are
large and gaps between them are lower. In this case, SIW tends to be completely shielded
like rectangular waveguides. If the vias are large and closely spaced, the conducting
losses are also less. This happen because, when the vertical electric currents on the metal
vias flows on a wider surface, the current density decreases and hence the power
dissipated is more, leading to lower loss. But, it is limited. However, if the via diameter is
too large, the modulation in the width of the waveguide hampers the propagation
characteristic. In an SIW, the dielectric losses are the major source of loss and is
significantly more than the ohmic and radiation losses. It affects mainly the region where
the amplitude of the electric field is more, and hence at the middle of the SIW. Since, the
field pattern is slightly affected by the via size and spacing, there is a small variation in
the dielectric loss. The ohmic losses and the dielectric losses are slightly higher in an SIW
than a rectangular waveguide. Table 3.1, shows the comparison of various losses in
different planar transmission lines- microstrip, stripline and SIW. The losses in microstrip
are primarily from the dielectric material and the the radiations arising out of the fringing
fields. In stripline, the radiation losses are much lower due to the confinement of the fields
between the ground planes. However, the dielectric losses remain. Compared to SIW and
stripline, ohmic losses are comparatively more in microstrip, as the current gets

concentrated in the edges. Since, the SIW is a confined structure like a waveguide, hence
61



SIW THEORETICAL CONCEPTS AND TRANSITIONS

there is minimal radiation loss. The ohmic loss is also less due to the discrete arrangement
of the vias unlike the continuous conducting structures like microstrip, stripline or even
waveguide. The dielectric loss in SIW is also the least due to the enclosed dielectric in the

structure.

TABLE 3.1
Comparison of Losses in Planar Transmission Lines

Transmission line Dielectric losses Ohmic losses Radiation losses
Microstrip line Higher Moderate Moderate
Strip line Moderate Lower Lower
SIW Lower Lower Lower

3.6. Miniaturization of SIW

3.6.1. Basic Requirement of Miniaturization

Substrate integrated waveguide proves to be a popular technology in high integration,
dense packaging applications like space exploration communication systems and
satellites. This is due to the reduction in the weight payload of the SIW components that
would be incorporated into a space craft or other dense packaging systems. However,
miniaturization of existing technologies still plays an attractive research area. It requires
microwave engineers to design components and systems with further decreased footprint
and weight. Recently, researchers have proposed several structures which are
modification to the standard SIW, but with a reduced overall dimension. Some of the

popular structures like, Half-mode substrate integrated waveguide [27],[28], Quarter-
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Mode substrate integrated waveguide [29],[30], Substrate integrated folded waveguide

[31]-[33] and Empty substrate integrated waveguide [34],[35]are mentioned below.
3.6.2. Half-Mode Substrate Integrated Waveguide

Half-mode substrate integrated waveguide (HMSIW), as the name suggests, is just
the half of a conventional substrate integrated waveguide. It is constructed if the SIW is
cut into half longitudinally from the center [27],[28]. HMSIW can retain the field
properties and cut-off characteristics of an SIW. The symmetric plane along the direction
of propagation is equivalent to a magnetic wall, where there is no current available.
Hence, by bisecting the SIW into half from the magnetic wall, the structure retains the
half field distribution unchanged. HMSIW can have a nearby perfect magnetic wall by
having a high ratio between its width and height. The dominant mode of an HMSIW is
thus TE1. HMSIW is capable of achieving 50% reduction of size without any multilayer
or additional dielectric requirements. Due to the minimization of the overall conductor
and dielectric layers, it produces much lower ohmic and dielectric losses, and with a
higher ratio between the width and height, it can also present lower radiation loss than the

conventional SIW. Fig. 3.4 shows the top view of the HMSIW structure.
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Fig. 3.4. Top view of HMSIW.
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3.6.3. Quarter-Mode Substrate Integrated Waveguide

Previously, we have discussed that by bisecting a standard SIW longitudinally into
two halves, we obtain two HMSIWs. Similarly, if we further bisect the HMSIW cavity
into two sections equally from the plane of symmetry, the structure that we get is a
Quarter-mode substrate integrated waveguide (QMSIW) [29],[30]. To realize a cavity in
an SIW, we place the equally spaced metallic vias in all the four boundaries and thus
create an electrical wall. If we cut this SIW cavity along its two magnetic walls, we
achieve four sections of QMSIW cavity. The structure can retain a quarter of the field
distribution of an SIW. QMSIW has a further reduced size than HMSIW and is only a
quarter of the SIW cavity. QMSIW is a very promising technology in designing antennas,
especially circularly polarized antennas and filters. The top view of a quarter-mode
substrate integrated waveguide is presented in Fig. 3.5. Since, it has an area almost a

quarter of an SIW, the ohmic and dielectric losses are much lower.
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Fig. 3.5. Top view of QMSIW.
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3.6.4. Folded Substrate Integrated Waveguide

Folded substrate integrated waveguides (FSIW) are based upon the concept of folded
rectangular waveguides [31],[32]. FSIW inherits the same propagation and cutoff
characteristics as the conventional SIW. Though, there is a reduction of almost half in the
area but, at the cost of introducing additional dielectric layer. FSIW are constructed in
PCBs using double-layer substrates. It can be realized by the folding of the SIW along
certain longitudinal axes and the plane of symmetry appears between the two dielectric
layers. FSIWs with size reduction of more than 50% can be obtained through various
folding configurations, but they require additional substrate layers. Due, to the folding,
the electromagnetic field in the FSIW, undergo an appropriate folding. Hence, the mode is
similar to the conventional TE1 but folded round under itself. The maximum field is
present at the edge of the guide between the side wall and the center of the structure. The
cross-sectional view of the folded substrate integrated waveguide propagating the
dominant TE1o mode is shown in Fig. 3.6. The compactness can be further improved by
the folded structure of the existing HMSIW designs and they are known as folded half-

mode substrate integrated waveguides (FHMSIW) [33].
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Fig. 3.6. Cross-sectional view of FSIW showing dominant TEjo type mode [31].
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3.6.5. Empty Substrate Integrated Waveguide

Substrate integrated waveguides, as studied so far reported better quality factor and
lower losses than other planar structures. But, these characteristics are worse than
rectangular air filled waveguides, and this is because the presence of dielectric in the
SIWs. In order to improve the quality factor and the losses, mainly the dielectric losses,
SIWs can be replaced with a new technology which is known as an empty substrate
integrated waveguide (ESIW) [34],[35]. It can be also regarded as hollow substrate
integrated waveguide. The ESIW is nothing but the same conventional SIW, but without
the substrate in it. It instead has air or vacuum as the dielectric. The structure can be
manufactured using the standard PCBs by emptying a rectangular hole in the planar
substrate and then metalizing the side walls by electroplating procedure. The top and the
bottom conductor are formed by soldering two thin copper sheets to the substrate. The
electromagnetic fields in an ESIW propagate through the air or vacuum confined within
the four metallic walls. The layout of an empty substrate integrated waveguide is
presented in Fig. 3.7. ESIW presents a higher quality factor and lower loss than the

standard SIWs.

Fig. 3.7. Layout of ESIW [34].
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3.7. Simulation Study of Basic SIW

In order to understand the functionality of a substrate integrated waveguide, a study
based on simulations have been presented on both SIW and ESIW. The aim behind the
parametric analysis is to showcase how the important parameters of an SIW design vary

and hence it is helpful for designers to achieve an optimum result.

3.7.1. Simulated Parametric Analysis of SIW

In the parametric analysis of an SIW, we first start with the initial calculations using
the formula presented in (3.1) and the design steps mentioned in section 3.3.3. We choose
to design the structure in a RT Duroid 5880 substrate which has a dielectric constant (e,.)

of 2.2. The height of the substrate has been fixed to 20 mil or 0.5 mm.

a. We initially selectp=1.5mmandd=1mm. p/dis1.5< 2.0.

b. We calculate a.,, = 12.64 mm by considering the cut-off frequency to be 8 GHz

for X-band and the equation defined in (3.2).

c. Now, we calculate a from equation (3.1), which comes to be around 13.35 mm.

d. We find that d/a is much less than 1.5, and hence we may proceed with our initial

simulations.

The simulation of the structure has been carried out using Ansys HFSS. The reflection

loss S11 and the insertion loss S21 as per the initial calculated dimensions are shown in

67



SIW THEORETICAL CONCEPTS AND TRANSITIONS

Fig. 3.8. The initial simulation doesn’t result in a wideband response across the entire X-

Band. The return loss is better than 15 dB at around 9.9 GHz across 0.2 GHz bandwidth.
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Fig. 3.8. Simulated S11 and S21 for SIW havinga = 13.35 mm, p=15mmand d = 1 mm.

In order to achieve an optimum result and simultaneously study the response of the
structure on the a dimension, or the width of the SIW, we run a parametric simulation
over the same structure with all the other dimensions fixed to their initial values. Fig. 3.9
shows the simulated return loss S11 response and Fig. 3.10 shows the simulated insertion

loss S21 for the a dimensions : 13mm, 13.5mm, 15mm, 17mm, 17.5mm and 18 mm.
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From the plots, we find that 17.5 mm results in an optimum result covering the entire X-

band with a return loss better than 15 dB and an insertion loss better than 0.2 dB.
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Fig. 3.9. Simulated S11 for SIW having a (in mm) = 13, 13.35, 15, 17, 17.5,18, p=1.5mmand d

=1 mm.
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Fig. 3.10. Simulated S21 for SIW having a (in mm) = 13, 13.35, 15, 17, 17.5, 18, p = 1.5 mm and
d=1mm.
We infer from the results that as the width of the SIW is increased, the cut off
frequency is shifted to the lower frequency side and hence we get a stable frequency

response. But we cannot keep increasing the width indefinitely as spurious higher order

modes will be excited and power will get distributed among them.

To further study the effects of the via dimension d and its periodicity p on the
response, parametric simulations are done on the same Ansys HFSS design but with the
optimum a dimension value 17.5 mm. Fig. 3.11 shows the simulated return loss S11

response for the periodicity p having dimensions: 1mm, 1.2mm, 1.4mm, and 1.5 mm.
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Fig. 3.11. Simulated S11 for SIW having p (inmm)=1,1.2,14,15 a=17.5mmand d =1 mm.

From the Fig. 3.11 we choose optimum pitch p to be of 1mm because a larger value
of pitch will result in more leakage radiation. At this value the return loss is better than 20
dB in the entire X- band. Using these optimum values of a and p, further parametric
analysis is carried out on the via diameter d. Fig. 3.12 presents the simulated return loss
S11 response for the via diameter d having dimensions: 0.8 mm, 0.9 mm, 1mm 1.1mm,

and 1.2 mm.
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Fig. 3.12. Simulated S11 for SIW having d (inmm)=0.8,0.9,1,1.1,1.2,a=175mmandp=1

mm.

As seen from the plots in Fig. 3.12, there is very little variations in the return loss
results. However, for a value of 0.8 mm of the via diameter d, the response is slightly
better, but there might be fabrication difficulty at the lower values. Hence optimum value

of d is selected to be of 1mm as fabrication is feasible and realizable.

Using these optimum values of the width of the SIW a = 17.5 mm, via diameter d = 1

mm and the periodicity p = 1mm, we have run a final simulation to obtain the plots for the
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reflection loss S11 and the insertion loss S21. Hence, the optimum results are in Fig. 3.13.
Almost the entire X-band has a return loss better than 20 dB and the insertion loss is

better than 0.15 dB.

0_

54 —=S11(dB)
_10_' —e—821(dB)
2154
20
25
230 -
35 .
_40 -
45
2504

. ' T - T - -
8 9 10 i 12

S-parameters(dB)

Frequency(GHz)

Fig. 3.13. Simulated S11 and S21 for SIW havinga =17.5mm,d =1 mmand p =1 mm.

Parametric analysis on SIW in HFSS was carried out for different values of width a,
pitch p and diameter d of vias and optimum values were selected from the results
obtained. It was observed that these optimum values are a=17.5mm, p=1mm and d=1mm
where almost in the entire X-band return loss better than 20 dB and the insertion loss is

better than 0.15 dB.
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3.7.2. Simulated Parametric Analysis of ESIW

An ESIW, unlike an SIW does not have much parameter to be dependent on when it
comes to its response. Since, ESIW does not have any dielectric and instead of via walls it
has continuous wall. Hence, for an ESIW the width matters the most, to achieve an
optimum result. In the parametric analysis of the ESIW, we first start with the initial
calculations using the formula presented in (3.2) where the a dimensions come to 18.75
mm. The height of the substrate has been fixed to 20 mil or 0.5 mm. Fig. 3.14 represents
the initial results with the reflection loss S11 and insertion loss S21 plots. Entire X-band

has a reflection loss better than 40 dB.

S-Parameters (dB)

8 9 10 11 12
Frequency (GHz)

Fig. 3.14. Simulated S11 and S21 for ESIW having a = 18.75 mm.
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In order to study the effects of variations in the width of the ESIW, further parametric
simulation has been carried on for values of 18 mm, 20 mm, 22.86 mm, 24 mm. The
simulation results are presented in Fig. 3.15. The optimum results are obtained at a = 20
mm. Optimum value of 20mm is selected as with higher values than that may lead to
excitation of higher and spurious modes thus taking away power from the dominant
mode. In Fig. 3.16, the optimum reflection loss S11 and the optimum insertion loss S21,

together are presented.

0 = - - - - - -
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Fig. 3.15. Simulated S11 and S21 for ESIW having a (mm) = 18, 20, 22.86, 24.
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Fig. 3.16. Simulated S11 and S21 for ESIW having a = 20 mm.

Parametric analysis of ESIW was carried out in HFSS by varying the width a of
ESIW (as this is the only parameter that can be varied) and the optimum dimension of a is
selected at 20mm where the in almost the entire X-band, the return loss is better than 50

dB and the insertion loss is better than 0.03 dB.

3.8. Transition

Substrate integrated circuit (SIC), as discussed, emerged as a solution to address the
limitations of both non-planar and planar configurations [4]. In the context of SIC, an
integrated system is developed within a single substrate. This is achieved by transforming
non-planar circuitry into a planar format and then seamlessly integrating it with the pre-

existing planar circuitry on the same substrate. Given the capability of SIC technology to
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establish connections among diverse transmission lines, it becomes imperative to establish
smooth transitions between SIW and other technologies. Beyond antennas, wireless
systems encompass an array of microwave and millimeter wave components, which are
not necessarily constructed using a uniform technology. As a result, achieving optimal
impedance and mode matching between the transition's ports and the associated
technologies is of paramount importance. Traditionally, transitions connecting various
planar and non-planar structures like waveguides, coaxial cables, and microstrips have
been cumbersome and intricate due to their bulky nature and the intricate mechanical
processes required for their fabrication. In contrast, the planar nature and adaptable
characteristics of SIC technology facilitate straightforward interconnection of diverse
transmission lines through uncomplicated transitions. By leveraging the compactness and
cost-effectiveness of SIWs, the integration process between SIW and alternative
structures becomes more streamlined. Furthermore, the flexibility of SIC technology
enables its seamless integration with both planar and non-planar structures, thus enabling
higher degrees of integration and denser packaging within complex systems. Simulation
based design of various transitions between SIW and other technologies like waveguide,

microstrip and ESIW is presented.

3.8.1 SIW to Microstrip

The first ever SIW transition that was realized was the tapered microstrip design [36],
which remains the most commonly employed method of transitioning from a microstrip
line to a SIW in single-layered circuits. This transition design utilizes a microstrip line

with a linear taper, effectively transforming the quasi-TEM mode present in the 50Q
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microstrip line into the TEio mode within the same dielectric medium as the SIW. The
simple and straightforward design enables the efficient excitation of the SIW, as the
electric fields of the both the lines align in a similar direction and share a common profile.
Experimental measurements of the fabricated back-to-back arrangement yields a
bandwidth exceeding 12%, ensuring a 20 dB return loss within the frequency range of

26.65 to 30.20 GHz.

In this section of the chapter, a broadband microstrip-to-SIW transition is studied and
designed. It features the same design with the tapering microstrip as in [36], however, this
structure has a stepped linear microstrip taper instead of one. This transition results in a
return loss better than 15 dB over the entire X band and thus showcases an improvement
over [36]. The layout of back-to-back transition structure is shown in Fig. 3.17.

Microstrip Taper -
1st step
4

Microstrip line | \

Microstrip Taper -
2nd step

SIW channel

Fig. 3.17. Basic layout of the proposed microstrip-SIW transition.

The dimensions and optimized values of the coupler’s structure are shown in Fig.

3.18 and Table 3.2, respectively.
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Fig. 3.18. Design parameters of the proposed microstrip-SIW transition.

TABLE 3.2
Dimensions of the Proposed Microstrip to SIW Transition

Dimensions al pl di wl w2 w3

Optimized Values

; 17 1.5 1 1.6 7.4 13
(in mm)

The entire configuration is designed using a 0.5mm thick Rogers RT/Duroid substrate
which features a dielectric constant of 2.2 and a loss tangent of 0.0009. Ansys HFSS is
used to carry out the simulation study. Fig. 3.19 shows that the structure has a return loss
better than 15 dB in the entire X-band with a bandwidth of 40% and the return loss in
better than 20 dB for a bandwidth of 14.78%. The proposed transition is compared with
[36] in Table 3.3. It is evident from the comparison that the proposed stepped linear

microstrip taper transition to SIW is resulting in a broader band than [36].
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Fig. 3.19. HFSS simulation result of the proposed microstrip-SIW transition.

TABLE 3.3

Comparison of Microstrip Taper Transitions in Ref [36] and This Work for Return Loss more
than 20dB and Return Loss more than 15 dB

Reported papers Ref [36] Ref [36] Thiswork | Ref [36] Ref [36] | This work
Taper technology Single taper | Single taper Sizggfd Single taper |Single taper Stt:zF:d
Simulation/Measured Simulation Measured | Simulation | Simulation | Measured | Simulation
Return Loss (dB) >20 >20 >20 >15 >15 >15
Frequency (GHz) 27.4-31 26.65-30.2 | 9.4-10.9 25-31.75 | 26.4-30.5 8-12
Fractional Bandwidth (%) 12.33 12.49 14.78 23.79 14.41 40
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3.8.2 SIW to Waveguide

Despite the bulky nature of a rectangular waveguide, it continues to find applications
in various high-frequency microwave and millimeter-wave contexts, primarily due to its
favorable attributes of lower loss and higher power handling capacities. However, within
substrate integrated circuit (SIC) based systems, achieving a comprehensive system on a
single substrate isn't always feasible. As a result, a transition between the most widely
adopted and effective non-planar guide and the most efficient SIC planar guide becomes
imperative. This specific section of the chapter delves into the intricacies of transitioning
the common TE field between a substrate integrated waveguide (SIW) and a traditional
waveguide. Given the disparities in cross-sectional width and dielectric characteristics of
these guides, an impedance mismatch surfaces, leading to signal losses. Hence,
meticulous designs for transitions that harmonize the impedance between both the
waveguide in necessary. The transition in [37] has a right-angled based configuration
where the axes of both the guides are perpendicular. The approach involves integrating a
waveguide flange onto the broad wall of the SIW, with coupling achieved through a
single slot. This method presents a straightforward mechanical arrangement with no
additional bulky arrangements. However, the application of this transition is inherently
limited to narrowband systems and components, due to the resonant behavior of the
coupling slot. The example showcased demonstrates a fractional bandwidth of merely

2.3% (with a 15 dB return loss) within the Ka-band.
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A modification of the structure proposed in [37] is designed and simulated to provide
a broader bandwidth. The technique is to use a pair of slots, instead of one as in [37] to

couple both the guides [38]. The layout of the transition is shown in Fig. 3.20.

Microstrip line [RMAGUNUUUUIUDCUIUUCUILILL UL 2 i ]
1 I;}
G
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Microstrip Taper Coupling Slots
transition

Fig. 3.20. Basic layout of the proposed transition between SIW and waveguide with dual slot

configuration.

Similar to [37], the SIW substrate is directly appended to the waveguide flange.
Energy transfer is enabled through the utilization of two slots that are etched into the top
broadwall of the SIW. To operate over a broader range of frequencies, the slots are
deliberately given distinct lengths, resulting in the creation of two resonances at two close
frequencies. To obtain the broader bandwidth, the SIW is terminated with a short placed
at a distance approximately equivalent to three quarter-wavelengths from the central point
of the slots. This strategic placement transforms the impedance of the short so that it
effectively behaves like an open when considered at the plane of the slots. A similar effect
could be achieved by incorporating a short at any odd multiple of the quarter-wavelength
distance. However, adopting a quarter-wavelength distance for this purpose is unfeasible

as it would limit the slot lengths, which is undesirable. At the lower frequency band, the

82



SIW THEORETICAL CONCEPTS AND TRANSITIONS

longer slot becomes active and resonates, while at higher frequencies, the shorter slot
resonates. The design parameters are presented in Fig. 3.21 and the dimensions are

mentioned in Table 3.4.
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Fig. 3.21. Design parameters of the proposed single band transition between SIW and waveguide.

TABLE 3.4
Dimensions of the proposed single band SIW to waveguide transition

Dimensions aswi | M1 ty WoffL P2 dz L2 L1
Optimized 17 | 16| 48 1 155 | 1 27.44 | 48.36
Values (in mm)

Dimensions wi | W Iy P SoffL Soff2 lofi1 lofr2
Optimized | 15 f g9 | 185 | 1425 | 156 | 3 | 131 0
Values (in mm)

The single band transition is designed using a 0.5 mm thick Rogers RT/Duroid
substrate which features a dielectric constant of 2.2 and a loss tangent of 0.0009 and

simulated using Ansys HFSS. Fig. 3.22 shows that the structure has a return loss better
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than 10 dB for a bandwidth of 1.43 GHz and a bandwidth of 1 GHz having return loss

better than 15 dB. The insertion loss is better than 0.92 dB in the entire pass band.
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Fig. 3.22. HFSS Simulation of the proposed single band transition between SIW and

waveguide.

The same structure can be further tuned and optimized to develop a dual band
transition for multiband applications. The layout and the configuration of the transition
remain same as shown in Fig. 3.19. The only difference lies in the technique to resonate
the two slots at two different frequencies which are not close to each other, unlike the
broadband design. The dual band design parameters are presented in Fig. 3.23 and the

dimensions are mentioned in Table 3.5.
84



SIW THEORETICAL CONCEPTS AND TRANSITIONS

L4 ;
f > L3

RO RIS RCRC RO R R R RO IO R R RO RC R RO )

OO0 GO0 SO sC [N AN

®-)C- 30 Beseseseseeneaesesese e

Fig. 3.23. Design parameters of the proposed dual band transition between SIW and waveguide.

TABLE 3.5
Dimensions of the proposed dual band SIW to waveguide transition

Dimensions Asiw2 m; t WQoff2 p3 ds L3 L4

Optimized 17 | 16 | 48| 1 | 155 | 1 | s5 | 27.26
Values (in mm)

Dimensions W3 Wi I3 l4 Soff3 Soff4 lofia lofra

Optimized

. 1 1 17 14.2 1.43 2.3 0.89 4.25
Values (in mm)

The dual band transition is designed using a 0.5 mm thick Rogers RT/Duroid
substrate which features a dielectric constant of 2.2 and a loss tangent of 0.0009. The

structure is simulated using Ansys HFSS. Fig. 3.24 shows that the structure has a return
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loss better than 10 dB in the X-band at two pass bands. The centres frequencies of the two
passbands are at are at 8.97 GHz and 11.26 GHz and the 10 dB bandwidth of the

passbands are 300 MHz and 255 MHz.
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Fig. 3.24. HFSS Simulation of the proposed dual band transition between SIW and waveguide.
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3.8.3 SIW to ESIW

A design for a multilevel transition is formulated to facilitate power transfer from one
SIW to another ESIW positioned on distinct levels. Our proposal involves an
investigation into an efficient and compact multilayered transition design connecting SIW
and ESIW. This design is accomplished through the integration of a complimentary split
ring resonator (CSRR), strategically positioned within the shared broadwall of both the
SIW and ESIW. The transition exhibits a desirable return loss of less than 10 dB,
sustained over a frequency bandwidth spanning 300 MHz. This multilayered arrangement
holds potential for applications in establishing coupling structures within SIC, allowing

for enhanced connectivity and functionality.

The basic structure of the proposed transition between an SIW and the ESIW is
shown in Fig. 3.25. As shown in the figure, the ESIW sits right on top of the SIW, such
that the top broadwall of the SIW and bottom broadwall of the ESIW are common. In
order to initiate a multi-layered transition between the SIW layer and the ESIW layer, a
single ring complementary split ring resonator (CSRR) is etched out at the common
broadwall of the two guides. The developed CSRR is placed at a half-wavelength distance
from the input port of the SIW and at another half-wavelength distance from the CSRR,
along the SIW guide, a short wall is realized. The SRR used in the structure helps in
feeding the incident power from the SIW into the ESIW cavity. The ESIW guide is of
quarter-wavelength distance and the SRR is placed at the centre. The other end of the
ESIW line is short-circuited. The short-circuit and the side walls in the ESIW can be

achieved through gold-plating.
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<€——— ESIW Broadwall (Top)

ESIW Substrate
ESIW Sidewall (Gold plated)

ESIW Air filled ESIW
Common
SIwW Broadwall of

SIW and ESIW

SIW Substrate

SIW Broadwall ——>
(Bottom)

Fig. 3.25. Basic structure of the proposed transition between SIW and ESIW.
The top-view illustration of the structure along with the dimension parameters is

presented in Fig. 3.26, and the values for the parameters are shown in Table 3.6.

@_via

w_srr

L_srr

gap_sIr

Fig. 3.26. Design parameters of the proposed multilayered SIW-ESIW transition in top view.
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TABLE 3.6
Dimensions of proposed transition (Unit: millimeters)

Dimensions a_siw | a_esiw | @ via p
Optimized Values 18.5 22.5 0.5 0.7

Dimensions L_srr W_sIr gap_srr
Optimized Values 5 0.3 0.3

The structure is entirely designed using a Rogers RT/Duroid substrate with a
dielectric constant of 2.2 and loss tangent of 0.0009. The thickness of the substrate is 0.5
mm for the SIW and 1mm for the ESIW. The simulation of the structure is carried out
using Ansys HFSS. The results are displayed in Fig. 3.27, where, the simulated
transmission loss and return loss of the complete transition structure is displayed. It also
includes the results which take into the effect of £20 micron tolerances. The minimum
return loss obtained is 30.42 dB at 7.1 GHz. The structure has a bandwidth of 300 MHz
for 10 dB return loss. The E-field plot, in Fig. 3.28, shows the transition of TE1o mode
from SIW to the ESIW through the CSRR, etched out in the common broadwall of the

SIW and the ESIW transmission lines.

I —-S11
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—==821 (+20um)
~—S11 (-20um)
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Fig. 3.27. HFSS simulation result of the proposed multilayered SIW-ESIW transition.
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Fig. 3.28. HFSS E-Field plot of the proposed multilayered SIW-ESIW transition.

The PCB fabrication facilities which are nowadays commercially available can
develop the circuit with dimensional deviations within 15 pm and since the results
considering the £20 um tolerances, in Fig. 3.27, are within acceptable limits, this structure

is easily realizable and it may closely match with the measured results.

3.9. Conclusion

The basic theory of a SIW is studied along with its working principle. It is a planar
analogue of the standard rectangular waveguide. It can be manufactured using the
standard PCB fabrication process and drilling array of metalized holes on both the sides.
SIWs are light, low cost and planar unlike waveguides. They have a high quality factor
and lower losses than other planar structures. They can also be integrated to other planar
and non planar structures. It can propagate in TEmo mode only. The losses in an SIW are
composed of losses from the conductor, dielectric and radiation, which can be minimized

by selecting proper large vias and placing them closely. It finds application in various
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high intensity, dense packaging systems like space explorations and ISM devices.
Miniaturization of SIW is also been achieved with structures like FSIW, HMSIW,

QMSIW and ESIW.

A parametric study of SIW in HFSS was performed for various values of width a,
pitch p, and diameter d, and the optimum values were chosen based on the results. It was
discovered that the optimum values are a = 17.5mm, p = 1mm, and d = 1mm, where the
return loss is less than 20 dB and the insertion loss is less than 0.15 dB across the whole
X-band. The optimum values were chosen based on trade off between stability of plots

within X band and higher and spurious order modes excitation in the structure.

Parametric analysis of ESIW was performed in HFSS by adjusting the width a of
ESIW (since this is the only parameter that can be adjusted) and the optimum dimension
a=20mm is selected where the return loss is greater than 50 dB and the insertion loss is
better than 0.03 dB practically throughout the whole X-band. The optimum values were
chosen based on trade off between stability of plots within X band and higher and

spurious order modes excitation in the structure.

Transitions between various SIW and other technologies like waveguide, microstrip
and ESIW are studied. Simulation based design of these structures are presented. The
popular taper transition between microstrip and SIW has been studied and is further
modified to get a broader bandwidth by deploying stepped taper transition technique. The
simulation results show a much broader response than single taper microstip to SIW

transitions in the literature.
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Transitions between the SIW and waveguide using dual slots were also studied with
the help of two designs simulated in ANSYS HFSS. The slots are arranged in such a
fashion that they results in a broader band, as opposed to a single slot by resonating them
at closer frequencies, and, if they are resonated at distant frequencies, they yields dual

band transition response.

A transition operating within the C-Band frequency range, connecting two widely
utilized SIC technologies, SIW and ESIW, has been meticulously designed and subjected
to simulation. The transfer of power is facilitated by an etched complementary split ring
resonator (CSRR), which additionally plays a pivotal role in achieving optimal impedance
matching. This compact transition solution, owing to its simplicity and realization on the
same substrate, emerges as an effective means of integrating SIW and ESIW components
in a multilayered configuration. Consequently, it serves to advance the broader concept of
Substrate Integrated Circuits (SIC) by facilitating seamless integration and enhancing
overall system functionality.

Some more recent works on different forms of transitions were also studied in [39]-

[42] and these can form part of future work.
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CHAPTER 4

A COMPACT, BROADBAND THREE-WAY SIW RIBLET
COUPLER

4.1. Objective

The objective in this chapter is to design compact three-way substrate integrated waveguide
(SIW) power divider based on Riblet configuration at X-band. The power coupling among the
three output ports is achieved due to short openings in the narrow walls of the central SIW
channel. Matching posts are additionally placed to improve the performance in return loss and
isolation among ports as well. The posts are placed at the input and output ends of the coupling
region. This is the only SIW three-way power divider that shows non-adjacent port isolation

among six-port couplers.

4.2. Introduction

Multi-way power dividers and splitters are used in the design of phased array antennas, high
power amplifiers, and beam forming networks and are also gaining popularity within the
substrate integrated waveguide (SIW) technologies [1]. SIW based power dividers are proposed
in various configurations such as Wilkinson power dividers [2], Gysel power dividers [3], Riblet
couplers [4], crisscross directional couplers [5], multi-aperture couplers [6], and recombinant
couplers [7]. Wilkinson power divider requires lumped resistors which makes it inapt at

microwave and millimeterwave frequencies [2]. Though, Gysel power dividers [3] are compact,

97



A COMPACT, BROADBAND THREE-WAY SIW RIBLET COUPLER

they suffer from higher insertion loss, narrow bandwidth and design complexities. Riblet
couplers [4] are compact and provide moderate bandwidth, but they are mostly used for even
ways of power division. Crisscross power dividers [5] are multi-way power dividers, but they are
narrow band and are not compact. Though, multi-aperture [6] and recombinant power dividers
[7] provide wide bandwidth and good power division characteristics, they are large.
Conventional three-way power dividers in waveguide technology [8]-[9] provide low insertion
loss and good isolation characteristics, but have narrow fractional bandwidth of 10 to 15% and
are bulky. The demand within the researchers and the industry is to design less bulky multi-way
splitters and power dividers which would be effective as a Substrate Integrated Circuit (SIC)
[10]-[11]. Wideband six-port SIW power dividers/ combiners reported in [12] present a low cost
and planar design. Researchers proposed a compact substrate integrated waveguide-based six-
port coupler at X-band [13]. A a multi-functional half mode SIW six-port power divider using
the slot in the coupling region was proposed [14], however, due to the slot in the SIW, it suffers
from radiation losses. In [15] and [16] a three-way power divider in SIW using narrow wall
coupling was designed, they exhibits good insertion loss but the isolation and reflection
coefficient are poor. Moreover, the power dividers are narrowband. Though, these designs are
compact, provide good reflection coefficient and isolation between adjacent ports, but do not
report about isolation between non-adjacent output ports. The isolation between non-adjacent
output ports would also affect the performance of the power divider as reflected signal would
interfere with the signals in other ports resulting in a reduction of fractional bandwidth and

affecting the overall performance of the transmitters and receivers.

This chapter presents a study on compact planar three-way SIW power divider. The power
divider utilizes Riblet configuration for power division. By enhancing the TE,,) modes in the
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coupling region using symmetrical posts at input and output ends the isolation and return loss for
the power divider are achieved. It achieves good return loss and isolation characteristics over
27.3% fractional bandwidth. The coupling length of the power divider is 1.554, at a center
frequency of 9.6 GHz. The power divider may find applications in transmitters as power

combiner and in receivers as power divider to feed LO signals.

4.3. Riblet Coupler

Directional couplers are critical components for implementing power splitting and
combining networks [8]-[18]. The four-port coupler is a fundamental component that can be
implemented in a variety of electrical and geometrical configurations. Compact power splitting
and combining networks can be created using multiport directional couplers with six or more

ports.

The traditional two-ways division narrow-wall short slot coupler or the Riblet coupler is a
four-port device composed of two parallel waveguides connected by a single aperture created by
removing the common narrow wall [17], [18]. The phase difference between the TE;y and TE>
modes flowing through the coupling region determines the coupling. The efficient coupling to
the coupled port of the two way directional coupler depends on the efficient interaction between
the two modes TE;9 and TE>y [18]. TE;y and TE>) indicate one half cycle variation and two half
cycle variations along the width of the guide structure respectively with maximum of the field at
the center of the respective line. Hence for two way division, 7E,) mode excitation plays a very
important role which has two half cycle variations with each cycle coupled to each one of two

output ports. The coupler's coupling zone functions as an enlarged waveguide, with dimensions
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that allow the TE;y (even) and TE ) (odd) modes to exist while the TE3) mode is cutoff and non-
propagative. The development of TE3) mode limits the bandwidth of a Riblet coupler [17]. As a
result, the breadth of the contact region must be lowered in general to prevent the spread of the
undesirable TE3) mode. For broad bandwidth coupling, the interaction zone and the two adjacent
rectangular waveguides must be conjugate matched. To achieve the impedance match, H-plane

tapers are used.

Three-ways division Riblet coupler [8] is made up of three waveguides separated by two
metallic shims, with the coupling region constructed by inserting narrow slots along the smaller
waveguide dimension. The efficient coupling to the coupled port of the three way directional
coupler depends on the efficient interaction between the two modes TE;y and TE3y [17]. TE;p and
TEj3p indicate one half cycle variation and three half cycle variations along the width of the guide
structure respectively with maximum of the field at the center of the respective line. Hence for
three way division, 7E3) mode excitation plays a very important role which has three half cycle
variations with each cycle coupled to each one of three output ports. The width of the coupling
region is determined by the matching elements on each side of it. The matching components are
configured in such a way that modes greater than 7E3, do not propagate in the coupling region.
In [8], in the coupling zone, two cylindrical posts are symmetrically positioned. To reduce
reflections, a linear taper in the input waveguide is used near the coupling region. The waveguide
matched terminations absorb the power in the isolated ports. EccosorbR MF-117 is used to create
the waveguide pyramidal terminations. The two cylindrical posts have three functions: a)
creation of the TE;y mode, which works in conjunction with the TE;) mode to give equal power
division at the three output ports; b) reduction in reflections from the metallic shims, resulting in
a broader bandwidth; and c) reduction in coupling length compared to conventional power
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divider. In the TE,,, mode, m denotes the number of half cycle variations of E field along the
breadth of the guide structure and n along the height of the same. For example, TE3, mode
indicates there is three half cycles variation of E field along the breadth, and no variations of E
field along the height of the structure, which means that the magnitude and phase of the E field is
constant. The E-field configurations for TE;y and TE3) modes in SIW are illustrated in Fig. 4.1,

which is generated using Ansys HFSS.

(b)

Fig. 4.1. Ansys HFSS E-field plot in an SIW channel for (a) TE,, and (b) TE3;, modes.
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4.4. Three-way SIW Riblet Coupler

A. Layout

The coupler consists of three SIW channels, as shown in Fig. 4.2. The coupling region is
optimized by using the coupling tapers, to achieve good power division. SIW to microstrip
transition is used for the measurement of the power divider. Matching posts are used at the input
and output of the coupling region for the improvement of the reflection coefficient and isolation
of the power divider. The transition is designed using a microstrip taper and two transition-vias
placed symmetrically about it [10]. Transition-vias are used to achieve good transmission and
reflection coefficients for the transitions. As the power divider’s ports are designed with the
microstrip to SIW transition to feed the signals with standard SMA connectors, matching posts at
input and output of the coupling region are used for the improvement of the reflection coefficient

and isolation of the power divider.

Coupling taper SIW channels
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Fig. 4.2. The proposed structure of the three-way SIW Riblet Coupler
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B. Design Principle

The steps for designing the power divider are summarized below based on the Fig. 4.3:
1. The design process starts with the selection of SIW channel dimensions, to propagate
dominant 7E;y mode. The three-way coupler’s SIW channels are designed with standard

SIW waveguide dimensions a. The equivalent width of the channels Wy, is given below
[11].

g - R (4.1)

o 0.95p

2. The coupling area is designed as described by [9]. The coupling area is widened to
enhance the bandwidth. This is achieved by increasing the outer SIW channel. The width
of the coupling region W is governed by the relation given by 34,/2<W<54,/2.

3. The length of the coupling region L is given as L = (2m+1)z/(f;- f3), where ; and f; are
the propagation constants of 7E;) and TE3) modes, respectively. Based on the above steps
the initial design dimensions are calculated.

4. An increase in channel width results in the degradation of return loss and isolation at the
mid-band frequencies due to reflections from SIW channel walls and also due to the
interaction of reflected waves between the non-adjacent ports, respectively. Metallic
posts are introduced at the input to reduce the reflections and introduce 7E3) mode, which
would interact with the TE;p mode to give equal power division at the three output ports.
The vias are symmetrically placed at an initial distance of 4,/3 from the central SIW

channel walls based on the electric field distribution.
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5. Electromagnetic optimization is carried out to obtain the required return loss over the
bandwidth. Though, return loss improves, the isolation between the non-adjacent ports
has a resonance in the required bandwidth.

6. The outer posts are also symmetrically placed at an initial distance of 1,/3 and optimized
to obtain isolation better than 15 dB over the bandwidth. These posts impede the
interaction of the non-adjacent port reflections and also the reflections from input posts

resulting in enhanced return loss and isolation bandwidths.

The dimensions and optimized values of the coupler’s structure are shown in Fig. 4.3 and

Table 4.1, respectively.
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Fig. 4.3. Design parameters of the three-way SIW Riblet Coupler.
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TABLE 4.1

Optimized Dimensions of the Three-Way SIW Riblet Coupler (Unit: Millimeters)
L1 L2 L3 L4 LS L6 L7 L8 L9
5.8 5.2 13.6 13.6 13.7 14.5 30.4 15.3 17.3
L10 L11 L12 L13 L14 L15 L16 W1 W2
1.15 1 39.9 5.7 5.7 38.8 1.1 34 3.8
W3 R1 R2 R3 R4 RS p er h
1.6 1 0.5 0.5 0.5 0.25 1.9 2.2 0.508

C. Working Principle based on the design

It is known that the power division in couplers depends on the interaction of 7E;y and TE3
modes in the coupling region [8]-[9]. The coupling tapers are optimized to achieve the required
power division and eliminate higher-order modes. Since the coupling region is dependent on the
guided wavelength, the bandwidth is limited to 10-15% as shown in Fig. 4.4 and 4.5. Based on
the layout in Fig. 4.2 and the design steps mentioned in the previous section, Fig. 4.4 and 4.5
shows the variation of the simulated input return loss S11, and, simulated isolation between non-
adjacent output ports S43, respectively, in the coupler, between equal waveguide channel
(without posts), unequal waveguide channels (without posts), unequal waveguide channels (with

two input posts), unequal waveguide channels (with two input and two output posts).
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Fig. 4.4. Simulated reflection coefficient with variations in the coupler structure. The optimized structure

consists of unequal SIW channels, input, and output posts.
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Fig. 4.5. Simulated isolation coefficient with variations in the coupler structure. The optimized

structure consists of unequal SIW channels, input, and output posts.
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It shows that the three SIW channels are symmetrical provides 10% fractional bandwidth for
equal power division, and better than 15 dB reflection coefficient and isolation among ports. To
increase the bandwidth without affecting the isolation characteristics, unequal channel widths are
proposed. The outer channels of SIW are extended to enhance the coupling areas for broader
power division bandwidth. The power division bandwidth increases to 29.7%, however, there is
no significant improvement in reflection coefficient and isolation at mid-band frequencies as
shown in Fig. 4.4 and 4.5. The signal from port 3 entering the coupling area is leaked towards
port 4 and vice versa due to the wider coupling region. As the coupling region is increased,
higher-order TE,,y) modes are excited causing degradation of isolation and reflection coefficient
between the outer channels. In order to restrict this, matching posts are introduced at the input
side in the coupling region based on electric field distribution. The input posts improve the
reflection coefficient but slightly over couple the energy into the outer SIW channels. Though
the power division and reflection coefficient improvement is seen, the isolation bandwidth is
only 17%. To improve the isolation, output side posts are introduced. The optimized output posts
in conjunction with input posts improve the reflection coefficient as well as isolation by reducing
the reflections from the SIW channel vias and suppressing the higher 7E,,) modes, respectively.
The only disadvantage is the over coupling of power to the outer SIW channels. The overall
isolation bandwidth of the optimized power divider is 27.3%. The investigation of unequal SIW
channels widths, matching posts at input and output sides of the coupling region are validated by
examining the reflection and isolation coefficient characteristics of the power divider as shown
in Fig. 4.4 and 4.5, respectively. The E-field and H-field distribution for the power divider at

centre frequency are shown in Fig. 4.6.
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(2) (b)

Fig. 4.6. Field distribution of the three-way SIW riblet coupler at the centre frequency with excitation at

port 1. (a) Electric field distribution (b) Magnetic field distribution.

D. Fabrication and Experimental results

The power divider is simulated in 3D EM simulator Ansys HFSS. The analysis presented in
Section 2 is based on the simulations accounting for the variations in SIW channels, input, and
output posts. The power divider is optimized to achieve better reflection and isolation
coefficients. The optimized power divider is fabricated on Rogers 5880 substrate with 20 mil
thickness to demonstrate the feasibility of the power divider. The fabricated photograph of the

power divider is shown in Fig. 4.7.

108



A COMPACT, BROADBAND THREE-WAY SIW RIBLET COUPLER

Fig. 4.7. The fabricated prototype of three-way SIW Riblet Coupler.

The measured data are obtained by Keysight E8364B vector network analyzer. During the
measurement of the power divider, port 5 and port 6 are terminated with a matched load. Further
reduction in the power divider size can be achieved by internally terminating ports 5 and 6. The
simulated and measured power division characteristics of the power divider are shown in Fig.
4.8. The over coupling in the outer SIW channels as discussed in section 2 is due to input and
output matching posts. SIW to microstrip and microstrip to SMA connector transition losses

contribute to the insertion loss.
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Fig. 4.8. Simulated and measured power division at three output ports of the three-way SIW riblet

coupler.

The power divider reflection coefficient and isolation characteristics are shown in Fig. 4.9.
The measured isolation and reflection coefficient is better than 15 dB over a fractional
bandwidth of 27.3%. There is a close agreement between the simulated and measurement results
validating the proposed power divider design. The fabrication tolerances may cause a slight

mismatch in the simulated and measured results.
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Fig. 4.9. Simulated and measured reflection and isolation coefficient between the ports of the three-way

SIW riblet coupler.

The output transmission phase is shown in Fig. 4.10. The £S31 and £S41 plots are in-phase,
and £S21 is slightly shifted due to different path lengths of port 3 (port 4). It is also evident from

Fig. 4.5 that £S21 shifts with the insertion of posts in the coupling region.
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Fig. 4.10. Measured transmission phase of output ports of the three-way SIW riblet coupler.
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The measured fractional bandwidth of 27.3% is achieved with a coupling length of 41.8mm,
which corresponds to 1.55Ag at the centre frequency. Table 4.2 shows the comparison of the
proposed power divider with other reported power dividers. All the power dividers have an
operating frequency in X-band. The implementation configurations for all the power dividers are
six-port coupler. The coupling length of this work compared with ref [12], ref [13] and ref [6] are
much smaller. However, the fractional bandwidth is higher than the above references. The
isolation and return loss for the power dividers is better than 15 dB; however, none of the
references provide non-adjacent output port isolation, which is critical in designing power
dividers for transmitters and receivers. From the comparison, it is evident that the power divider
provides compact size, broad bandwidth, and good isolation characteristics between the adjacent

and non-adjacent ports.

TABLE 4.2
Comparison of performances with other reported structures

Reported papers Ref'[6] Ref [12] | Ref[13] | Ref[14] Ref [15] |This work
Technology SIW SIW SIW SIW SIW SIW
Configuration Multi-aperture | Six-port | Six-port Six-port Six-port | Six-port
Frequency (GHz) 12.5-16.4 |11.7-12.7| 11-12.4 ] 10.03-12.28 | 27.3-28.7 | 8.2-10.8
Size (Coupling length) 2.77\g 2.00Ag | 2.32Ag 1.63Ag 1.69\g 1.55\g
Fractional Bandwidth (%) 27 15 13 23.5 5 27.3
Isolation non-adjacent ports (dB) - - - - - >15
Isolation adjacent ports (dB) >16.5 >15 >15 >15 >11 >15
Return loss (dB) >16.5 >15 >15 >15 >11 >15
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4.5. Conclusion

A compact, broadband X-band SIW three-way power divider based on a six-port coupler
with enhanced isolation among the ports is presented. The power divider exhibits a reflection
coefficient and isolation better than 15 dB over a fractional bandwidth of 27.3%. The coupling
length is only 41.8mm which corresponds to 1.55A, at the centre frequency. Compared with
other reported three-way power dividers, the proposed design is considerably compact,
broadband, and provides higher isolation among the output ports. Specifically, it is used in X-
band transmitters for power combining to enhance the power handling capacity of the power
amplifiers and in X-band three-channel receivers for LO power division which is used for
pumping mixers. The power divider can also be used in sub-arrays for feeding the signal. The

presented design exhibits good isolation characteristics between adjacent and non-adjacent ports.
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CHAPTER 5

COMPACT, BROADBAND AND MULTIBAND SIW RADIAL
POWER DIVIDER

5.1. Objective

The objective in this chapter is to design a compact eight-way substrate integrated
waveguide (SIW) based radial power divider for broadband and dual band applications. This is
achieved by introducing planar impedance transformer consisting of an annular slot and circular
patch at the input and output feed positions. The equivalent circuit analysis helps in the
optimization of the annular slot and circular patch on the substrate which results in a broadband
operational bandwidth. Additionally, by employing complementary split ring resonator (CSRR)

metamaterial, dual band results are achieved.

5.2. Introduction

Multi-way planar power dividers are used in various microwave applications such as
antenna array feed networks, multiplexers, and high power amplifiers, which are some of the
integral components in sub 6-GHz 5G base stations and satellite communication systems at C-
Band. Compact, low cost and ease of integration are the basic requirements of planar power

dividers in modern dense packaged systems. Since, SIW has similar field distributions as
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rectangular metallic waveguides and has a Quality factor higher than most of the planar
transmission line technologies, and, can be integrated in the planar systems without any
mechanical assembly [1], it has become quite popular to design planar power dividers,. Several
planar multi-way power dividers designed in various transmission lines and technologies, are

investigated [2]-[11], however, they have their own advantages and limitations.

An eight-way ridge SIW power divider is presented in [2], in which grounded coplanar
waveguide to ridge SIW transitions, T-junctions and 90° bends are used. Although, it has a
broadband response of 28.13% bandwidth, the design is complex and integration is difficult.
Moreover, at certain frequencies within the band, it exhibits an insertion loss higher than 1dB.
The five-way Wilkinson power divider designed in microstrip uses an additional layer for the
interconnection of the isolation resistors in order to improve the insertion loss [3]. Broadband
responses are achieved in two four-way microstrip power dividers, operating in the entire S-band
and X-band, respectively [4],[5]. Though, the footprints of the circuit are slightly higher, they
produce filtering responses during the power division outputs. Subsequently, in order to reduce
the size, instead of using SIW-microstrip transitions, direct co-axial feed is appended at the input
of various miniaturized 1/32th mode SIW power dividers [6]. This technique is also used in the
design of radial SIW power divider [7]. Though, the compact dividers reported in [6],[7] have
lower insertion loss, they are narrow band. Various techniques have been proposed to enhance
the bandwidth characteristics of direct co-axial fed multi-way power dividers [8]-[11]. A coaxial
taper is designed in a waveguide to provide a smooth impedance match over a broad bandwidth
between the SMA connectors and the microstrip power divider [8] and waveguide power divider

[9], respectively. Stepped coaxial transformer is used, instead of coaxial taper impedance
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transformers, along with a dual-disk probe in a broadband SIW four-way power divider [10]
which has a 15dB return loss bandwidth over 35.29%. Suspended stripline eight-way power
combiner in [11] utilizes a cylindrical waveguide cavity to realize a wide band response of
28.78%. However, the additional coaxial transformers mentioned in [8]-[11] require complicated

mechanical fabrication, which makes the circuit bulky.

Passive devices and components such as power dividers, filters are essential in the present
day’s wireless communication systems. However, with the demand for effectiveness and high
integration capabilities in planar system assemblies, along with the minimization of losses,
intelligent multi-functional components are replacing multi-component systems, such as the
microstrip filtering power dividers in [12]-[14]. The microstrip Wilkinson power divider
reported in [12] have two-way power division with dual-band filtering in their response at S-
band (at 2.3 and 3.5 GHz) by incorporating dual resonance resonators at the two outputs. It also
exhibits a wide stop band with 20 dB rejection level. A dual band filtering power divider in
microstrip configuration with wideband response is proposed in [13] at S-band. The tested
fabricated power divider has a 3 dB bandwidth of 36.5% and 22.3%. It is achieved by
introducing a coupling topology with the help of two open stub resonators. In [14], two multi
mode resonators have been used to construct the dual band power divider at 1.58 and 2.89 GHz,
with isolation better than 21 db in the entire pass bands. However, even though [12]-[14] show
good filtering characteristics, the insertion losses are more than 0.8 dB. Multiway planar power
dividers, which finds usages in various microwave applications and act as integral components in
wireless communication systems have also been developed into filtering power dividers [15]-
[17]. A dual-band three-way microstrip Wilkinson power divider is reported in [15], which

operates in the L-band at 0.6 GHz and in the S-band at 2.45 GHz. However, the structure is not
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compact and results in amplitude imbalances of more than 1 dB at the higher band. The Bagley
Polygon designs [16] are realized in both three and five-ways of power division at L- and S-
bands. They show good rejection of more than 10 dB between two passbands with 0.8 GHz in
the three-way power divider and 1 GHz in the five-way power divider. Subsequently, high
isolation and good matching are obtained in the four-way dual-band microstrip design [17]. Due
to the high-quality factor of SIW (270£20) [18], compact multi-functional components are also
realized and integrated into the planar systems without any extra mechanical assembly like the
dual-band power divider in [19]. Even though the power divider shows good rejection between
two passbands in C- and X- bands, the insertion loss is 0.9 dB, and 1.5 dB respectively. At
present, filtering power dividers in SIW are not developed for multiway power division and are

hence limited to two ways of division.

This chapter presents a study on direct-coaxial fed N-way multiway radial power dividers in
SIW configuration operating at C-band. Equivalent circuit analysis is carried out to understand
the behavior of the power division from narrow band response to a broader bandwidth, for
various N-way radial SIW power dividers. Planar impedance matching is the key for obtaining
broader bandwidth. This is achieved through proper optimization of planar annular slot and
circular patch at the input and output ports. A broadband eight-way radial SIW power divider is
also fabricated and measured. The percentage bandwidth for the power divider is 53.5% with 15
dB input return loss. The advantage of this multi-way planar power divider is its broad
bandwidth, compactness and ease of integration with other planar circuits. Further, an eight-way
dual-band radial SIW power divider which operates at S-band and C-band is also designed. The
combined design of complementary split-ring resonators (CSRR) and the radial power divider

resulted in dual-band multiway power division. Proper etching of CSRRs at the common walls of
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the sectored power divider is the key to obtain a stopband in the otherwise broadband power
divider response. The proposed power divider operates at 3.5 GHz and 7 GHz having a 10 dB
return loss bandwidth of 17.14 % and 25.92 %, respectively. The planar configuration along with
its filtering capabilities without any usage of discrete components for power division and
filtering makes the multiway dual-band power divider advantageous. A good rejection between
the two desired passbands is achieved at 5.5 GHz with a return loss of 28.35 dB. The rejection
bandwidth of more than 10 dB is measured at 2.25 GHz. This power divider can find usages in
beamforming arrays for 5G communications (n78 band) and satellite communications.
Moreover, the stopband helps in blocking the WiMAX frequencies in order to avoid

interferences in the communication system.

5.3. Multiway SIW radial power dividers

5.3.1. Layout

The basic layout of an N-way SIW radial power divider is composed of one central input
port and N radially spaced identical output ports on the opposite side of the substrate. Input and
output power is fed through SMA connectors. At each of the feed points, a circular patch and an
annular slot is present. Initially, the output ports are symmetrically placed at half wavelength
distance from the input port and quarter wavelength from the outer circumference of the radial
waveguide. The dimensions of the central port may be different from those of the peripheral
output ports. The central input port and peripheral output ports can either be on the same or the
opposite sides of the SIW radial cavity. The boundary wall is realized using a series of equally
spaced radial metalized vias, which act as an electric wall that suppresses the parallel plate leaky

modes. The layout of an §-way SIW radial power divider is shown in Fig. 5.1.
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Fig. 5.1. Layout of an eight way substrate integrated waveguide radial power divider. (a) Top view. b)
Bottom view.

5.3.2. Equivalent Circuit

For power transfer over a significant bandwidth, it is important to properly match the input
and output port impedances. The impedance transformer circuitry is mainly composed of two
parts. One is a circular patch around the feed points and the other is an annular slot etched
around the circular patch. If the N-way radial SIW power divider structure is radially divided
into N sectors, then each sector shall form a branch of the power divider, which consists of an
input and output impedance transformation network connected in series with a line having a
characteristic impedance of Z;. The impedance matching is described in the equivalent circuit of

the radial power divider as shown in Fig. 5.2 and Fig. 5.3. Fig. 5.2 displays the equivalent circuit
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of a single sector of the power divider and Fig. 5.3 shows how N sectors together are connected

to form the N-way radial SIW power divider.

Fig. 5.2. Extraction of the equivalent circuit from the N-way radial SIW power divider of a single sector.
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Fig. 5.3. Equivalent circuit from the 8-way radial SIW power divider.
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In the equivalent circuit, power from the input and output coaxial lines are coupled to the
SIW by the circular patches, which can be modeled by inductances L; and L,, respectively. The
slot capacitances are formed by gap capacitances (C; and C4) and fringing capacitances (C,, Cs at
the input, and Cs, Cg at the output side). The output port terminates to a line with a characteristic
impedance of Z,. Since the circuit elements of each branch of the power divider are identical, the
branches can be considered to be connected in parallel with each other. Thus, if the input port
impedance is Z;, the line impedance of each branch would be NZ, for an N-way power divider.
This results in equal power division in each branch of the structure. Using standard formulas [22]
initial value of the circuit parameters are calculated from the dimensions of the power divider for
two ways of power division and four ways of power division. These circuit parameters are
further optimized using Keysight Technologies” ADS in order to achieve broadband power
division for a two-way power divider and a four-way power divider. It is observed that
increasing the inductance, L, and capacitance, C; at the input leads to a broadband response.
However, in addition to these, the inductance and capacitances at the output side are also
increased, as they contribute in the improvement of the overall input return loss. The S-
parameters of the equivalent circuit from the ADS simulation are shown in Fig. 5.4 and Fig. 5.5,

respectively.
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Fig. 5.4. Simulated input return loss (S11) and insertion loss (S12, S13) of ADS equivalent circuit model
of 2-way SIW radial power divider.
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Fig. 5.5. Simulated input return loss (S11) and insertion loss (S12, S13, S14, S15) of ADS equivalent

circuit model of 4-way radial SIW power divider.

The experimental results show a 15 dB return loss bandwidth of 5.67 GHz and 4.27 GHz for
the 2-way and 4-way radial SIW power divider respectively. At a centre frequency of 7.49 GHz,
the insertion loss for the 2-way power divider is 3.04 dB and at a centre frequency of 7. 27 GHz,

the insertion loss for the 4-way power divider is 6.17 dB.
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5.3.3. Eight Way Radial SIW Power Dividers (Single Band)

Using the equivalent circuit analysis for N-way power dividers and the standard formulas
[22] initial value of the circuit elements are calculated from the dimensions of an eight-way
radial SIW power divider. Keysight Technologies’ ADS is used to further optimize these circuit
parameters in order to achieve the power division over a broader bandwidth. As discussed, that a
broadband power division in the N-way radial SIW power dividers can be achieved by
increasing the inductance, L; and capacitance, C; at the input, and, the inductance and
capacitances at the output side are additionally increased, as they contribute in the improvement
of the overall input return loss. The dependence of the input return loss on the circuit elements,
namely the inductances L1, L2 and gap capacitances C1, C4, obtained from ADS simulations,

are shown in Fig. 5.6 and Fig. 5.7, respectively.
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Fig. 5.6. Dependence of the input return loss on (a) L1 and (b) L2 for an 8-way radial SIW power divider
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Fig. 5.7. Dependence of the input return loss on (a) C1 and (b) C4 for an 8-way SIW power divider

Hence, from Fig. 5.6 and Fig. 5.7 we see that if the circular patch radius is increased and the

annular slot width is decreased it is possible to achieve a broadband response. Accordingly, the

structure is simulated in Ansys HFSS (Fig. 5.8).

Fig. 5.8. Simulation structure of the proposed eight way radial SIW power divider;

Port 1: Input, Port 2-9: Output.
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The structure in Fig. 5.8 is modeled along with the SMA connectors, and optimized to get

the required performance. The design parameters of the structure are shown in Fig. 5.9.

(2) (b)

Fig. 5.9. Design parameters of the proposed eight-way radial SIW power divider

(a) Top view, (b) Bottom view.

The optimized dimensions for the initial narrow band design are listed in Table 5.1 and the
S-parameters of the 3D EM model on a 62mil Rogers RT/Duroid 5880 substrate having a
dielectric constant of 2.2 and loss tangent of 0.0009 from the Ansys HFSS simulation are shown

in Fig. 5.10.

TABLE 5.1
Optimized Dimensions of Narrow Band Eight-Way Radial SIW Power Divider (Unit: Millimeters)
Dimensions X; Vi Zi Xo Yo Zy d P D L
Optimized 07 |12 |17 07 |12 |17 |05 |316 | 322 118
Values
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Fig. 5.10. Simulated input return loss (S11) and average insertion loss (IL) of HFSS 3D model of 8-way
radial SIW power divider.

The experimental results obtained from Fig. 5.10 shows a 15 dB return loss bandwidth of
1.1 GHz and at a centre frequency of 6.2 GHz, the insertion loss for the 8-way power divider is
9.07 dB and the S11 is -24.4 dB. The optimized dimensions for the broadband design are listed
in Table 5.2 and the S-parameters of the equivalent circuit from the ADS simulation and 3D EM

model from the HFSS simulation are shown in Fig. 5.11 and they are in good agreement.

TABLE 5.2
Optimized Dimensions of Broadband Eight-Way Radial SIW Power Divider (Unit: Millimeters)
Dimensions X; Vi Z; Xo Yo Z, d p D L
Optimized 04 | 185 227 04 |1.75 227 |05 316 | 322|118
Values
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Fig. 5.11. Simulated input return loss (S11) and average insertion loss (IL) of ADS equivalent circuit and
HFSS 3D model of the eight-way radial SIW power divider.

The optimized broadband eight-way radial SIW power divider, with dimensions mentioned
in Table 5.2, is fabricated on a 62mil Rogers RT/Duroid 5880 substrate with a dielectric constant
of 2.2 and loss tangent of 0.0009. The photograph of the fabricated power divider is shown in
Fig. 5.12. The power divider is measured using Keysight E8364B vector network analyzer. The

simulated and measured results of the power divider are shown in Fig. 5.13, Fig. 5.14, Fig. 5.15.

Fig. 5.12. Fabricated power divider (a) Top view and machined SMA connector (inset), (b) Bottom view
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Fig. 5.13. Simulated & measured transmission and reflection parameters of the power divider for port 2-5
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Fig. 5.14. Measured transmission phase of the power divider from port 2 to port 5.
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Fig. 5.15. Simulated and measured isolation of the power divider between output port 2 and output ports
3,4,5,6.

The simulated and measured input return loss and insertion loss for four adjacent output
ports (port 2 to port 5) of the power divider are shown in Fig. 5.13. At a centre frequency of 6.6
GHz, the measured return loss is 23.9 dB and the minimum average insertion loss is better than
0.5 dB. 15dB return loss fractional bandwidth of 53.5% is achieved. The measured transmission
phase at the output ports is shown in Fig. 5.14. Fig. 5.15 shows the plot for isolation between the
output port 2 and the output ports 3, 4, 5, 6, where port 3 is the adjacent port and port 6 is the
farthest from port 2. It is observed that as the distance between the output ports increases, the
isolation between them improves. The symmetry of the structure results in similar frequency
response for all the output ports. The power divider is compact in size with a radius of 16.Imm
and an area of 0.72 A;". The minute deviations of the measured results with the simulated results
may be attributed to SIW losses, SMA to SIW transition losses, improper placement of SMA

connectors, and fabrication errors.
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A comparative study of the proposed eight-way SIW power divider with other reported
multi-way planar power divider structures is shown in Table 5.3. Although, [6],[7] shows a
direct planar matching between the coaxial feed and the PCB, the bandwidth is narrow. The
planar multi-way dividers in [10] and [11], presents broadband characteristics at the cost of
bulky transformers between the SMA connector and the planar circuit. The planar power divider
in [23] achieves a broader bandwidth than [6],[7], through planar matching but, at the cost of
stacked multiple substrate layers. The proposed planar structure achieves a bandwidth broader

than [6], [7], [10], [11] and [23] through planar matching between the SMA connectors and the

PCB. Therefore, broadband power division is achieved using planar and compact design.

TABLE 5.3
Comparison of Fabricated Planar Multi-Way Power Dividers
Ref. [6] Ref. [7] Ref. [10] Ref. [11] Ref. [23] This work
8-way 8-way 4-way 8-way 7-way 8-way
17320 Suspended
Technology mode SIW SIW SIW stripline SIW SIW
Frequency
Band S C C Ku K C
:; ‘)’B FBW | 54 9.53 35.29 28.78 192 53.56
[
Size (mm?) 1366.04 813.92 1148.89 417.07 2025 813.92
Centre
Frequency 2.44 5.25 6.8 13.9 18.25 6.61
(GHz)
Size (12) 0.49 0.91 - 1.35 - 0.72
Direct Planar Planar
Matching . . . matching broadband
. coaxial Direct coaxial o .
Technique Stepped Cylindrical through matching by
feed and | feed and planar . . CC
used for coaxial cavity substrates optimizing
planar narrowband . .
feed . transformer | transformer | stackedin |circular patch
narrowban matching .
connector d matchin multiple and annular
£ layers slot

5.3.4. Eight Way Radial SIW Power Dividers (Multi Band)

A. Basic Layout and Design

The design of the power divider is an extended version to the broadband eight-way power

divider. With the configurations mentioned above in the previous sections, power is equally
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divided amongst the eight ports and transferred over a broader bandwidth. However, a broadband
SIW radial power divider can also be transformed to act as multi-band power dividers with the
placement of etched-out complementary split-ring resonators (CSRRs) in the structure. The
layout of a dual-band SIW radial power divider is shown in Fig. 5.16. Eight CSRR structures are
etched in the power divider and placed on every sectored line of a radial power divider, such that

one CSRR is etched in between two adjacent output ports.

Boundary Wall

Annular Slot Coupling Region

O SO
7o .
Q o
- -
o I o
/ |

o 0 o
- o

Outpuot

° Feed Points

(b)

TS

Fig. 5.16. Layout of a dual-band eight-way radial SIW power divider. (a) Top view. b) Bottom view.

The design process of the eight-way dual-band power divider is mentioned below:
a. In the substrate, a series of equispaced metallic via holes are drilled radially at a distance of %

from the center. This forms the electric wall of the radial waveguide.

=32 (5.1)

D A
2 4

b. A metallic via of radius x; is drilled at the center of the substrate to design the input port.
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c. Around the input port, at a distance of y; from the center, a circular slot (having a width of:
z; — Y;) 1s etched out on the top side of the conductor.
d. At a distance of L from the center, eight equispaced metallic via holes of radius x, are drilled

radially. This forms the eight output probes.

Ag

L=" (5.2)

e. Around the input port, at a distance of y, from the center, a circular slot (having a width of:
Z, — Y, ) 1s etched out on the top side of the conductor.
f. Between the output ports, on every sectored line of the radial power divider, CSRR structures

are etched out on the substrate at a distance of Lg from the centre.

A
Ly =2 5.3
S 2 ( )
g. The CSRR structures are designed based on the standard formulas (14, I, w1, Wy, 91, 92, 912)
[20].

h. SMA connectors are appended to the structure at the input and output ports through soldering.

Accordingly, the structure, along with the model of the SMA connector, is simulated in

Ansys HFSS (Fig. 5.17) and optimized to get the required performance.
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Fig. 5.17. Simulation structure of the dual-band eight-way radial SIW power divider;
Port 1: Input, Port 2-9: Output.

The design parameters of the structure are shown in Fig. 5.18.

Fig. 5.18. Design parameters of the dual-band eight-way radial SIW power divider

(a) Top view, (b) Bottom view.
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B. Basic Working Principle

It can be noted from the previous sections that the isolation between the output ports of a
broadband SIW radial power divider is poor. However, as the isolation between the output ports
is improved, the insertion loss and the input return loss characteristic of the power divider
degrades. To improve the isolation performance and to achieve good stop band performs CSRRs
have been employed. The designed CSRRs, at their resonant frequency, provide negative
permittivity resulting in evanescent wave propagation within the power divider. However, just a
stopband will not improve the power division characteristics in the passband. The CSRRs, which
are designed to achieve a stopband, contribute to the improvement of the passbands and

discussed below.

In the natural course of propagation of power in a radial SIW, the fields, after entering the
SIW from the input port, travel radially towards the boundary wall. In the proposed dual-band
power divider, the fields, prior to the output ports, primarily interact with the individual CSRRs.
At the stopband frequency, the time-varying electric fields which are parallel to the CSRR’s axis,
i.e. the fields which are perpendicular to the top and bottom walls of the radial structure through
the dielectric substrate, results in a strong electric coupling with the CSRR as they constitute a
single negative medium with negative permittivity. As a result, the propagating waves become
evanescent waves, and hence the signal is inhibited and can’t end up at the output ports. The
Ansys HFSS simulated field propagation at the stopband centre frequency of 5.5 GHz is shown
in Fig. 5.19. At the passband frequencies, since the field wavelengths are much larger than the
CSRRs’ electrical length, the CSRRs reflect the entire power to the adjacent output ports since

the output, between which it is placed, and this helps in the enhancement of the power division at
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the passband leading to a dual-band response. Furthermore, since CSRRs are known to exhibit
very sharp transitions from passband to stopband at the lower frequencies of the stopband and
from stopband to passband at the higher frequencies of the stopband [21], they will help in

providing proper isolation between the dual-bands.

8.3272e+202

<282

" 2
3.6038e+201

2.3697e-€0Z
8.3197e-£03

Fig. 5.19. Ansys HFSS simulated field propagation at the stopband centre frequency of 5.5 GHz.

Due to the symmetry of the structure, dual-band response could also have been achieved
using four CSRRs instead of eight, and these four CSRRs were to be placed at alternate sectored
lines of the power divider, as shown in Fig. 5.20. However, CSRRs are known to improve the
passband return loss characteristics and the rejection in the stopbands. Moreover, with four
CSRRs at alternate sectored lines resulted in additional lower isolation between the output ports

where the CSRR was missing.
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Fig. 5.20. Layout of the dual-band eight-way substrate integrated waveguide radial power divider with
four CSRRs (Top view).

The Ansys HFSS simulation study between the usage of four CSRRs and eight CSRRs in a
radial SIW power divider with eight-way division is shown in Fig. 5.21 and Fig. 5.22. The

simulations shows that the usage of eight CSRRs over four is advantageous.
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Fig. 5.21. Simulated input return loss (S11) and average insertion loss (IL) of Ansys HFSS 3D model
of the proposed power divider using four and eight CSRRs.
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S- Parameters (dB)
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Fig. 5.22. Simulated isolation of Ansys HFSS 3D model of the proposed power divider between port
2 and port 3 (adjacent ports), and, between port 2 and port 6 (farthest ports), with four and eight
SRRs.

C. Fabrication and Measurement

The optimized dual band eight-way radial SIW power divider, with dimensions mentioned
in Table 5.4 as per the design structure in Fig. 5.18, is fabricated on a 62mil Rogers RT/Duroid

5880 substrate with a dielectric constant of 2.2 and loss tangent of 0.0009.

TABLE 5.4
Optimized Dimensions of Dual-band Eight-Way radial SIW Power Divider (Unit: millimeters)

Dimensions X; Vi Z; Xo Yo Z, d p D
Optimized Values | 0.4 1.89 234 |04 1.78 | 225 |05 207 | 422
Dimensions L Lg [ 2 wy W) g g gn
Optimized Values | 13.8 | 13.4 482 | 3.68 | 031 | 031 [045 | 045 |0.26
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The photograph of the fabricated power divider is displayed in Fig. 5.23. It is measured
using a Keysight E8364B vector network analyzer. The simulated and measured results of the

power divider are shown in Fig. 5.24, Fig. 5.25, Fig. 5.26, Fig. 5.27 and Fig. 5.28.
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Fig. 5.24. Simulated and measured transmission and reflection parameters of the dual band eight-way

radial SIW power divider.
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Fig. 5.25. Simulated and measured isolation of the dual band eight-way radial SIW power divider

between port 2 and port 3 (adjacent ports), and, between port 2 and port 6 (farthest ports).
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Fig. 5.26. Simulated and measured transmission phase of the dual band eight-way radial SIW power

divider between port 2 and port 6 (farthest ports).
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Fig. 5.27. Measured amplitude balance between output ports 2 and 6 of the dual band eight-way
radial SIW power divider.
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Fig. 5.28. Measured phase balance between output ports 2 and 6 of the dual band eight-way radial
SIW power divider

The simulated and measured input return loss and insertion loss for the output port of the
power divider are shown in Fig. 5.24. At a frequency of 5.5 GHz, the measured rejection is 28.35

dB. The 10dB rejection bandwidth of 2.25 GHz is achieved between the two passbands at S and
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C band. The minimum average insertion loss is not more than 0.5 dB. The output ports present a
similar frequency response due to the symmetry of the structure. The dual-band multiway power
divider is compact in size with a radius of 21.1 mm and an area of 1.24 kgz. In Fig. 5.25, the
simulated and measured isolation between two adjacent output ports and two output ports that
are farthest are displayed. It substantiates that at the stopband, the isolation between the adjacent
ports improves to such an extent that at the 5.5 GHz stopband centre frequency, the isolation is
more than 55 dB, whereas, at the passbands, the isolation is similar to that of standard eight-way
radial SIW power dividers. As the distance between the output ports increases, the isolation
between them improves. Fig. 5.26 shows the simulated and measured transmission phase of the
two farthest output ports. The deviations in the measured results from the simulated results may
be attributed to SMA to SIW transition losses, improper placement of SMA connectors, SIW
losses, and fabrication errors. Fig. 5.27 and Fig. 5.28 show the amplitude and phase balances,
respectively, between the farthest output ports 2 and 6. The amplitude balance is within 0.6 dB,
and, the phase balances between the ports are within £8°. The slight shift in the centre frequency
of the higher passband may be attributed to the cause of the loading effect from the CSRRs.
However, the 10 dB return loss bandwidth of the measured circuit nearly matches with the

simulation results.

5.4. Conclusion

An innovative broadband and compact eight-way Substrate Integrated Waveguide (SIW)
radial power divider is introduced and presented in this chapter. This power divider boasts a
remarkable fractional bandwidth of 53.5%, offering coverage across almost the entire C-band at

a central frequency of 6.6 GHz. Despite its broadband capability, the power divider maintains a
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compact form factor, measuring just 0.72 times the guided wavelength (kgz) in size. The power
divider's extensive bandwidth is achieved through the utilization of planar annular slot and
circular patch impedance transformers integrated into the planar substrate itself. This innovative
approach ensures broadband performance without adding bulkiness to the design. The
impedance matching between the coaxial fed ports and the radial SIW power divider structure is
carefully analyzed and validated through equivalent circuit simulations. This approach
streamlines the 3D electromagnetic (EM) simulations, minimizing the need for iterations and
improving design efficiency. The impressive combination of broad bandwidth and compactness
makes this power divider well-suited for various applications. It holds significant potential for
sub-6 GHz 5G base stations and satellite communication systems. The power divider's
adaptability for use in antenna arrays, multiplexers, and high-power amplifiers further

underscores its utility across diverse communication scenarios.

This technique of obtaining a dual-band response within the proposed power divider by
incorporating CSRRs, which have smaller electrical size, promises easy fabrication of the
structure using standard planar circuit fabrication methods for printed circuit boards. It requires
no extra circuit area and can even be etched out on any of the conducting planes of the power
divider. It is thus able to retain the compactness of the entire structure unlike other solutions
which would either make the circuit bulky or complex in design. Since the dimensions of the
CSRR, which includes the length, width, and gap of the CSRR rings, can influence the frequency
of operation, they can be tuned and further designed to obtain dual-bands at desired frequencies
by determining the nature of the stopband. However, this is possible only within the bandwidth
of operation of the power divider in the absence of the CSRRs, which in its original form acts as

a broadband SIW radial power divider. Dual-band performance is achieved using etched
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complementary split-ring resonators in the planar substrate itself, which would otherwise require
a separate filtering component to reject out the unwanted frequencies. The composite dual-
bandwidth operation in this compact multiway power divider makes it useful in various wireless
communication systems such as antenna arrays, multiplexers, and high power amplifiers, as it
provides lower losses without being bulky. The design can be further extended for a triple band

power divider as well by incorporating CSRR rings so as to produce two stop bands.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE OF WORK

6.1 Conclusion

The fundamental theory underlying a Substrate Integrated Waveguide (SIW) is explored in
the thesis, alongside a comprehensive understanding of its operational principles. SIW is a
technology that employs a planar structure to mimic the behavior of traditional rectangular
waveguides while integrating seamlessly with planar circuits. Its operation is rooted in the
confinement and guiding of electromagnetic waves within a substrate with 7E;) mode as the
fundamental mode of propagation. This allows SIW to exhibit waveguide-like behavior while
being compatible with standard printed circuit board (PCB) fabrication processes and hence is a
light, low cost technology. The losses within a SIW are primarily conductor losses, dielectric
losses, and radiation losses. These losses can be mitigated by making prudent choices in terms
of utilizing appropriately sized vias and arranging them in close proximity. From the literature
review in Chapter 2 on the characteristics of SIW and how it has proved to be a better solution
to various applications, it shows huge potential to cater to the needs of multiple-input multiple-
output (MIMO) techniques in an Substrate Integrated Circuits (SIC) system through multiway
capabilities in power dividers and couplers. Multi-band operations in various components and
sub-systems are of immense demand in satellite communication and 5G applications and SIW
can be used to develop desiging such components as well which are not only compact but

presents multi-band outputs.
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A comprehensive parametric study of a SIW was conducted using ANSYS HFSS at X-
band in Chapter 3. This study involved varying the width, pitch, and diameter of the SIW
structure to assess their impact on its performance. Through this study, specific values for these
parameters were identified as optimal. The chosen parameter values were determined to ensure
that the SIW’s characteristics remained stable and consistent across the X-band. This stability is
vital for reliable operation and consistent performance. Another crucial consideration was to
avoid the unintentional excitation of higher-order modes or spurious modes within the SIW
structure. This trade-off between maintaining stability within the desired frequency range and
preventing unwanted mode excitation guided the determination of optimal parameter values for
the SIW, ensuring its effective performance within the X-band. One of the effective and
evolved form of SIW is the Empty Substrate Integrated Waveguide (ESIW) where the
dielectric substrate is replaced by air. Parametric analysis of ESIW was also studied in the X-
band by designing and simulating it in ANSYS HFSS. The width of ESIW was varied. Like
SIW, designers should choose the optimum values based on the trade off between the stability

of ESIW characteristics and higher and spurious order modes excitation in the structure.

Chapter 3 also delves into an in-depth study of transitions between SIW and other various
technologies like waveguides, microstrips, and empty substrate integrated waveguides (ESIW).
The chapter employs simulation-based design approaches to investigate and present these
transition structures. The investigation begins with the exploration of a widely used taper
transition between microstrip and SIW. This transition is modified to achieve a broader
bandwidth using a stepped taper transition technique. The simulation outcomes reveal a

significantly broader frequency response compared to single taper microstrip to SIW transitions
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found in existing literature. Further, transitions between SIW and waveguides are explored
through the use of dual slots. The arrangement of these slots leads to a broader band response
by causing resonance at closer frequencies. Alternatively, resonating them at distant
frequencies results in a dual-band transition response. Another significant contribution lies in
the design of a transition between two widely utilized SIC technologies, SIW, and ESIW
operating in the C-Band frequency range. Power transfer is enabled through an etched
complementary split ring resonator (CSRR), which additionally aids in achieving optimal
impedance matching. The compactness and simplicity of this transition, which is realized on
the same substrate, allow for the effective integration of SIW and ESIW components within a
multilayered configuration. This advancement aligns with the broader concept of SIC by

enabling seamless integration and enhancing overall system functionality.

In Chapter 4, a compact and broadband X-band Substrate Integrated Waveguide (SIW)
three-way power divider based on a six-port riblet coupler is introduced. This power divider
showcases improved isolation among its ports, presenting significant advantages over other
designs. The coupler demonstrates exceptional performance over a broad frequency range in
the X-band. Its reflection coefficient and isolation are maintained at levels exceeding 15 dB
across a fractional bandwidth of 27.3%. It achieves the desired performance within a compact
size. This is advantageous in space-constrained applications. The coupling length for this power
divider is impressively short. The design boasts robust isolation characteristics between both
adjacent and non-adjacent ports, further enhancing its overall functionality. This power divider
design is versatile and finds utility in various applications. It can be integrated into X-band
transmitters for power combining, enhancing the power handling capacity of power amplifiers.

Similarly, it can be employed in X-band three-channel receivers for local oscillator (LO) power
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division, which is essential for pumping mixers. Additionally, the power divider can be used
within sub-arrays for signal feeding. This work represents a significant advancement in the
riblet coupler based power divider technology with multi-ways of power division, offering

enhanced performance, compactness, and versatility for a range of applications.

In chapter 5, a noteworthy achievement is the introduction of a broadband and compact
eight-way SIW radial power divider. The power divider boasts an exceptional 15 dB fractional
bandwidth of 53.5%, effectively covering a substantial portion of the C-band. Despite its broad
bandwidth, the power divider maintains a compact form factor. This compactness is highly
advantageous for practical implementations with space constraints. The impedance matching
between the coaxial fed ports and the SIW is rigorously examined. An equivalent circuit
simulation approach is used, optimizing the 3D electromagnetic simulation with minimal
iterations. This methodology aids in achieving efficient and accurate simulations. The power
divider's broadband performance is achieved by incorporating planar annular slot and circular
patch impedance transformers directly into the planar substrate. This approach avoids the
bulkiness that would otherwise be associated with external components. The combined
attributes of broadband coverage and compact size make this power divider design valuable for
a range of applications. It holds potential in sub-6 GHz 5G base stations and satellite
communication systems. It can be effectively utilized in various scenarios, including antenna
arrays, multiplexers, and high-power amplifiers. This design can be further developed into a
dual band eight way radial SIW power divider as well. The technique employed to achieve a
dual-band response within the proposed power divider, using compact Complementary Split-
Ring Resonators (CSRRs), holds several advantages. These CSRRs have smaller electrical

sizes, enabling easy fabrication through standard planar circuit methods for printed circuit
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boards. This technique ensures the power divider retains its compactness while delivering
enhanced functionality, which is not the case with alternative approaches that might result in
bulkier or more complex designs. The incorporation of CSRRs, which involves tailoring
parameters such as length, width, and gap of the CSRR rings, allows for fine-tuning the dual-
band frequencies based on the nature of the stopband. It enables the achievement of dual-band
performance without requiring additional filtering components to reject unwanted frequencies.
This dual-band operation holds significant potential for various wireless communication
systems, including antenna arrays, multiplexers, and high-power amplifiers. The power divider
design offers reduced losses without sacrificing compactness, making it a valuable solution for
practical implementations. Moreover, this design approach could be extended to create a triple-
band power divider by incorporating CSRR rings that introduce two stop bands, further
expanding the capabilities of the system. Overall, the utilization of CSRRs within the compact
multiway power divider design presents an innovative and practical solution to address dual-
band requirements in applications, offering enhanced performance without compromising on

space or complexity like satellite communication and 5G technologies.

6.2 Future Scope of Work

There is a huge potential of SIW technology at higher frequency ranges, such as millimeter-
wave and terahertz frequencies. These frequency ranges are gaining importance in various
applications, including high-speed communication and imaging. Unique SIW properties could
make it a valuable tool in these domains. Some possibilities are listed below.

e  One significant area of future scope for SIW is in the miniaturization and integration of RF

systems. SIW's compact and planar structure makes it suitable for integration with other
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components on a single substrate. This could lead to the development of smaller and more
efficient communication devices.

SIW can also be used for developing amplifiers, mixers, multipliers, voltage controlled
oscillators. Compact design for these can be explored in SIW.

Advancements in manufacturing techniques, such as 3D printing, nanofabrication and
textile fabrication, could impact SIW technology. The potential for creating more intricate
and customized SIW structures, could lead to improved performance and novel
applications.

There is potential for the integration of SIW with metamaterials and electromagnetic
bandgap structures. These combinations could result in enhanced control over
electromagnetic waves, enabling new functionalities like filtering, beam steering, and
cloaking. Transitions from SIW to NRD guide transition can also be explored.

There is also potential for the role of SIW in the evolution of wireless communication
systems, particularly in the context of 5G and future generations of wireless networks.
SIW can contribute to achieving higher data rates, lower latency, and improved spectrum
efficiency.

Nonlinear effects in SIW, active components integration, novel materials, and advanced
signal processing techniques tailored for SIW-based systems could be the potential areas of

research in near future.
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