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Summary

In this thesis, antennas with filtering responses for both input return loss and
radiation gain, are analyzed by filter synthesis method and designed with substrate
integrated waveguide resonators, to obtain better suppressions against out-of-band

signals and functional array designs for practical applications.

Firstly, filtering antennas with high out-of-band attenuation are proposed. This
kind of high attenuation is realized by creating radiation nulls at either side of the
passband of an antenna. In order to achieve this aim, reference filters with
transmission zeros, whose design specifications are synthesized by using the gradient-
based optimization method, are analyzed and designed. The inter-cavity cross
coupling is selected and implemented to physically realize required coupling
topologies and also enable an easy replacement of resonators in the filter/antenna
synthesis. In this thesis, a filtering antenna element is developed using the multi-layer
printed circuit board technology to achieve both high selectivity and low cross-
polarization level. Furthermore, a two-element antenna array with quasi-elliptic gain

responses is designed, fabricated and measured for a demonstration.

Secondly, the filtering antenna concept is expanded from a simple element/array to
complicated array designs for specific applications. Four-element filtering antenna
arrays, with monopulse and dual-polarization characteristics, have been developed for
applications of radar tracking systems and 5G base stations, respectively. Reference
filters with multiple inputs/outputs are proposed to fulfill magnitude/phase
requirements. Both designs are constructed in vertical stacked 3-D structures, to

achieve compact size as well as good performance for different systems.



Lastly, a filtering antenna whose radiator is a dielectric resonator is proposed for
the first time. Air-filled holes are periodically introduced into the dielectric resonator,
to meet the external coupling quality factor required in its reference filter. A good
correspondence is observed between frequency responses of the filtering antenna and

its corresponding reference filter.
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Chapter 1 Introduction

1.1 Background and Motivation

In the past several decades, multifunctional antennas have already been proposed
and implemented extensively to miniaturize various active and passive devices, which
operate in the radio-frequency range. Active-integrated antennas (AIA) [1] can be
considered as one of the earliest multifunctional antennas that have received a high
level of attention from both academia and industry. An active antenna is defined as an
antenna integrated with active electronic components, which is quite different from
typical passive antennas. Active antennas can behave different functions, such as
amplifying the RF power received by the antenna and allowing much longer
transmission cable, miniaturizing the antenna size and decreasing the mutual coupling
between array elements [2]. Therefore, active antennas have received considerable
interest and have been used for both receiving and transmitting applications. Based on
the active component it includes, AIAs can be roughly categorized into five groups
summarized in Figure 1.1.

Besides active-integrated antennas, passive-integrated antennas (PIAs) also attract
significant attention in recent years. This is due to the fact that, PIAs such as
circulator antennas and filtering antennas are able to integrate several functions into a

single module to achieve high compactness, low loss and low cost, which are all



Power Amplitying
Antenna Low-Noise
| Active-Integrated Oscillating L upliinge nicna
Antenna (AIA) Antenna non-Foster
— Antenna
Mixing Antenna
Multi-Functional

Antenna

Filtering Antenna

Passive-Integrated
Antenna (PIA)

Circulator Antenna

Figure 1.1 The multi-functional antenna in different categories.

highly desired in modern microwave systems. In a circulator antenna [3], the

circulator can be designed without the need for impedance equalization with the

antenna. In a filtering antenna [4], an antenna and a filter are co-designed without the

use of connectors via standard 50-Q ports for the connection between them.

The filtering antenna can provide a shaping of filter-like response for both the

antenna gain and input return loss. Therefore, strong and growing interest [seen in

Figure 1.2] in this research topic is being fueled by a recognition that this device

allows high efficiency and compact size. Most published works related to filtering

antennas focus on transmission line structures, both for the radiator and the resonator.

It is a common knowledge that, transmission-line structures are not the optimal

choice for applications operating at high frequency ranges, e.g. the millimeter-wave

(mm-Wave) band, due to their high radiation loss. Therefore, few work has been done

at an operation frequency higher than 10 GHz in published articles.



180 T

160 —
140 —
120 —
100 —
80 —

66
60 —

Number of Publication

20 - e —
o . mm [N |
1998-2001 2002-2005 2006-2009 2010-2013 2014-2017

Year

Figure 1.2 Number of published articles related to filtering antennas with bandpass

responses. *Data source: Engineering Village

On the other hand, the mm-Wave technology is attracting more and more attention,

because it can support high data-rate data transmission when the mm-Wave band is

used as the carrier frequency in wireless systems. Transmission lines are no longer

suitable for mm-Wave components due to their large radiation loss. Instead, the

substrate integrated waveguide (SIW) technology [5] becomes a promising candidate.

An SIW is fabricated in a dielectric substrate using two rows of grounded metallic

vias, which are connected to two parallel metallic plates. An SIW transforms the non-

planar rectangular waveguide into a planar form. The fabrication of an SIW is

compatible with conventional planar fabrication process, e.g. printed circuit board

(PCB) and low-temperature co-fired ceramic (LTCC) technology. SIW structures can

exhibit high power-handling capability, easy integration with other circuits, low cost

and low radiation loss extremely at high frequency ranges. To take full advantages of



the SIW, the first aim of this research work intends to apply this technology to

filtering antenna designs operating at the mm-Wave region.

Meanwhile, in a filter design, the sharp cutoff skirt for transmission responses is

desired to better attenuate out-of-band signals. The situation is similar to a filtering

antenna, whose radiation is preferred to be highly suppressed outside the passband.

This requirement can be achieved by introducing radiation nulls in frequency

responses of those filtering antennas, which is seldom done in published works. To

meet this requirement, the second aim of this research work is to design novel SIW

cavity-based filtering antennas and antenna arrays with high out-of-band attenuation.

Moreover, antenna arrays are essential in many applications, to achieve improved

performance over that of a single antenna. Most of current research concentrates on

filtering antenna element designs, which also limits the application area of this kind

of PIAs. Since few research papers report array designs of filtering antennas, the third

objective of this research work attempts to design filtering antenna arrays with

specific functions for different systems.

The following section will review prior research on filtering antenna designs, their

analysis/synthesis methods and applications of the SIW resonator, respectively.
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1.2 Design of Filtering Antennas
1.2.1 Design Approaches of Filtering Antennas

An antenna with filtering responses, which means it can provide not only a
conversion between radio waves and electric power, but also a shaping of filter-like
response for the input return loss and antenna gain, turns out to be an efficient
approach in improving the efficiency and reducing the size of the functional block for
a microwave system. For brevity, this kind of an antenna is also called as the filtering
antenna or the filtenna. The filtering antenna can be used to reduce the loss
introduced by the transmission between the RF filter and the radiator. Typically, three
kinds of approaches [as illustrated in Figure 1.3] can be implemented to obtain a
filtering antenna.

The first approach is to integrate a filter and an antenna with common impedance
at the interface between them [6], [7]. The challenge of this approach lies in the

selection of the optimized common impedance, since it has to be easily achieved by



both components. In most cases, an impedance transformer is still required between

the antenna and the filter for a good matching. A co-designed antenna-filter

consisting of a microstrip patch antenna and a hairpin filter was presented in [6].

Another design example is an SIW filtenna for Ku-band applications [7]. However,

there are not many filtering antennas designed by this approach. The main reason is

Table 1.1 Overview of Filtering Antennas in the Prior Literature

Resonator Type
Reference ’(F}r;:lq Radiator Type for Aperoach
(GHz) the Filter ©
[6] 4 Patch Hairpin resonator 1
[7] 145 Serially-fed patch SIW cavity 1
array
[8] 10 Horn FSS 2
[9] 2.5 Patch Shorting pin 2
Dielectric resonator
[10] 5 Open stub 2
antenna (DRA)
[12] 3.1-10.9 Monopole Shorting pin 2
[13] 3.1-10.9 Monopole Shorting stub 2
[15] 5 Patch T-shape microstrip 3
[16] 2.5 Patch Circular open-loop 3
[25] 2.5 Monopole Open-loop 3
[26] 2.5 Monopole Coupled line 3
[27] 10 Slot SIW cavity 3
[28] 10.25 Slot SIW cavity 3
[30] 5 Patch E-shape microstrip 3
[31] 10 Patch SIW cavity 3




that the additional loss brought by the impedance transformer reduces the efficiency

of this functional block.

In the second approach, some filtering structures are embedded into different parts

of an antenna, to achieve bandstop responses either within or outside its operating

bandwidth, without increasing the size of the whole functional block. The filtering

structure can be an SIW cavity frequency selective surface (FSS) covered at the

aperture of a horn antenna [8]. It can also be a group of shorting pins [9] or an open

stub [10], to produce radiation nulls and enhance the out-of-band suppression level. It

should be highlighted that, the structure proposed in [9] has already been successfully

applied in dual-band base stations, for Digital Cellular System (DCS: 1710-1880

MHz) and Wideband Code Division Multiple Access (WCDMA: 1920-2170 MHz)

systems [11]. As can be seen in the structure illustrated in Figure 1.4, two 1x6

filtering antenna subarrays operating at different frequency ranges are arranged side

by side. No diplexer is required in this system so that the corresponding insertion loss

can be eliminated. Besides the above designs, some filtering structures [12-14] were

also proposed to generate bandstop notches within the passband of ultra wideband

(UWB) antennas. The main advantage of this approach is that no additional insertion

loss is introduced. However, the bandwidth of the passband/stopband in this kind of a

filtering antenna is highly dependent on the filtering structure, and not that flexible



Figure 1.4 Filtering antenna subarrays for dual-band base station applications [11].

to be adjusted for various specifications.

In the third approach, the antenna works as a radiator and also a resonator of the

last-stage in a bandpass filter. All filtering antenna designs proposed in this thesis are

analyzed and synthesized using this approach. The specifications of this kind of a

filtering antenna can almost be the same as its reference filter, which means its

performance is easier to be adjusted and optimized for different systems. This

approach was first proposed by Person et al. using slotline resonators and a slotline

dipole antenna [4]. Rectangular and fan-shaped patch antennas were applied in [15]

and [16], respectively. Patch antennas were also used to construct filtering antennas

with duplex [17], [18], dual-band [19], [20], dual-polarization [21], [22] and even

circular polarization [23], [24] properties. The use of monopole antenna was reported

n [25] and [26]. Cavity-backed slot antennas was implemented in planar [27] or 3-D

integrated [28] filtering antenna designs. A dielectric resonator antenna (DRA),
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Figure 1.5 Synthesis procedures for filtering antennas.

which is simultaneously used as a filtering device, was proposed by Leung et al [29].
However, this structure is not a filtering antenna, but two devices share a common
resonator. Meanwhile, among published works, only the one by Chung et al. can
achieve a quasi-elliptic response for the antenna gain [15]. Moreover, few work has
been done on the design of filtering antenna arrays [22], [30].
1.2.2 Filter-Antenna Synthesis Methods Using Reference Filters

All filtering antennas proposed in this thesis can be categorized into the third
approach described in Section 1.2.1. In this approach, a reference filter is always
required based on detailed design specifications. This filter will be converted to a
filtering antenna by replacing the resonator of the last-stage in the filter using a
radiator. The reference filter can be synthesized by either an equivalent circuit model

or a coupling matrix. In order to successfully obtain a filtering antenna, whose in-



band performance is exactly the same as its reference filter, two methods can be
implemented. One can first extract the equivalent circuit model of a filtering antenna.
Then, each individual element in the equivalent circuit model of the filtering antenna
is optimized to be identical to that in the circuit model of its reference filter [26]. One
can also enable Q. of the radiator in the filtering antenna to be identical to Qp of the
end resonator in the reference filter, and the same internal coupling coefficients &
between the last two resonators in the filtering antenna and its reference filter [28].
When using this approach, the radiator can work as an equivalent load as the end
resonator in the reference filter to its preceding resonators.

For the reference filter, its Qr and & values can be either calculated based on its
equivalent circuit model [31] or directly extracted from the coupling matrix related to
it [28]. For the radiator, there are also two ways to obtain the values of Qp and £,
which are calculated results from its circuit model [27] or extracted results from a
full-wave simulation [28], respectively. All the above synthesis methods are
summarized in Figure 1.5 for a better understanding.

1.3 Development and Application of Substrate Integrated

Waveguide Cavity Resonators

In this thesis, most of proposed designs are based on cavity resonators realized by

the substrate integrated waveguide technology (SIW) [32], [33]. The SIW cavity

10
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Figure 1.6 The geometry of an SIW cavity resonator.

resonator is achieved by a row of metallic vias connecting the upper and lower

ground plane of a substrate. On one hand, when compared with the traditional

waveguide cavity, the SIW cavity brings advantages of low profile, small fabrication

tolerance and easier integration with microstrip circuit. On the other hand, when

compared with microstrip resonators, it exhibits advantages such as self-packaging

characteristic, easier integration with heat sink and small radiation loss especially at

mm-Wave range. For those cavity-resonator based components operating at mm-

Wave band, the tolerance in the fabrication process using mechanic methods is the

key issue which limits the yield. Moreover, a transition is always required in the

integration of waveguide components and other components based on the PCB

technology. This kind of a transition not only brings additional loss, but also affects

the performance of the overall module due to misalignments in the installation. As a

11



contrast, the SIW resonator is fully compatible with the PCB or low temperature co-
fired ceramic (LTCC) technology, which enables a much easier connection with other
PCB/LTCC circuits. In high-power applications, the heat sink can directly touch
either ground planes of the SIW resonator for an efficient cooling.

The geometry of a typical SIW cavity resonator is illustrated in Figure 1.6. Those
vertical perfect conductor (PEC) walls are formed by metallic vias inside a dielectric
substrate, while horizontal PEC walls are metallic layers of a substrate. The diameter
of vias and spacing between adjacent vias are represented by d and p, respectively.
The length, width and height of the cavity are L, W and H, respectively. As
introduced in [34], the spacing p should be less than half guided wavelength of the
highest operation frequency. Since the vertical walls are formed by vias, in which
surface currents are not supported, only TE mode is considered inside the SIW cavity

resonator. The resonance of a TE,,,-mode resonator can be calculated as [35]:

SR = e s
res o “e L H w :

where f,.,1s the resonant frequency, c is speed in vacuum, ¢,is the dielectric constant

of the substrate.

The unloaded quality factor of a cavity resonator is composed of three kinds of

losses:

12
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0, =( ) (1.2)
where Qcona, Quiciec and Q,,4 are the conductor loss caused by the upper and lower
ground planes of the substrate, dielectric loss brought by the substrate and radiation
loss between adjacent vias, respectively. The radiation loss can be neglected when the
spacing p is smaller than the half guided-wavelength of the highest operation
frequency. The conductor loss can be calculated as [36]:

(kWL)Y Hn

ot = 13
Qoo 27°R, QW H + 20 H + WL+ L'W) (13)

where k is the wave number inside the resonator and equals to ((27tfes(e,)"?)/c), R,y is
the surface resistance corresponding to the upper and lower ground planes and equals
to ((nf;ett/0)"’?), 1 is the wave impedance of the substrate. The dielectric loss can be

calculated as:

1

Qdielec = m

(1.4)
where tan(0) is the loss tangent of the substrate.

A lot of work has been published using the SIW technology. In term of different
types of components, the SIW cavity resonator can be implemented in antennas [37-
39], filters [40-43], diplexers [44] and oscillators [45]. In terms of operation
frequency range, SIW cavity resonator based components can be implemented in C-

band [46], X-band [47], Ku-band [48], K-band [49], Ka-band [50], V-band [51], W-

band [52] and even Terahertz (THz) band [53]. In terms of fabrication technology, the

13



SIW cavity resonator can be achieved using PCB [54], LTCC [55] and even silicon
[56]. Investigations in the above publications indicate that, the SIW cavity resonator
is a good candidate for the design of RF components.
1.4 Thesis Outline

This thesis consists of five chapters. Chapter 2 presents the analysis method and
design approach to achieve radiation nulls for SIW cavity filtering antennas. Both
element and array designs are proposed and verified. Chapter 3 focus on array
designs of filtering antenna using SIW cavity resonators for some specific
applications. A monopulse filtering antenna array is proposed for radar tracking
systems, while a dual-polarized one is proposed for 5G base stations. Chapter 4
provides a broadband filtering antenna design, in which a dielectric resonator antenna
is implemented as the resonator using the synthesized dielectric technology. Chapter
5 gives some conclusions, highlights the limitations in the current project and
provides suggestions for future study.
1.5 Original Contributions

In this thesis, the following original contributions have been made:

1. The cross-coupling between inter-cavity modes in a single resonator is proved

to be an efficient way to realize radiation nulls for cavity-based filtering

antennas.

14



2. A novel coupling scheme, which can realize two transmission zeros at either

side of the passband, is proposed and physically realized using cross couplings

between lower/higher modes in an SIW cavity. This SIW cavity is successfully

implemented in the design of a filtering antenna with two radiation nulls.

3. A novel filtering antenna array with two radiation nulls at either side of the

passband is proposed. The radiation nulls are achieved by using the cross

coupling in an oversized SIW cavity. The structure is simple and easy to be

applied for array designs.

4. A filtering antenna array which can realize a monopulse radiation pattern is

proposed. In this design, a novel monopulse comparator is realized using a

dual-mode square SIW cavity with proper excitations.

5. A filtering antenna array with dual-polarization characteristics is proposed.

This antenna array is designed using the LTCC process with vertically stacked

cavities coupled by proper apertures, in order to achieve both high isolation

and low cross-polarization levels.

6. An efficient approach which enables a dielectric resonator antenna to act as the

radiator in a filtering antenna to achieve broad bandwidth is proposed.

1.6 Publication List

The following publications are generated in the course of this research.
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Chapter 2  Design and Analysis of SIW Cavity
Filtering Antennas with High Out-of-Band

Attenuation

This chapter presents a new method of introducing radiation nulls for SIW cavity
filtering antennas, including element and array designs, to further improve their
attenuation against out-of-band signals. Cross-couplings between inter-cavity modes
and a gradient-based optimization for the reference filter synthesis are implemented.
Design specifications are also analyzed in order to symmetrically locate radiation
nulls with respect to the center working frequency. Details are described in the
following sections.

2.1 Introduction

For the purpose of realizing sharp attenuation in the stopband of a filtering antenna,
one can either introduce a higher-order coupling scheme, or introduce radiation nulls
in its stopband while keep the order of the filtering antenna unchanged. The
introduction of a higher-order coupling is simple for the design but suffers large
insertion loss. Therefore, the introduction of radiation nulls at both sides of the

passband is more desirable to achieve higher out-of-band rejection performance.
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Among published filtering antennas designed using the third approach in Figure
1.3, only the microstrip filtering antenna [15] by Chung ef al. can achieve a quasi-
elliptic response for its broadside gain. This microstrip antenna was fed using edge
coupled structures and an equivalent circuit can be established for a filter synthesis
procedure. However, this method is only applicable for microstrip designs. Moreover,
multiple resonators required in this method also lead to a high complexity and bulky
size. The selection of a proper and efficient method becomes essential to achieve high
out-of-band attenuation for SIW cavity-based filtering antennas.

2.2 Generation of Radiation Nulls for Cavity-Based

Filtering Antennas

Radiation nulls of a filtering antenna can be generated by some perturbation
structures, e.g., vias and slots on a patch in [9]. These structures will enforce the
antenna to resonate at its higher-order mode near the passband, in which case
radiations are cancelled in the far-field due to its corresponding out-of-phase current
distributions. This method is practical for patch radiators but hard to be implemented
in cavity radiators. For cavity based filtering antennas, it is more practical to realize
radiation nulls by generating transmission zeros (TZs) in their reference filters, which

is similar as the method in [15].
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2.2.1 Analysis and Selection of TZ Realization Methods in

Reference Filters

The elliptic function filter [57] is a representative kind of filter with transmission

zeros. However, this kind of a filter requires cross couplings between several pairs of

nonadjacent resonators, which can not always be physically achieved. As an

alternative, to introduce only one cross coupling between two nonadjacent resonators

[57] is more feasible, together with one or one pair of transmission zeros in the filter's

stopband. The cross-coupling not only can be achieved between different resonators,

but also can be directly realized between the source and load [58], or between

different modes in a single resonator [59]. Figure 2.1 illustrates coupling schemes

with one pair of transmission zeros using minimum resonators/modes, for the above

three methods of generating cross-coupling, respectively.
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Table 2.1 Four Cases of the TZ Realization Method Using Cross-Couplings between
Different Inter-Cavity Modes

Phase relationship ..
Case . Position of
No Case | between input and output TZ
] atfo/ f&p
both in phase or both out
U | it F Fphase o<tz <o
one in phase and one out
2 | St pofphase Jrz<h <t
one in phase and one out
3 | Sk ’ of phase Joo o< frz
both in phase or both out
4| foho P Fohase Joo < frz <o

When using the coupling topology in Figure 2.1(a), at least 4 resonators are

required. Resonator 4 is the last-stage resonator and is supposed to be replaced by a

radiator in the filter-antenna synthesis procedure. However, this resonator is coupled

with two preceding resonators (Resonator 1 and 3), simultaneously. Two coupling

structures are required to achieve these couplings. Moreover, those couplings are of

different types, which are capacitive and inductive, respectively. The above two

problems make it very complicated for the radiator to achieve identical couplings in

the replacement. For the topology shown in Figure 2.1(b), the source-to-load

capacitive coupling is even unachievable in the filter-antenna synthesis, since the load

becomes the free-space for an antenna. The remaining coupling topology in Figure

2.1(c) requires a multi-mode resonator to generate transmission zeros. Cross

couplings between inter-cavity modes [60] are used in this topology. Based on the

analysis in Section II in reference [60], a summary about the realization of TZs by
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Table 2.2 Comparison between Different Methods for the Realization of Two TZs
using the Cross-Coupling

Multiple Modes in a

Different Resonators|Source-to-Load| .
Single Resonator

Least In-Band

4 2 2
Resonators/Modes

Replacement of the Last+
Stage Resonator in the Hard Unachievable Easy
Filter-Antenna Synthesis

using this method can be drawn. All the four cases are listed in Table 2.1, where f, is
the out-of-band inter-cavity spurious resonant frequency, which is differed by an
amount away from the desired in-band working frequency f;. It can be observed that,
three inter-cavity modes, among which at least one is in-band, are required to
generate two TZs by using this topology. It should also be pointed out that, in this
topology, only one multi-mode resonator is coupled with the last-stage resonator and
one coupling structure is required between them, leading to an easier replacement for
the radiator in the final filter-antenna synthesis. As a result, this topology can be
recognized as a promising candidate and is selected for filtering antenna designs
using cavity radiators in this chapter. The reasons for the choice of multi-mode

cavity for the generation of two transmission zeros are summarized in Table 2.2.

2.2.2 Reference Filter Synthesis Using Gradient-Based

Optimization Method
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Modeling a filter in circuit form can give a clear physical explanation of its

working mechanism. However, such kind of complex circuit is not easy for the

synthesis, performance simulation and reconfiguration. Fortunately, presenting a filter

in the matrix form seems to be a more efficient way. The coupling matrix of a filter is

more intuitive to provide the coupling scheme, which is very useful in understanding

its physical realization. Each element in the matrix can be attributed to a resonator in

the finished design prototype. More information of the elements, such as the O values

for each resonator cavity, different dispersion characteristics for the various types of

coupling/cross-coupling within the filter, can be obtained.

As noticed in Figure 2.1(c), the coupling scheme is an asymmetric structure, in

order to achieve desirable frequency responses with minimum number of elements.

Conventional synthesis techniques published in [61-65] are not applicable for our

case, as it is very hard to converge [66]. As a result, computer-based optimizations

are preferred and also more efficient for the synthesis.

In general, to synthesize the filter by optimizing it with a certain method, a

computer-aided analysis (CAA) model is required for the prescribed filter topology.

The scattering parameters are assumed to be S5 (£, ®) and S7" (f, @), which are

obtained by a CAA model for a typical filter topology with two ports. f is the

frequency. @ stands for all design variables of the prescribed filter topology, whose
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values are to be obtained by optimization. In this thesis, a commonly used least-
square objective function is defined for the optimization work
U(f.@)= { |55 (£ @) -5, (£ +z\sm [ @ “(f)r} 2.1)
where S$5i(f;) and S)i(f}) are the objective filter frequency responses at sample
frequencies f;and f;, respectively and can be expressed as
Syt ==2xjx| A] (2.2)
S =1+2x jx[4]] (2.3)
with [4]=-j[q]+Q[B]+[M], where [¢] is an (n+2) X (n+2) matrix with all entries zero,
except for ¢;1=1 and gu2)ni2)=1. Q is the normalized lowpass frequency variables, [B]
is the (n+2)x(n+2) unit matrix with B ;=0 and B (12)n2=0, and [M] is the general
coupling matrix, which is an (n+2)x(n+2) reciprocal matrix (i.e., Mi= M;).

By searching for a set of optimized design variables defined in @ using a proper
optimization approach which can minimize the error function of (2.1), a filter can be
synthesized in a matrix form. In order to evaluate the filter performance during each
optimization loop, computer-based analysis techniques need to be implemented. In
the optimization, frequency responses obtained from the analysis are compared with
objective frequency responses, at sample frequencies. If the results fail to meet the
desired specifications, the frequency responses will be analyzed and compared with

objective performance again, with a modification of designable parameters. This
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sequence of optimization [67—69] will be performed iteratively until the performance
of the filter is acceptable. It is seen from the above description that, the optimization
procedure can be recognized as the realization of a minimized value for the scalar
objective function U(D).

In the designs described in following sections, this gradient-based method is used
for the optimization of the coupling matrix. The derivatives of an objective function
with respect to the designable parameters are used in this method. In the design space,
the direction of the largest rate of decrease of the objective function at a certain point
is the direction of its negative gradient, which can be calculated with the use of
derivatives. In this thesis, the n designable parameters are expressed as a column
vector

o=[4 4 -~ 4] (2:4)
where ¢ denotes the transposition of matrix. By implementing the Taylor series

expansion to the objective function, we can obtain

1

U(Q+AQ)=U(Q)+VU' -AQ+5A(D’[H]A@+... (2.5)
where
AR=[Ag Ap .. A4] (2.6)
vo=|% U U 2.7)
o¢ 09, a9,
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U U U |
o opos, T 0409,
U U o°U

[H]=| 0g0¢, o7 04,09,

(2.8)

o’U o°U oU
| 04,04, 09,09, og;

The column vector A® is called the increment vector, V U is the gradient vector

and [H] is known as the Hessian matrix.

Initial designable parameters: ®°

Convergence accuracy: €

A

O=0°

P=-V U(®) or P=-[H]"VV U(®)
minimize { U(®+AP)} —A"
O=0+A'P

Figure 2.2 Flow of the gradient-based optimization algorithm.
Figure 2.2 illustrates the algorithm for the gradient-based optimization, where A is
a scale parameter known as the step length. Its optimum value denoted by A s

obtained by one-dimensional optimization.
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The two formulas of P in Figure 2.2 are searching directions of the first- and
second-order approximation of (2.5) results.

The first-order approximation of (2.5) results in a simple gradient-based
optimization method known as the steepest descent method. In this method, the
search for the minimum of the objective function is based on the direction

P=-VU (2.9)

If the second order approximation is made in (2.5), a method known as Newton—
Raphson method can be formulated. The searching direction in this method is defined
by

P=-[H]'VU (2.10)
where [H]-1 is the inverse of the Hessian matrix.
2.3 A 3-D Millimeter-Wave Filtering Antenna with High

Selectivity and Low Cross-Polarization

In this section, a 3-D filtering antenna with features of high selectivity and low
cross-polarization is presented. Two major contributions have been made. The first
one is realizing two radiation nulls at either side of the passband of the filtering
antenna, by using cross-coupling between in-band and out-of-band modes within a
single cavity. The second one is realizing low cross polarization by using a dual-slot

cavity-backed antenna. This dual-slot antenna performs as both the radiator and the
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Figure 2.3 (a) Proposed coupling scheme exhibiting two transmission zeros. (b)
Electric field distributions of the spurious 7Ey; mode and resonant 7Ep, & TE»

modes in a nearly square SIW cavity.

last resonator in the proposed filtering antenna. A prototype operating at Ka-band is

demonstrated. The detailed design procedures and measurement results are described

in the following sections.

2.3.1 Design of A Single Cavity to Realize a Coupling Scheme with

Two Out-of-Band TZs

Conventionally, in order to obtain two TZs at each side of the resonant frequency

using one cavity resonator, some slots are required to realize more modes or coupling

paths in its coupling scheme [70], [71]. However, a cavity design without any extra

structure is preferred for a more efficient implementation, especially for mm-Wave

applications. A coupling scheme, which can enable two TZs and be realized inside a
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single resonant cavity without using additional structures stated above, is plotted in
Figure 2.3(a). As can be seen, there is a spurious node f, located out of the passband
of this cavity, as well as two in-band nodes located at f;" and f;" separately. It has
already been demonstrated in [60] that, the introduction of a spurious node can
generate a TZ with proper cross-coupling between the spurious node and one in-band
node (fy in our case). Another transmission zero in our design can be achieved since
the input and output are in phase for the node resonating at fy” , while they are out of
phase for f," [72]. Therefore, if the above topology can be achieved and those
resonating nodes are properly coupled, there would be two TZs locating at each side

out of the passband.

Microstrip Microstrip
Feed 1 w——— — Feed2

Coupling
Slots
Ground

: Plane2
Met_alllc Tl
Vias \
llllllllllll
Dielectric materials
inside the resonator Ground
are not shown here. Plane 1
(a)
Microstrip
<«— Feed1and 2
0Amm | <« TLY-5
<+— Ground Plane 2
0 254mmI <— TLY-5

<— Ground Plane1

(b)

Figure 2.4 (a) 3-D view and (b) side-view of the proposed single-cavity with two

transmission zeros fed by microstrip lines.
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Figure 2.5 Simulated |S,,| results of the proposed single-cavity with two TZs.

In our design, a single cavity with in-band TE,p, & TEjy resonance and out-of-

band TFE), resonance is used for the physical realization of the topology in Figure

2.3(a). Figure 2.3(b) illustrates field distributions of the above modes to describe

related working mechanisms. In this cavity, the TE);,; mode can be treated as the

spurious node. The transmission zero in our design below the passband is realized by

the cross-coupling between the TE o, and TE,y modes. Moreover, as can be seen, the

input & output are located at regions A&A' in our design, to enable the couplings of

the input & output to the TE,o; mode to be of same signs, while enable the couplings

of the input & output to the 7E);, mode to be of opposite signs. Consequently,

another transmission zero can be obtained by the cross-coupling between the TEy,

and TFE,p, modes.

A physical model as shown in Figure 2.4 is built to verify the above analysis. Two

50 Q microstrip lines located at regions A&A' are used to excite the cavity through
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two slots. Two layers of Taconic TLY-5 substrate are utilized for the design. The
relative permittivity for the substrate is 2.2, while its loss tangent is 0.0009. Simulated
|S,;| results are shown in Figure 2.5. It should be noted that, the results are obtained
under weak external couplings. Two TZs that are located at either side of the
passband can be clearly observed.
2.3.2 A Low Cross-Polarization Antenna Realized using the Dual-
Slot Structure and Backed by a Cavity

A single slot antenna backed by a TFE)(, cavity is proposed in [73] and later
improved into the dual-slot form in [74] for a larger radiation gain performance. It is
noted in [73] and [44] that, either the radiator or the feed has not been placed

symmetrically with respect to the center of the cavity, which will worsen the cross-

\’).34
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Figure 2.6 (a) 3-D view and (b) side view of the proposed dual-slot antenna backed

by a cavity.
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Figure 2.7 (a) Radiation patterns and (b) gain responses of the proposed dual-slot

antenna operating at 31.5 GHz.

polarization performance of those antennas. An improved structure, whose coupling
slot used for the excitation is located at the center of the ground, is proposed in Figure
2.6. A low cross-polarization level can be estimated, since the two radiation slots and
the coupling slot are all symmetric with respect to the center of the cavity.

A prototype is constructed and centered at 31.5 GHz to verify its performance. A
50 Q microstrip line is used for the excitation through the external coupling slot.

Geometry parameters of the antenna are all illustrated in Figure 2.6. The achieved
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bandwidth in simulation is about 700 MHz. As shown in Figure 2.7, a cross-

polarization level of 50 dB lower than the co-polarization level and gain of 8 dBi are

obtained at its broadside direction.

2.3.3 Design of Reference Filter and Its Corresponding Filter-

Antenna Synthesis

By synthesizing the proposed multi-mode cavity in Section 2.3.1 and the dual-slot

antenna backed by a cavity in Section 2.3.2, a filtering antenna with two nulls at its

gain response and low cross-polarization levels can be achieved. In this section, a

prototype operating at Ka-band is designed. A 3rd-order bandpass reference filter

needs to be designed before conducting the filter-antenna synthesis.

Figure 2.8 illustrates the coupling scheme of the reference filter. It can be physically

realized as shown in Figure 2.9. The structure shown in Figure 2.9 is composed of

two layers of substrate using the TLY-5 material, while another layer of fastRise 28

prepreg is inserted between them for the adherence. A multi-mode cavity and a

single-mode cavity are located in the lower and upper TLY-5 substrate, respectively.

50-Q microstrip lines are used for the excitations. Coupling slot 2 is used to realize

the internal coupling.
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Figure 2.9 (a) Cross-section view, (b) side view and (c) top view of a three-pole

cavity BPF.

33



The diameter of the metallic vias is 0.25 mm, while the spacing between adjacent

vias is set to be 0.5 mm, in order to minimize possible radiation leakage. Based on the

coupling scheme in Figure 2.8, its corresponding coupling matrix can be written as

0 Mg Mg, Mg, 0
Mg, M, 0 0 M,
M= Mg, 0 M, 0 M,,
Mg, 0 0 M, M,
0 M, M,, M, M,
0 0 0 0o M,

opgoooo
=~

By enforcing |S,;| obtained from the above coupling matrix to be zero, the

locations of the two TZs can be determined as
Q.. = (-b+/b* —4ac)/2a
where
a=M Mg +M, Mg, +M,M,,
b=M, (M, Mg, + M, M )+M,, (M Mg
M M)+ M, (M, Mg +M,,M,,)
c=M M, M M., +M MM ,M,,
+M M M M,
The offset between the central frequency and their median is
_ Q,+Q

Q, —Tz _[Mu(M24M32 + My M)

(2.11a)

(2.11b)

@.11c)

(2.11d)

+M22(M14MS1 +M34MS3)+M33(M14MS1

+M24MS2)]/2(M14MS1 +M24MS2
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+M M) (2.12)
It can be clearly observed that, the two transmission zeros are not symmetrically
located around the passband. Since M, represents the self-coupling coefficient of the
spurious node, whose value is usually much larger than M,, and M;;, Q,, can be
approximately rewritten as
Q ~M, (M, Mg, +M M)/ 2(M, Mg +M, M., +M,, M) (2.13)
In (2.13), the value of Ms,, Ms; and My, are all positive, while the value of M3, is
negative. Therefore, when M,4 = -M34 and Mg, = Ms; are both satisfied, a pair of
transmission zeros nearly symmetric (Q,,~ 0) can be achieved. In order to physically
achieve the above two conditions, positions for the internal slot and the external one
should be located at places where the field density is almost identical for both node 2
(TE02) and node 3 (TE,¢), as shown in Figure 2.9.
The specifications for this design are: BW=500 MHz, f,=31.5 GHz, in-band |S|<-
15 dB, f121=29.5 GHz, f1,,=33.3 GHz. It should be pointed out that these two
transmission zeros are intended to be symmetrically located out of the passband.
Optimization-based approach is performed here to obtain the generalized coupling
matrix for this filter and the S-parameters of this topology can be described as

Sit =-2x jx[A] (2.14)

-1
6,1

-1
, (2.15)

S =1+2x jx[A4]
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;0 0 0 0 0 0 My, Mg, My, 0 0
0 Q0 0 0 0| |M, M, 0 0 M, 0

(4] 0.0 Q00 0f M, 0 M, 0 M 0| 21
0 0 0Q 0 0| |Mgz 0 0 s M, 0
000 0 Q 0 0 M, M, -M, M, M,
0 00 00 ][0 o0 o0 0 M, 0|

Following constraints have been applied to parameters in the coupling matrix:
Mg,=Mg; and M,,= -M;, based on the analysis described above. All the diagonal
elements in the coupling matrix will also have nonzero entry values. Therefore, there
are nine unknown design parameters in the optimization and are defined as
O=[M;,, Mg, M, M, M, M, M, M, M,] (2.17)
Most of the initial values in @ related to mode 2, 3 and 4 can be estimated from a
Chebyshev filter. When considering the physical constrain between operating
frequencies of different modes in a resonant cavity, and assuming mode 2 (TE,y,) and
mode 3 (TE,) in Figure 2.8 resonate at f,, the initial value of M, can also be
estimated. Detailed values are given as below:
™" =[0 0.74 0 0919 1.037 11375 0 0 0] (2.18)
(2.1) is used as the error function for our synthesis example at some chosen

characteristic frequencies. Optimized results obtained from the above synthesis are

@*:[1.316 1.005 1.316 1.101 1.425 118.998 1.512 -1.587 0.039] (2.19)
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Figure 2.10 Calculated frequency responses using optimized parameters.

The corresponding coupling matrix for this filter can be given:

S 1 2 3 4 L
S 0 1.316 1.005 1.005 0 0
1 1316 118998 0 0 1.316 0
M=|2 1.005 0 1.512 0 1.101 0
3 1.005 0 0 -1587 -1.101 O

4 0 1.316 1.101 -1.101 0.039 1.425

L 0 0 0 0 1.425 0 |

Figure 2.10 plots calculated frequency responses using optimized parameters. Then,

the generalized coupling matrix is de-normalized by using the following formulas:

BW

k= FBWxM; — Quw=—  FBW=

= 2.20
FBW>xM, (220)

0

where kj; is the internal coupling coefficients between operating modes in each cavity,
Qe 1s the external quality factors for each operating mode, FBW is the fractional

bandwidth, BW is the absolute bandwidth and f; is the center frequency of the
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passband.
After desired design parameters are obtained, the resonant frequencies f for each

in-band mode in this BPF can be determined from the coupling matrix by:

Jo f
k=20 L 2.21
T (2.21)

The external quality factors for each in-band mode (Q;, O3 and Q) in this bandpass
filter (BPF) are extracted in simulation to meet those desired values. The external

quality factors are extracted from simulation by [75]:

_ 2o
.= (2.22)

where f. is the frequency at which S,, reaches its maximum value and Afiqp is the 3-
dB bandwidth for which S,; is reduced by 3 dB from its maximum value. The internal
coupling coefficients k; can be obtained from full-wave simulations as follows [75]:

o o — I (2.23)

i fpzz + p12
where f,; and f,, are the two characteristic frequencies that are the resonant
frequencies in the transmission response of the coupled structure under weak external
couplings. It should be pointed out that, when tuning the geometry of the filter using
procedures described above, a priority of the physical realization is given to those
design specifications related to in-band responses. The summary of all design

parameters are given in Figure 2.9(c). EM field distributions of different modes at

passband edges in the two cavities are plotted as in Figure 2.12. It can be observed
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S11 Magnitucle

Figure 2.13 Reflection coefficients of the waveguide port 1 for the end resonator of
either a single-mode cavity in the filter or a dual-slot antenna backed by a cavity in

the filtering antenna.

that, resonant modes in the dual-mode cavity changes from TE,y mode to TE;p, mode

along with the incensement of frequency, while resonant mode in the single-mode

cavity remains to be TE;y; mode.

After the reference filter has been established, a filter-antenna synthesis is required

to be applied for the construction of a filtering antenna. It is already known that, the

bandwidth for the dual-slot cavity-backed antenna is about 700 MHz, which is wider

than the required bandwidth of 500 MHz in design specifications. Based on the

analysis discussed in [27], this larger bandwidth can enable this antenna to act as an

equivalent resonator to the filter within the passband, as long as the coupling between

the lower multi-mode cavity resonator and the antenna is identical to that between the
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Figure 2.14 Simulated |S;;| results of the filter and filtering antenna.
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Figure 2.15 Simulated |S,,| results of the filter and gain of the filtering antenna.

multi-mode cavity and the single-mode one, and identical external quality factor can
be obtained for the radiator in the filtering antenna and the end resonator of the filter.
The above two considerations can be evaluated at the same time, using a
waveguide port to excite the end resonator through the coupling slot [28]. A dielectric
material of =20 is filled in the waveguide to enable a smaller cross-section. The

waveguide is coupled with the internal coupling slot of the end-resonators for both
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cases. The waveguide port is named as Port 1 so that the reflection coefficients are Sy;.

In order to match the |S;| results between the filter and the filtering antenna, a

parameter study with D, and L is conducted. Simulated magnitudes of S;; versus

different parameters are plotted in Figure 2.13. Simulated results for the reference

filter case are illustrated in the solid line. Results for each combination of D, and L,

for the filtering antenna case are illustrated in the dashed/dotted lines. As can be

observed, when D=5.05 mm and L=3.22 mm, results for the filtering antenna case

can match the reference filter case best, which indicates that an almost identical

loaded quality factor O, can be achieved between these two cases. Final dimensions

of the proposed filtering antenna are optimized and illustrated in Figure 2.11(c).

Figure 2.14 shows the simulated return loss for the reference filter and filtering

antenna. They are very close to each other which verified above synthesis procedures.

The simulated working frequency band of the filtering antenna is centered at 31.52

GHz with a fractional bandwidth of 1.36%. Figure 2.15 shows the simulated gain

results of the proposed filtering antenna. Due to the radiation from the microstrip line

feed on the ground plane 3 in Figure 2.11, the gain results do not roll off as sharp as

the |S,;| results of the filter. Therefore, a metallic cavity shield is designed and located

on top of the ground plane 3 to prevent this radiation leakage. By taking this measure,
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a better match can be achieved between the solid line and the dot-dot-dashed line in
Figure 2.15.
2.3.4 Measurement Results and Discussions

Photograph of the fabricated prototype is shown in Figure 2.16. A 2.92mm
southwest super SMA connector is utilized for the measurement of the input
impedances. A metallic cavity is also implemented to shield the radiation leakage

from the microstrip feed. A comparison between measured and simulated |S;| of

(a) (b)
Figure 2.16 (a) Top and bottom views of the fabricated prototype. (b) Fabricated

antenna enclosed by a metallic cavity.
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Figure 2.17 Simulated and measured |S;,| of the proposed filtering antenna.
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the filtering antenna is plotted in Figure 2.17. The center working frequency is 31.495

GHz and very close to the simulated 31.52 GHz. Measured bandwidth for |S;;|<-10

dB is from 31.25 GHz to 31.74 GHz, which is slightly larger than the simulated one.

The small discrepancy between the measured and simulated |S;;| results may be

resulted by the effect of the feeding super SMA connector and the fabrication

tolerance of multi-layer PCB process at millimeter-wave range. An anechoic chamber

is used for the far-field measurement. Measured gain values are

10.00

0.00 ]
-10.00]

-20.00

Gain (dBi)
8
S
|

-40.00
S

-50.00
-60.00------- Simulated ‘-.‘ !
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Figure 2.18 Simulated and measured broadside gain results of the proposed filtering

antenna.
______ Sim. Co-pol ~====-Sim. Co-pol
M_ea. Co-pol Mea. Co-pol
------- Sim. X-pol —mme=  Sim. X-pol
——emesmee Mea. X-pol S Mea. X-pol

-180 -180
Figure 2.19 Simulated and measured radiation patterns at 31.5 GHz for the proposed

filtering antenna.
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obtained at the broadside of the proposed filtering antenna. The measured maximum
gain within the passband is 6.79 dBi [as shown in Figure 2.18], in which the
connector loss has been included. A good matching has been achieved between
simulation and measurement in Figure 2.18 as well. Radiation patterns for the
frequency of 31.5 GHz are plotted in Figure 2.19. Measured cross-polarization level
is about 30 dB lower than the co-polarization at the broadside of the antenna.

2.4 An SIW Filtering Antenna Array with Quasi-Elliptic

Gain Response

In this section, an SIW filtering antenna array with quasi-elliptic gain responses is
presented. The proposed design is based on the cross-coupling between different
operation modes inside a substrate integrated waveguide (SIW) cavity. Two radiation
nulls are generated in the gain curve at each side of the antenna's passband. Firstly, a
two-output filter is designed as a reference, in which an oversized TE,¢;-mode cavity
resonator is utilized for the generation of transmission zeros and realization of power
division. Afterwards, cavity-backed slot antennas are used to replace resonators
coupled with the two outputs in the reference filter, so that a filtering antenna array
can be obtained. The complexity of our design is relatively low, due to the

implementation of the oversized cavity. A Ka-band prototype is demonstrated. The

45



output transition between  output
p2 microstrip line and SIW  p2"

(a) (b)
Figure 2.20 The geometric configuration of (a) a one-output filter and (b) the
proposed two-output filter with quasi-elliptic response. L/=4.8mm, L2=5.34mm,
L3=1.6mm, L4=1.4mm, WI[=16.8mm, W2=5mm, W3=3.14mm, W4=1.68mm,
W5=0.85mm, W6=0.45mm.

proposed antenna array with filtering characteristics is very suitable for the

integration with other millimeter-wave circuits.

2.4.1 A Two-Output Reference Filter with Quasi-Elliptic Response

The physical layout of the proposed two-output reference filter is plotted in Figure

2.20(b). This filter is extended from a one-output filter shown in Figure 2.20(a). Two

TE/y;-mode cavities [cavity 2 and cavity 2'] and one TE);-mode cavity [cavity 1] are

included. Desired transmission zeros (TZs) are generated by the cross-coupling

between those out-of-band TE)y, and TE o4 modes in this TEp;-mode cavity. 100 Q

microstrip lines are used for the excitation of two TE}, cavities, while a waveguide

together with a mixed grounded coplanar waveguide (GCPW) coupling structure is

used to excite the TE); cavity. A transition is also designed at the input side for the

power transmission between the mircrostrip line and waveguide. The following two
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2.5mm | P1

Figure 2.21 Geometry and feed arrangement of the 7E¢;-mode Cavity

issues have been taken into considerations for the design of this two-output reference

filter.

1) Generation of Two Transmission Zeros (1Zs) within A Single Cavity: Figure

2.21 shows the model of the TE)o;-mode cavity used in this design, together with its

corresponding excitation arrangement. Transmission zeros (TZs) at each side of the

in-band resonance of TE)j; mode can be achieved, by taking the advantage of cross-

couplings between different in-band and out-of-band inter-cavity modes. The

summary about TZ realizations and locations in different cases when using this

method has already been given in Table 2.1. In the cavity shown in Figure 2.21, both

TE o, and TEos modes are treated as spurious resonances, while 7FE;o; mode is the in-

band resonance. Figure 2.22 plots field distributions for the above three modes. Both

case 1 and case 4 can be satisfied, as long as the input and output are located at

regions A and B illustrated in Figure 2.22. The details are explained below.
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Figure 2.22 Electric field distributions of TE\y, TE o3 and TE)o; modes in a single

cavity.

For modes TEy, and TE);, the relationship between the input and output are both

in phase. When the TF)o;-mode is treated as the in-band resonance and TE;¢-mode is

treated as the spurious one, the requirement described in case 1, Table 2.1 can be

fulfilled, which means a TZ above the passband can be generated. Similarly, the

relationship between in-band 7F)o; mode and out-of-band TE/y, mode can meet the

requirement described as case 4 in Table 2.1. Consequently, a TZ below the passband

can be realized. The dashed lines plotted in Figure 2.23 illustrates simulated S-

parameter results for the cavity model in Figure 2.21, when W=16.8 mm. It can be

observed that, the TE}(; mode of this cavity resonates at 28.1 GHz. Meanwhile, there

is one TZ between the resonances of TEy and TE;y; modes, as well as another one

between the modes of TE,; and TFE;y. Furthermore, TZs can be observed at either
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Figure 2.23 Simulated S-parameter results of cavities with the feed arrangement
shown in Figure 2.22, whose resonance at 28.1 GHz is of TEp mode (dashed line)

and TE,p; mode (dot-dot-dashed line), separately.

Table 2.3 Frequency Distance between Adjacent Transmission Zeros

Mode at Frequency Distance Between Adjacent Transmission
Center Zeros
Frequency

TE,0, ‘ 4.8 GHz . 6.5 GHz
(with respect to TE;;) (with respect to TE;(3)

TE 3.3 GHz 4.2 GHz
103 (with respect to TE o) (with respect to TE;o4)

TE,y, . 2.6 GHz ’ 3.1 GHz
(with respect to TE;(3) (with respect to TE;¢s)

side of the TE;p, mode resonance as well, which means the cavity width can be
shortened so as to allocate the 7F)p, mode at 28.1 GHz. Figure 2.23 also plots
simulated results for W=11.2 mm with dot-dot-dashed lines. When comparing to
results from a larger cavity [W=16.8 mm], the frequency distance between adjacent
TZs is larger which results in a worse selectivity [plotted in Table 2.3]. On the

contrary, sharper cutoff skirts can be achieved when TE/¢s mode of this cavity
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Figure 2.24 Coupling schemes of (a) a 2nd-order bandpass filter and (b) a 2nd-order
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two-output filter extended from the previous filter.

resonates at 28.1 GHz [listed in Table 2.3], while the cavity size needs to be enlarged.
In this design, the in-band resonance is chosen to resonate at 7Fo; mode for a trade-
off between the cavity size and performance of selectivity.

2) Design of a Two-Output Filter with Quasi-Elliptic Response: After the resonant
mode of the oversized cavity is determined, the detailed design of the proposed two-
output filter will start from its one-output counterpart, whose coupling scheme is
plotted in Figure 2.24 (a). As already shown in Figure 2.20(a), this one-output filter
consists of one 7TEp;-mode cavity analyzed above and one TEjy-mode cavity. In
order to obtain a proper coupling, the internal coupling slot is located at region B in
the TE p3-mode cavity, while the input is located at region A.

By enforcing [S,;| obtained from the above coupling scheme to be zero, the
locations of the two TZs can be determined as

Q_, =[ab]/[2(M, M, +M, M, +M, M) (2.24a)

where
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a=—(MyM,;+M M )M, — (MM,
+M M, )M, (2.24b)
b= {[(M24M2S + M MM, +(M, M
+M24M2S)M33]2 —4x (M, M, +M, M,
M M) x My M Mo MY (2.22¢)
This pair of TZs is not symmetrically located around the passband and the distance
between their median and the central frequency is
Q, =%= M Mg+ M MM, + (M M,
+M24M2S)M33]/2(M14M15 + MM,
+M M) (2.25)
Obviously, a pair of TZs symmetric (2,,= 0) can be obtained when the conditions
shown below are both satisfied:
M, =-M,, (2.26)

M Mg =My, M;g (2.27)

M is the self coupling co-efficiencies which can be expressed by

L f f

Jo 2.28
(f,- fo) (2.28)

"~ FBW
where FBW is the fractional bandwidth, f;is the center frequency of the passband and

f; is the resonant frequency for each resonant mode. By using (2.28), equation (2.26)

can be re-written as
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L h_ S S5 2.29
T ( 7T ) (2.29)

which will be satisfied when
£ =hh (2.30)

Meanwhile, the resonant frequencies for each mode can be physically achieved by

optimizing the cavity size, based on the equations below:

~ ¢ z 2 2_71_ 2

f]_27r HE, (Lj +(W) (2.31)
~ ¢ E 2 3_7[ 2

f2_27r LE, (L] +[W) (2.32)
__e (=) [(4=)

f3_27r LE, [Lj +(Wj (&9

where u, and ¢, are the relative permeability and relative permittivity of the cavity

substrate, ¢ is the speed of light in free space. Based on (2.30)-(2.33), it can be

calculated that equation (2.26) will be fulfilled when W/L = 2.92.

Equation (2.27) can be rewritten in the form of

My _ My, (2.34)
M3S M14

Since both the location of input port 1 and the input coupling density related to W3
has already been fixed to meet the required M,s, which also leads to a fixed ratio of
M, s/M;s, we have to satisfy (2.34) by adjusting the value of M34/M,4. In Figure 2.22,
it can be observed from the electric field distributions around the internal coupling
slot at region B that, when moving the internal coupling slot away from the input side,

the electric field becomes stronger for the TE o, mode and weaker for the TFEys mode,
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which will result in a smaller value for M;4/M,,4. On the contrary, the value of M34/M4

will be increased when moving the internal coupling slot towards the input.

Design specifications of the one-output reference filter in this design are listed

below: The center frequency is fo=27.95 GHz, the fractional bandwidth is FBW=

1.25%, two transmission zeros are at = 11.1j, and the in-band reflection coefficient is

smaller than 20 dB. Since the initial size of cavity 1 can be determined based on the

above analysis, those out-of-band transmission poles corresponding to 7E| g, and TE g

modes of cavity 1 can be obtained as well, which are at = 70; in this case. The

generalized coupling matrix is optimized to be:

S 1 2 3 4 L
S 0 11038 14675 29752 0 0
1 1.1038 669959 0 0 30171 0
M=|2 14675 0 0 0 23842 0
329752 0 0  —66.9969 1.1031 0
4 0 30171 23842 1.1031 0  1.4598
L 0 0 0 0 14598 0 |

The values in the coupling scheme [shown in Figure 2.24(b)] for the two-output

filter can be extracted from its one-output counterpart by keeping power transmitted

to loads to be the same:

My =M, =M, /N2 (2.35)
My =M, =My, /N2 (2.36)
My =My =M, /N2 (2.37)

A 20 mil Rogers 5880 substrate with its relative permittivity of 2.2 and loss tangent
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Figure 2.25 Frequency responses of the two-output filter.

0.0009 is used for the physical realization of the two-output reference filter. The

diameter of metallic vias is 0.25 mm, while the space between adjacent ones is 0.5

mm. Those initial design parameters can then be obtained by de-normalizing the

coupling matrix [75]. The ratio of WI/LI is initially set to be 2.92 when Cavity 1

resonates at TE;y;. Cavities 2 and 2' both resonate at their 7F;y; mode. In order to

achieve a quasi-elliptic response with symmetric TZs, locations of those internal

coupling slots need to be optimized first. Then, by using the HFSS simulator, the

whole filter is tuned to obtain desired frequency responses. Finalized parameters are

given in Figure 2.20. Figure 2.25 shows simulated frequency responses of the two-

output reference filter, in which a good correspondence can be observed with

responses from its ideal circuit.
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Figure 2.26 Schematics of simulation models used for evaluating the reflection
coefficients of a waveguide port used to excite (a) a cavity resonator with a filter port

and (b) an SIW cavity-backed slot antenna.

(b)

Figure 2.27 (a) Cross-section view and (b) geometrical parameters of the proposed

filtering antenna array. Lc=4.5mm, Ls=3.54mm, Wc=5mm, Ws=0.66mm.
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2.4.2 Filtering Antenna Array Synthesis

It is possible for an SIW cavity-backed slot antenna to act as an equivalent load to

the filter, because the bandwidth for this antenna is larger than the required

1.25%fractional bandwidth in this design. To this aim, the coupling between the

TE,p;-mode cavity and the antenna unit need to be identical to that between the TE ;-

mode cavity and the TE)o;-mode one. Meanwhile, the same external quality factor

needs to be obtained between the TE)o-mode cavity of the reference filter and the

antenna unit. The above two considerations can be evaluated at the same time, by

using the method described in [28]. A waveguide port [assumed to be port 1] will be

used to excite the cavity resonator with a filter port [shown in Figure 2.26 (a)] and the

cavity-backed slot antenna [shown in Figure 2.26 (b)], to compare their reflection

coefficients. The cavity size for the antenna is fixed to be W,=5 mm and L,=4.5 mm.

A parameter study will be conducted versus W, and L, to match the reflection

coefficients in the above two cases. The best matching is found when L,=3.535 mm

and W=0.66 mm, in which the reflection coefficients for both cases are close to each

other within a wide frequency range. After the above evaluations have been done,

cavity-backed antennas are used to replace the end resonators in the reference filter,

and a desired filtering antenna array can be successfully established as shown in

Figure 2.27.
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Figure 2.28 Simulated |S;| results of the filter and filtering antenna array.
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Figure 2.29 Simulated |S,;| results of the filter and gain of the filtering antenna array.

Figure 2.30 Top and bottom views of the fabricated filtering antenna array.
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Figure 2.31 Simulated and measured [Sy;| results of the filtering antenna array.

In Figure 2.27, the feeding microstrip line is designed at the opposite side with

respect to the radiating slots, in order to avoid possible radiation leakage from it.

Parameters of the optimized filtering antenna are given in Figure 2.27. Figure 2.28

compares simulated reflection coefficients of the proposed filtering antenna array and

its two-output reference filter. It can be observed that, they operate at the same

working frequency with almost identical bandwidth. In-band return loss values are

both better than 15 dB. Two radiation nulls can be observed at the gain curve of the

filtering antenna array shown in Figure 2.29, whose locations are almost the same as

those in its reference filter.

2.4.3 Measurement Results and Discussions

The photograph of the fabricated prototype is shown in Figure 2.30. A 2.92mm

southwest super SMA connector is used for the measurement. Measured reflection
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Figure 2.32 Simulated and measured gain of the filtering antenna array.
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120

H-plane

Figure 2.33 Simulated and measured radiation patterns of the proposed filtering

antenna array at 27.94 GHz (unit: dB)

coefficients are plotted in Figure 2.31, whose center working frequency is located at

27.94 GHz and very close to the simulation. Measured bandwidth is from 27.85 GHz

to 28.03 GHz, which is slightly smaller than the simulated one. An anechoic chamber

is used for the measurement of the antenna's far-field performance. The measured

maximum gain is 6.8 dBi as shown in Figure 2.32 within the passband. Meanwhile,

the measured gain curve also basically follows the shape of transmission coefficients
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of the reference filter. Measured radiation patterns at 27.94 GHz are plotted in Figure
2.33.
2.5 Summary

A complete approach for the aim of improving the selectivity of cavity-based
filtering antennas is proposed and analyzed in this chapter. Cross-couplings inside a
single multi-mode cavity are selected as the TZ generation method in a reference
filter to realize radiation nulls in its corresponding filtering antenna, due to its easy
implementation to the filter-antenna synthesis procedure. Design specifications of
these reference filters are synthesized by the gradient-based optimization method.
Two design examples, which are separately an element and an array, are proposed
and physically realized. Good correspondences can also be found between simulation

and measurement.
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Chapter 3 Array Designs of SIW Cavity Filtering

Antennas for Specific Applications

This chapter presents two filtering antenna arrays operating at Ka-band, which can
achieve monopulse and dual-polarization functions, respectively. All resonators and
radiators in the above two designs are based on cavity structures, in order to improve
the efficiency for mm-Wave applications. Detailed design procedures and analysis are
described in the following sections.

3.1 Introduction

An antenna array is a set of N spatially separated antennas. The number of
antennas in an array can be as small as 2, or as large as several thousand. In general,
the performance of an antenna array increases with the number of antenna elements in
the array, while the drawback is the increased cost, size, loss and complexity. The
antenna array can be used to increase the overall gain, provide diversity
transmission/reception, cancel out interference from a particular set of directions,
steer the beam so that it is most sensitive in a particular direction or determine the
direction of arrival of the incoming signals.

Expanding the filtering antenna concept from a single element to an array is very

meaningful for practical applications. Initially almost all published articles related to
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filtering antenna designs are with single antenna element. Only a transmission-line
based design published in 2011 by Chung ef al. is in the array configuration [30]. The
challenge lies in the design of a proper feeding network with both power-division and
filtering functions. In 2015, another filtering antenna array with dual-polarization is
proposed by Chu et al. [22]. The above two filtering antenna arrays are both based on
transmission-line resonators and patch radiators, and those techniques involved in
them are not suitable to be applied in SIW cavity-based designs.

3.2 A Millimeter-wave Filtering Monopulse Antenna
Array Based on Substrate Integrated Waveguide

Technology

For the aim of precision angle estimation in a radar tracking system, monopulse
antenna arrays [76] are widely used. In conventional designs, e.g. Cassegrain
parabolic antennas and lens antennas, corresponding monopulse comparators are
typically bulky and heavy. To eliminate the above disadvantages, microstrip
transmission-line based comparators were proposed for those lightweight and low
profile designs [77-80]. However, for millimeter-wave applications, there will be
large radiation losses during power transmission when using microstrip transmission-
line based transmission structures. To this end, substrate integrated waveguide (SIW)

based comparators [81-83], which suffers much less radiation losses, were proposed
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and implemented in the design of monopulse comparators in recent years.

This section presents a substrate integrated waveguide (SIW) based filtering

antenna array [as shown in Figure 3.1] operating at millimeter-wave range with

monopulse functions. The proposed antenna array is composed of 4 antenna elements.

A monopulse comparator and necessary feeding network are also included to achieve

required filtering properties. The monopulse comparator is realized by using a square

dual-mode SIW cavity, whose internal coupling slots are designed along its diagonals

to simultaneously achieve required internal coupling co-efficiencies for both sum and

difference channels. Before the design of the proposed filtering antenna array, a

reference filter with four outputs is synthesized based on its one-output counterpart.

Then, four cavity-backed slot antennas are used to replace the four end-resonators in

the reference filter. A Ka-band prototype with a center frequency of 29.25 GHz and

fractional bandwidth of 1.2% is demonstrated. The sidelobe levels of the sum pattern

are less than -15 dB and the null depth of the difference pattern is less than -28 dB in

the H-plane far-field measurement. Meanwhile, for the sum channel, a maximum gain

of 8.1 dBi is obtained.

3.21 A Four-Output Filter Composed of One Monopulse

Comparator

1) Design of a Monopulse Comparator: Figure 3.2 illustrates the proposed SIW
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Figure 3.1 Cross-section view of the proposed filtering monopulse antenna array.

Figure 3.2 Electric field distributions of two degenerated modes (7TE,q; and TE)y,) in

the proposed monopulse comparator.

cavity-based monopulse comparator, together with electric field distributions related

to its operation modes. The comparator is a square cavity resonator. The input for the

TE»); mode is located at region C, while it is at region B for the TF;y, mode. The

outputs for both operation modes are located at regions A and A'. It can be observed

from Figure 3.2 that, in region B, the electric field is strong for the TE;), mode but

weak for the TE,); mode, while region C is strong for the TE); mode but weak for the

TE;p; mode. Based on the above mechanism, region B can be used for the excitation
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of TE 9, mode without affecting the resonance of the TE); mode. If region C is used

for the excitation of the TE,y; mode, no coupling will be generated to the 7E;y, mode

either.

It is also noticed that, when the TE»); mode is excited inside this cavity resonator,

the electric field densities are identical at regions A & A', while the directions for

them are opposite to each other. On the contrary, when the TE;y, mode is excited, the

electric field at regions A & A' is of the same direction and intensity. The above

features can exactly meet those requirements for a monopulse comparator. Moreover,

regions A & A' are both symmetrically located along the diagonal of the square cavity,

for the aim of achieving the same field intensity for 7E,, and TE); modes in this

comparator. This feature will contribute to achieve equal internal couplings between

the comparator and resonators in the next stage for both sum and difference channels,

since the proposed design is based on the same coupling scheme with same

specifications.

2) Design of a Four-Output Filter: A 3rd-order Chebyshev four-output filter is

designed at first, as the reference for the synthesis of a filtering monopulse antenna

array with four antenna units. Figure 3.3 plots the detailed geometry of the proposed

reference filter. As can be seen, two layers of TLY-5 substrate (¢,= 2.2, tand = 0.0009)

have been used, and a layer of fastRise 28 prepreg (¢.= 2.75) is used for the
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Figure 3.3 (a) Cross-section view, (b) top view and (c) side view of a four-output
filter.

connection between them. In this filter, a monopulse comparator (cavity 1 in the
lower substrate), two horizontal arranged TFE;o;-mode rectangular cavities (cavity 2

and 2" in the upper substrate) and four vertically arranged TE;y;-mode cavities
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Figure 3.4 Coupling schemes of (a) a three-order bandpass filter and (b) three-order

four-output filters (sum and difference channel) extended from the previous filter.

(cavity 3'"—3“ in the upper substrate) are included. Microstrip lines with coupling
slots are used for the excitations. In order to achieve a one-to-four power divider, two
horizontally arranged rectangular cavities are connected with the comparator at
regions A and A' first. Then, each horizontal arranged cavity is coupled with another
two vertically arranged cavities. Port 1 is used for the excitation of the sum channel,
while port 2 is for the difference channel.

A 3rd-order one-output filter shown in Figure 3.4(a) is used for the extraction of
the coupling scheme for the proposed four-output reference filter shown in Figure 3.4

(b). The coupling matrix for the reference filter can be given as:
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S 1 2(1) 2(2) 3(1> 3(2) 3(3) 3(4)
S 0 M, 0 0 0 0 0 0
1 M, 0 M., M, 0 0 0 0
2(1) 0 Mlzm 0 0 MZM3H) M2H)3<2) O 0
)
2 0 M12(2) 0 O 0 O M2(2)3137 M21273(4)
3 0 0 M, 0 0 0 0 0
M=3® o0 0 My, 0 0 0 0 0
3 0 0 0 M o0 0 0 0 0
30 0 0 M oy 0 0 0 0
I 0 0 0 0 M 0 0 0 0
I 0 0 0 0 0 M e 0 0
¥ 0 0 0 0 0 0 M, 0
¥ 0 0 0 0 0 0 0 M o

o

M

0
0
0
0

3 ()

0

S O O O o o

1

M

0

S o o o

3(2) [(2)

S o O o o o

® @

0 0

0 0

0 0

0 0

0 0

0 0
My, 0

0 Moo

0 0

0 0

0 0

0 0

In the sum channel shown in Figure 3.4(b), the first node 1 and second nodes

20&2@ all act as two-way dividers. In order to keep the total transmitted power

unchanged, we can have

M :Mn(z):M]z/\/E

120

M = M211)3(2) = M2<2)3m =M =M, /\/5

L3 2(2)3(4)
for internal coupling coefficients, and

M;(I)Lm =M3<2>L(2) =M3(3)L<3> =M3(4>L(4) =M,

for external coupling coefficients.

3.1)

(3.2)

(3.3)

For the case of the difference channel, node 1 will also act as an 180° phase shifter

and we will have

-M :Mlzm :]‘412/\/E

120

(3.4)

in this channel. Other coupling coefficients will be kept the same as those in the sum

channel.
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Figure 3.5 Synthesized frequency responses of the four-output filter and its one-

output counterpart.

Coupling coefficients are calculated to be Mg;=0.9453, M,=0.6223, M»;=0.6223,

M;;= 0.9453 for the four-output filter with an in-band return loss of 15 dB. The

synthesized responses when f,=29.25 GHz and BW=340 MHz is plotted in Figure 3.5.

Only one curve related to the output is illustrated in this figure due to frequency

responses for all the four outputs are the same. The only difference between reflection

coefficients of the four-output filter and its one-output counterpart is the 6-dB

difference between their transmission coefficients.

In the physical modeling of this four-output filter, the diameter and spacing of

those grounded vias are 0.4 mm and 0.8 mm, respectively. By properly de-

normalizing the coupling matrix, initial design parameters and physical parameters

can be obtained [75] for this reference filter. The HFSS simulator is used for the

optimization of the geometry parameters. Figure 3.3(b) illustrates detailed dimensions
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Figure 3.6 Simulated frequency responses of the four-output filter operating in the (a)

difference channel and (b) sum channel.

of the whole filter. Figure 3.6 plots the frequency responses from both ideal circuit

and physical model. Simulated amplitude obtained from the physical model is given

in Table 3.1, in which "m" denotes the number of the output port while "n" for the

input port. Simulated phases are given in Table 3.2. The largest phase different

between corresponding output ports is around 2° while it is 183° for the difference

channel, which are both very close to ideal values of 0° and 180°.
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Table 3.1 Amplitude of S,

dB(S;m) dB (S;@,) | dB(S,@)| dB(S;@)
-3.01 -8.02 -8.28 -8.29
dB(S,m) dB (S;m)) [ dB(5;9)| dB(8;%)
-8.31 -8.35 -8.14 -8.17
Table 3.2 Phase of S,

Ang(S;0) | Ang(S;9) | Ang(S;¢) | Ang(S; »,)
89.84° 91.02° 92.84¢ 91.91°
Ang(S,%) | Ang(5;®) | Ang(S,®) | Ang(S,®,)

-131.2¢ -130.64° 5241 51.25

3.2.2 Filtering Monopulse Antenna Array Synthesis

In [73], the cavity-backed single slot antenna can achieve a bandwidth of about

1.7%, whose absolute value is 490 MHz and wider than the 340 MHz bandwidth of

the reference filter designed in the above section. Based on the analysis in [27], as

long as the same internal coupling can be acquired between the antenna unit & a

cavity resonator of the second-order [nodes 2' or 2"] and an end resonator [nodes 3' or

3" or 3" or 3""] & a second-order one, together with the same external coupling can

be acquired between the end resonator of the filter and the antenna unit, the antenna

unit will perform as an equivalent load to the filter as the end resonator. The above

two considerations can be evaluated in the same procedure using the method in [28]

and models for this evaluation are given in Figure 3.7. By changing W, and L,

[W,=4.5 mm is fixed], |Si,| of the end resonator in the filter case is adjusted to match
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Figure 3.7 Schematics of simulation models used for evaluating the reflection
coefficients of a waveguide port used to excite (a) cavity resonator with a filter port

and (b) SIW cavity backed slot antenna.
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Figure 3.8 Reflection coefficients of the waveguide port 1 for the end resonator of

either a cavity resonator or a cavity-backed slot antenna.

the one of the antenna unit case.
Figure 3.8 plots different simulated |S;;| results of the above two cases, in which
the results for the filter case is presented in solid line and those for the antennas are

plotted in dashed/dotted lines. It should be pointed out that, the combinations of W,
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Figure 3.9 Geometrical parameters of the proposed filtering monopulse antenna array.
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Figure 3.10 Simulated and measured reflection coefficients of the filtering monopulse

antenna array for the sum channel, as well as ideal frequency responses of the four-

output filter.

and L, are all tuned to enable the filtering antenna case to resonate at the same

frequency as the one in the filter case. The combination of L,=9.40 mm and W,=3.165

mm will obtain the best match for the proposed design. By using cavity-backed slot

antennas with the optimized parameters above to replace those four cavities coupled

with the four outputs in the filter shown in Figure 3.3, an SIW filtering antenna array
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Figure 3.11 Simulated and measured reflection coefficients of the filtering monopulse
antenna array for the difference channel, as well as ideal frequency responses of the

four-output filter.

0.00

-10.00

-20.00

-30.00

Normalized patterns (dB)

-40.00

4| Sum channel

H{| ==~ Difference channel

-50.00 L B T [N | | B B RS S
-180.00 -120.00 -60.00 0.00 60.00 120.00 180.00
Theta (Degree)

Figure 3.12 Simulated radiation patterns of the filtering antenna at 29.25 GHz.

with monopulse functions can be established as shown in Figure 3.1. Figure 3.9

illustrates the finalized parameters of the filtering antenna.

Figure 3.10 and Figure 3.11 plot simulated frequency responses of the proposed

antenna array for sum and difference channels, respectively. A good correspondence
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top view

Figure 3.13 Top and bottom views of the fabricated filtering monopulse antenna

array.

can be observed between simulated results and those obtained from the ideal circuit.

Figure 3.12 plots simulated far-field radiation patterns. A maximum gain of 8.5 dBi

can be obtained in the sum beam, while a null depth better than 29 dB can be

obtained for the difference beam.

3.2.3 Measurement Results and Discussions

The photograph of a fabricated prototype is given in Figure 3.13. A 2.92 mm

southwest super SMA connector and an Agilent E8363C vector network analyzer are

used for the measurement of its impedance characteristics. Measured results of the

reflection coefficients are also given in Figure 3.10 and Figure 3.11. In the

measurement of the difference channel, the center frequency is close to the simulated

value, while it does not exactly match the simulated one for the sum channel. The

implementation of the super SMA connector and those fabrication tolerances might

result in the discrepancy between simulation and measurement. An anechoic chamber

is used for the far-field measurement. For the sum channel, a maximum gain of about
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Figure 3.14 Measured radiation patterns of the filtering antenna at 29.25 GHz.

8.1 dBi is obtained at the broadside of this antenna array in the measurement. Using
the method by comparing the measured gain and simulated directivity, the overall
efficiency of the proposed filtering antenna array is found to be 54.4%, which is
equivalent to a 2.65-dB loss. This loss is mainly resulted by the finite O-factor of the
utilized SIW cavity resonators. Radiation patterns are measured at 29.25 GHz and
illustrated in Figure 3.14. A beamwidth of about 30.5°is achieved in the measurement
for the sum channel. A null depth around 27 dB is obtained in the difference channel.

A good correspondence can be observed between measurement and simulation.
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3.3 A Filtering Dual-Polarized Antenna Subarray
Targeting for Base Stations in Millimeter-Wave 5G

Wireless Communications

In order to meet the increasing demand for higher data rate, the fifth generation
(5G) mobile and wireless communication technologies are becoming a hot research
topic. For spectrum bandwidth below 10 GHz, it becomes almost crammed.
Therefore, a higher frequency spectrum, e.g. the millimeter-wave (mm-Wave) band
has gained significant interest [84-86]. There are mainly two challenges when
applying these underutilized spectra for future outdoor cellular applications. One is
the geographical coverage range, another is the connection in non-line-of-sight
(NLoS) environments [87]. The above two challenges can be resolved by using a
large number of antenna elements to achieve directional beams together with large
gain values, since the wave-lengths of mm-Wave frequencies are relative small. In
order to achieve proper beam pointing to a desired direction, the digital beamforming
(DBF) scheme is one efficient approach [88].

Theoretically, implementing the same number of transceivers as the antenna
number can provide the optimal performance for a base station. However, this may
not be feasible due to high complexity and cost, especially when the antenna number

is very large. A more practical and cost-effective design is to deploy much smaller
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Figure 3.15 A hybrid beamforming structure (digital beamforming and analog

beamforming) for 5G mmWave base station applications. [89]

number of digital transceivers than total antenna number. It can be achieved via an

analog beamforming scheme [89], in which each transceiver is connected with

multiple active antennas. A network of analog phase shifters is used to individually

control the signal phase on each antenna. Figure 3.15 shows the architecture of the

beamforming structure described above. This architecture also has been successfully

implemented in [87] and demonstrated in system level. Another approach to reduce

the transceiver numbers is the subarray technology [89]. As presented in [89], only 4

RF units were required in per channel, which is much less than the original system

requiring 32 RF units.

In typical antenna designs for base stations, dual-polarized antennas [90] are

preferred, so as to provide the polarization diversity and increase the channel capacity

[91]. If the dual-polarized concept can be integrated with the filtering antenna concept,

an improved efficiency to the whole functional block is able to be achieved, which is

very attractive for system designs.
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This section presents a filtering dual-polarized antenna subarray including 4

elements in the form of 2x2. This proposed filtering antenna subarray targets at the

application of base stations in mm-Wave 5G wireless communications, and will work

as a building block for a beamforming system operating at Ka-band. A dual-path 1x4

feeding network and four slot antennas backed by cavities are included in a

multilayered 3-D structure, by implementing the low temperature co-fired ceramic

(LTCC) technology. The two operating modes in each cavity for different paths are

always orthogonal to each other, in order to achieve a low cross-polarization in its

radiation. Meanwhile, for the purpose of obtaining a good isolation between the two

inputs, a novel method by modifying the arrangement of some vias in the cavity of

the first stage is proposed. The fabricated prototype is centered at 37 GHz with a

bandwidth of 600 MHz. Its performance has also been verified in the measurement.

3.3.1 Design of A Dual-Path Filter

A key issue for 5G wireless communications is to find out enough available

bandwidth. Nowadays, most research is focused on the 28 GHz band, the 38 GHz

band, the 60 GHz band, and the E-band (71-76 GHz and 81-86 GHz) [92]. Among

the above frequency spectrums, it is found that the 28 GHz (25.25-29.5 GHz) and 38

GHz (36.25-40.5 GHz) bands suffer less rain attenuation and oxygen absorption than

others. This feature is very important to improve the communication range for mm-
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Wave wireless systems [93]. Therefore, in this design, the center frequency and

bandwidth are determined to be 37 GHz and 500 MHz, which are similar as the one

in [87], to meet data rates required by next generation communications.

In order to successfully realize a desired dual-polarized antenna subarray with

filtering characteristics, a reference filter with two isolated transmission paths needs

to be designed first. This reference filter is of 4th-order, in which one input and four

outputs in each path are included. Each output corresponds to one radiating element

in the final filtering antenna. Good isolation is required between the two paths, in

order to minimize the cross-polarization level after the last-stage resonators are

replaced by suitable antennas in the synthesis of the filter and antenna. An LTCC

material Ferro-A6 with a dielectric constant g, of 5.9 and loss tangent of 0.002 is used

in this design, with 20 substrate layers. The thickness for each layer is 0.1 mm. To

achieve the frequency selection and EM-wave radiation with low radiation loss, SIW

cavity resonators are implemented. The diameter of the metallic via d and distance

between adjacent vias s, are 0.2 mm and 0.5 mm, respectively.

Three major considerations need to be taken into account in the design of the

proposed dual-path filter.

1) Cavities and Arrangement. Square SIW cavities operating at two orthogonal

modes, which are diagonal 7F,p, mode (mode 1) and 7E,y mode (mode 2), are used
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Figure 3.17 Stage-by-stage cavity arrangement in the dual-path filter.

81



as resonators in this filter. Figure 3.16 plots the electric and magnetic field

distributions of the two operating modes, using HFSS simulation software. It can be

estimated that, if the operating mode in each path of this filter is the same, to be either

mode 1 or mode 2, good isolation can be achieved between these two paths.

It is also very important to properly arrange those resonant cavities in this

reference filter. Power-division and isolation between the two paths need to be

realized within the same structure. Figure 3.17 illustrates the proposed stage-by-stage

cavity arrangement in our design. It is seen that, cavities of the Ist-, 2nd- and 4th-

stages are dual-mode ones and operate in both paths. Cavities of the 3rd-stage are

single-mode ones and operate in only one path. Furthermore, the cavity of the 2nd-

stage also works as a power divider for both paths, while the ones of the 3rd-stage

only work in one path to achieve the power-division functions. In the ideal case,

when input port related to path 1 is excited, those cavities corresponding to this path

are expected to resonate only at mode 1. This is also desired when input port related

to path 2 is excited. Detailed realization methods will be discussed in following

sections. The distance p between those adjacent cavities in the 4th-stage should be

restricted to be less than one wavelength. This is to ensure no grating lobe will be

generated after replacing those cavities in the 4th-stage by radiating elements.

2) External Coupling: Choice of locations for external input/output ports is
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primarily based on one consideration, which is that one input/output port should

relate to only one resonant mode (either mode 1 or mode 2) in the cavities of the 1st-

or 4th-stage. Therefore, regions A and B in Figure 3.16(a) are selected to locate

external ports. It can be observed that, the electric field in region A is strong for the

diagonal TE,, mode but weak for the diagonal 7F|, mode, while region B is strong

for the diagonal TE),, mode but weak for the diagonal TE,y mode. When a port is

located at region A, it causes a strong coupling at the diagonal TE,y, mode and almost

null coupling at the diagonal TE}; mode. On the contrary, when a port is located at

region B, only diagonal 7TE/¢, mode will be excited.

Good isolation between the two input ports is also very important in a dual-

polarized antenna design. The electric field distributions excited by port 2 in the

cavity of the Ist-stage are illustrated in Figure 3.18(a). It can be observed that, the

electric field inside this cavity is not the same as the ideal case, whose electric field

should be symmetrical with respect to its symmetrical plane [dashed line], but rotated

by a certain angle represented by the dot-dot-dashed line due to the perturbation of

the two ports. Therefore, a weak coupling will be resulted between port 2 and port 1,

leading to a degraded isolation performance. This is also verified by simulated results

plotted in Figure 3.19. It is seen that, the isolation between port 2 and port 1 is only
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Figure 3.18

(a)

Field distributions of the 1st-stage cavity (a) before geometry

(b)

modification and (b) after geometry modification.
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Figure 3.19 Simulated |S;,| versus d' with different d" as a parameter.

around -11 dB, when the cavity shown in Figure 3.18(a) resonates at 37 GHz.

In order to solve this problem, the geometry of this cavity is modified by

changing positions of several vias as shown in Figure 3.18(b). The location of two

vias [via 1 and via 2 marked in red in Figure 3.18(a)] are both symmetrically shifted,

which means d;,=d»=d' and d;=d,,=d". Simulated |S,| results are plotted in Figure

3.19 at the resonant frequency versus d' with different d" as a parameter. It is found
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that, in the case when d'=0.6mm and d"=0.3 mm, the isolation can be as high as 31 dB,

which is much better than the value obtained without any geometry modification. The

electric field distributions inside the cavity become symmetrical again as shown in

Figure 3.18(b), which also well verifies the improved performance.

3) Internal Coupling: Structures for the realization of internal couplings are also

essential for this dual-path filter design. The design principle is that, when adjacent

cavities at different stages resonate under the same mode [marked as "case 1"], proper

couplings can be generated. On the contrary, when they resonate under orthogonal

modes [marked as "case 2"], no coupling can be generated. Meanwhile, power

division should be achieved between resonators of the 2nd- and 3rd-stages, as well as

between resonators of the 3rd- and 4th-stages. Moreover, interference between

adjacent coupling structures should be avoided. This kind of interference can be

minimized by locating those coupling structures at different cavity regions. In order

to achieve the above aims, three different coupling structures are employed.

A rectangular slot with a small width, located at the center of the square cavity [e.g.

region C in Figure 3.16(b)], is used as the coupling structure between cavities of the

Ist- and the 2nd-stage. The electric field is relative weak around region C, while it is

strong for magnetic field. Therefore, magnetic couplings can be generated around this
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top view

(b)

Figure 3.20 Models for the coupling simulation between cavities of the 1st- and 2nd-

stage. (a) Cavities resonating under the same mode (case 1). (b) Cavities resonating

under orthogonal modes (case 2).
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Figure 3.21 Couplings between adjacent cavities of the 1st- and 2nd-stage in different

situations.

slot only when the two vertically stacked cavities operate at the same mode. Models

shown in Figure 3.20 are used to evaluate the coupling strength under the two cases

mentioned above. Results are plotted in Figure 3.21, in which the coupling strength
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top view

(b)

Figure 3.22 Models for coupling simulation between cavities of the 2nd- and 3rd-

stage. (a) Cavities resonating under the same mode (case 1). (b) Cavities resonating

under orthogonal modes (case 2).

S12 (dB)

0.00
~m =-=== Case 1
N 0'00? I\ ——— Case 2
] ! \
-20.00 / \
1 / \
-30.00 \
] / N L
-40.00 e -
i / - -
1. -~ ~o
-50.00 1~ . ~——
] e
-6000{ ......... - .\:\;’- ....................
: ]
-70.00 - | | ‘ |
95.00 36.00 37.00 38.00 39.00 40.00

Frequency (GHz)

Figure 3.23 Couplings between adjacent cavities of the 2nd- and 3rd-stage in different

situations.

for case 1 is about 35 dB higher than the one for case 2.

Couplings between cavities of the 2nd- and 3rd-stage are also of magnetic kind, by

using rectangular slots symmetrically located at regions D and D' [shown in Figure

3.16(b)]. The working mechanism is the same as that of coupling slots in region C.
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(a) Cavities resonating under the same mode (case 1). (b) Cavities resonating under

orthogonal modes (case 2).

(b)

Figure 3.24 Models for coupling simulation between cavities of the 3rd- and 4th-stage.
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Figure 3.25 Couplings between adjacent cavities of the 3rd- and 4th-stage in different

situations.

Figure 3.22(a) and (b) shows simulation models for the validation, respectively.

Results plotted in Figure 3.23 indicate a 45 dB lower attenuation for case 2 when

compared with the one for case 1.

The coupling between cavities of the 3rd- and the 4th-stages are realized by circle
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slots located at regions B and B' [as plotted in Figure 3.16(a)]. This structure can

achieve a mixed electric and magnetic coupling for the diagonal 7E,y mode, and

almost no coupling for the diagonal TFE,;; mode. It is found that, within two cavities

coupled by this coupling structure, the magnetic fields of the low mode near the

coupling section are of the same direction [either both clockwise or both anti-

clockwise], while they are of different directions [e.g. one is clockwise another is

anti-clockwise] for the high mode. The above phenomenon indicates that the electric

coupling is the dominant one within this coupling structure [94]. Regions B and B' are

located symmetrically with respect to the center of a cavity, in order to obtain an

equal power division. A 35 dB higher coupling strength than that for case 2 is

achieved for case 1 as plotted in Figure 3.25.

By vertically cascading cavities shown in Figure 3.17 using coupling structures

described above, a 4th-order Chebyshev reference filter shown in Figure 3.26(a) is

designed. Cavities of each stage include 5 layers of LTCC substrate [seen in Figure

3.26(b)]. Inputs & outputs are achieved by using microstrip lines with coupling slots.

The coupling strength can be controlled by varying the length of the coupling slots. In

this filter, input port P1 and output ports P3-P6 correspond to path 1, while input port

P2 and output ports P7- P10 correspond to path 2. This filter is also symmetrical with

respect to the center of cavity 1. Figure 3.27(b) illustrates the coupling scheme for the
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Figure 3.26 (a) Cross-section view of the proposed dual-path filter and (b) its layer

definition.

proposed dual-path filter with eight outputs, which is extracted from a conventional
4th-order filter with one output as shown in Figure 3.27(a). Since node 2 and nodes
3'&3" act as two-way dividers, we can have
My, =M. =M, /2 (3.5)
My =M,y =My = My = My, /N2 (3.6)
so that the total transmitted power can be kept unchanged. The coupling coefficients
for the output are identical to those in Figure 3.27 (a):

My, =M, =M, =M. =M, (3.7)
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Figure 3.27 Coupling schemes of a (a) 4th-order bandpass filter and (b) 4th-order
dual-path filter (path 1 and path 2) extended from the previous filter.
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Figure 3.28 Synthesized frequency responses of one path in the dual-path filter with

four outputs and its one output counterpart. (dashed line: synthesized responses, solid

line: full-wave simulation responses)

Synthesized responses of one path in this dual-path filter, with in-band return loss

of 15 dB, are plotted in Figure 3.28. Coupling coefficients for this filter are below:

Ms,=0.9146, M,,=0.8021, M>3=0.6426, M>,=0.8021, M= 0.9146. The filter is
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Figure 3.29 Dimensions of the proposed dual-path filter in different stages. (a) The
4th-stage. (b) The 3rd-stage. (c) The 2nd-stage. (d) The 1st-stage. (Unit:mm)
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centered at fp=37.0 GHz with a bandwidth of BW=600 MHz. Only one curve for the

transmission coefficients is included, due to frequency responses of the four outputs

are identical to each other. It is seen that, the reflection coefficients of the four-output

bandpass filter coincide with those in the one-output filter, while the transmission

coefficients are all 6 dB lower than those in its counterpart.

Coupling coefficients are de-normalized to obtain initial design parameters for the

physical realization of the proposed four-output filter [75]. A fine tuning procedure is

conducted to achieve the desired frequency responses using the HFSS simulator.

Figure 3.29 (a)-(d) list detailed dimensions of the reference filter, in which p is

finalized to be 6 mm (=0.75),). Full-wave simulated frequency responses are

compared with ideal results in Figure 3.28. As can be seen, the transmission

coefficients within the passband are about 4 dB lower than synthesized ones, which is

mainly caused by the finite quality factors (Q,=400) of the SIW cavity.

3.3.2 Design of Dual-Polarized Filtering Antenna Subarray

1) Selection of Radiator: In the filter-antenna synthesis, planar cavity-backed slot

antennas are selected as radiators. Those radiators also perform as equivalent loads to

the filter within its passband. Figure 3.30 lists 4 possible candidates for the radiator

[marked by radiator 1 to 4], in which two of them operate in diagonal TE»y &TEp,

modes [Figure 3.30(a)&(b)], while the other two in conventional TFE,y &TE ¢ modes
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[Figure 3.30(c)&(d)]. Electric field distributions for two orthogonal operation modes

are also plotted. Radiating slots are indicated by dashed lines. Coupling slots between

radiators and its preceding cavities are illustrated by circles. All these radiators are

capable to generate two orthogonal linear polarizations. Two radiating slots are

included in radiator 2 [shown in Figure 3.30(b)] and radiator 4 [shown in Figure

3.30(d)]. These two kinds of radiators are actually extended from their single slot

prototypes proposed in [73]. Four radiating slots are included in radiator 2, which is

extended from its two-slot prototype proposed in [74]. In all the above 3 kinds of

radiators, only one/one pair of the slots will work when one operation mode is excited,

to achieve a radiation with linear polarization. However, the situation is quite

different for radiator 1. By observing the field distributions, it is noticed that, all the

four slots will work for either operation mode in radiator 1. Linearly polarized waves

are achieved by the sum of their radiation.

Dimensions of these 4 kinds of radiators are also given in Figure 3.30. It can be

observed that, radiators 1 and 2 are relative larger ones, whose sizes are close to one

wavelength in free space. For radiator 3, those coupling slots overlap the radiating

slots in the vertical direction and might bring in some interference. Among these

radiators, radiator 4 is the smallest one, which gives the designer more flexibility in

the final integration of the filter and radiators. To this end, radiator 4 is selected as
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() (d)

Figure 3.30 Geometries and electric field distributions for (a) radiator 1 [quad-slot

operating in diagonal TF,y&TEp, modes], (b) radiator 2 [dual-slot operating in
diagonal TE,y &TE,p» modes], (c) radiator 3 [quad-slot operating in TFE,y&TEg
modes] and (d) radiator 4 [dual-slot operating in TE»y &TEy; modes].

the radiator in the proposed filtering antenna subarray.

2) Antenna Subarray Synthesis: In order to successfully replace those last-stage

resonators in the filter by radiators, the coupling between a radiator and a cavity

resonator of the 3rd-stage [one of nodes 3' to 3""] need to be identical to the one

between an end resonator [one of nodes 4' to 4""] and a 3rd-stage one, and the same

external quality factor can be acquired for an end resonator of the filter and a radiator.

The above two considerations can be evaluated simultaneously, by using the method

introduced in [28] and two evaluation structures shown in Figure 3.31(a) and (b). The

waveguide port is assumed to be port 1 in this evaluation.
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(a) (b)

Figure 3.31. Schematics of simulation models used for evaluating the reflection
coefficients of a waveguide port used to excite (a) a cavity resonator with a filter port

and (b) an SIW cavity backed slot antenna.

P1

Figure 3.32 Cross-section view of the proposed filtering dual-polarized antenna sub-

array.

A parametric study versus different combinations of W,, L,and D,is conducted to

match |S;;| results obtained from the two structures in Figure 3.31. In our case, the

best match is found when W,=4.74 mm, L,~4 mm and D,=0.69 mm. After parameters

of the radiators and their internal coupling slots are finalized, SIW resonators of the

4th-stage will be replaced by radiators in the filter-antenna synthesis. Figure 3.32
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Figure 3.33 Geometrical parameters of the radiation part for the proposed filtering

monopulse antenna array.
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Figure 3.34 Simulated |S;1|&|S2;| results of the filter (proposed in Section 3.3.1) and
the filtering antenna (proposed in Section 3.3.2).
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Figure 3.35 Simulated |S,;| results of the filter and gain of the filtering antenna.
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(b)

Figure 3.36 (a) Top view and bottom view of the fabricated filtering antenna and (b)

fabricated antenna with a metallic shield.

shows the established filtering antenna subarray with dual-polarized radiations. Its

dimensions are illustrated in Figure 3.33. Figure 3.34 plots simulated reflection

coefficients for the two input ports of the proposed filtering dual-polarized antenna

subarray. Simulated center frequency and bandwidth both coincide with its dual-path

reference filter. Within the passband, |S;;| and |S;,| are smaller than -14.5 dB and -30

dB, respectively. Figure 3.35 plots simulated gain versus frequency. It can be

observed that, the gain results do not roll off as sharply as the |S,;| results of the filter.

Radiation leakage from microstrip input lines are possible reasons. Therefore, a

metallic cavity is designed to shield those microstrip lines as shown in Figure 3.36(b),
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and enable the roll off of the filtering antenna to coincide with the filter.
3.3.3 Measurement and Discussions

The above design has been fabricated and measured for validation purpose. The
photograph of the fabricated prototype is shown in Figure 3.36. 2.92mm southwest
super SMA connectors are used for the measurement. Measured and simulated |S]
results are compared in Figure 3.37. In the measurement, the working frequency
range for |S;;|<-10 dB is from 36.8 GHz to 37.33 GHz, which is slightly smaller than
the one in simulation. This can be attributed to the super SMA connector, the + 0.8%
tolerance of the shrinkage rate of the material, possible deviation of the dielectric loss
of LTCC and the fabrication tolerance. Isolation better than 32 dB, which can meet

the typical requirement for base station applications, is achieved in the measurement.

00 e = =
] .’;'- ..... s
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m ]
o ]
Y ] [S11|&[S22]
3 -20.00 (Sim.)
= S22
g -30.00-
= ]
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-40.00—_"'-@ |S21| =
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-50.00 ——m—F+————r—————————————
gG.OO 36.50 37.00 37.50 38.00
Frequency (GHz)

Figure 3.37 Simulated and measured reflection coefficients and isolation of the

proposed filtering antenna.
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Figure 3.38 Simulated and measured gain of the proposed filtering antenna subarray.
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(b)
Figure 3.39 Simulated and measured radiation patterns of the filtering antenna

subarray at 37 GHz. (a) Excitation at P1 and (b) Excitation at P2.
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Far-field results are measured in an anechoic chamber. The gain measurement is
conducted at the boresight of the proposed antenna subarray. As shown in Figure 3.38,
the maximum measured gain is 10.8 dBi within the passband. It should be pointed out
that, the connector loss has been de-embeded based on the data sheet of the super
SMA [95]. Measured gain responses also agree well with simulated results. Figure
3.39 plots measured radiation patterns at 37 GHz for both polarization directions. The
achieved cross-polarization level is about 22 dB lower than its co-polarization
counterpart. Even if the individual array patterns shown in Figure 3.39 have no
grating lobes, conventional beamforming with periodic distributed digital subarrays
will have an output response with grating lobes that would increase the peak sidelobe
level [96]. Several solutions based on heuristic algorithms (e.g. Genetic Algorithm
(GA) [97] and Particle Swarm Optimiser (PSO) [98]) can be implemented to
overcome this problem in subarrays.

3.4 Summary

In this chapter, two filtering antenna arrays are proposed for radar tracking systems
and 5G base stations, respectively. Investigations show that, the challenge of
constructing a filtering antenna array lies in the proper design of its feeding network.
Filters with multiple inputs/outputs, whose design specifications can be analyzed

from their counterparts with one input & output, are established as references for
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further filter-antenna synthesis. Prototypes, with monopulse and dual-polarization

functions, are physically realized and verified in the measurement, respectively.

These proposed filtering antenna arrays expand the application area for this kind of a

multifunctional component.
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Chapter 4 Implementation of Synthetic Material in
Dielectric Resonator Based Filtering Antennas for

Broadband Applications

This chapter presents a filtering antenna, whose radiator is a dielectric resonator
(DR). In the design procedure, relationships between parameters of a dielectric
resonator and its external quality factor (Qgyr) are analyzed. Results obtained from
this exploration indicate that a broad bandwidth of 15.5% is achievable for a filtering
antenna [2nd-order, RL<15 dB] by using a DR as the radiator. In order to achieve
Qexrvalues required in different design specifications, for the first time, the utilization
of synthetic material with air-filled holes is proposed to continuously adjust the Qext
of a DRA. The above two steps also enable the synthetic DR to not only act as a
radiator, but also the last resonator of a bandpass filter. A 2nd-order prototype
centered at 11 GHz with a bandwidth of 950 MHz is successfully demonstrated using
the proposed design procedure. Experimental results also verified the predictions in
the simulation.

4.1 Introduction
Different types of radiators have been implemented in the design of a filtering

antenna, using the approach proposed by Person et al. in [4]. In [30], the use of
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rectangular patch antennas was reported for a filtering array design. A monopole

antenna was applied in [25]. Cavity-backed slot antennas were implemented for

filtering antenna designs, in either a planar integration [27] or a 3-D integration [28].

However, there is no such kind of a design using dielectric resonator antennas (DRAs)

in reported articles. The structure with a cylinder DR proposed by Leung et al in [29]

is not a filtering antenna, but two devices sharing a common resonator.

The reason that the DRA is attractive for radiator designs in filtering antennas is

not only due to its advantages such as low fabrication cost, low loss (no conductor

loss), small size, light weight, reasonable bandwidth (~10% for g ~10) and high

radiation efficiency. More importantly, unlike those radiators of dipole, monopole

and patch, the resonant frequency of a DR radiator is determined by three dimension

parameters (length, width and height), which enables a design flexibility in the

continuous choice of bandwidth for a filtering antenna.

The DRA is an antenna that makes use of radiating modes of a dielectric

resonator (DR). The DRA is a 3-dimensional device and was first proposed in 1983

[96] in a rectangular shape. It can also be constructed in other shapes, e.g.,

hemispherical, cylindrical, triangular, etc. The resonant frequency of a DRA is

determined by its dimensions and dielectric constant g, Different kinds of feeding

technology can be implemented for the excitation of a DRA, such as microstrip line
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feed [97], aperture coupled feed [98] and coaxial feed [99]. Besides linearly polarized
DRAs [96], circularly polarized [100] and even omni-directional circularly polarized
[101] antennas can also be realized using dielectric resonators, with the help of
parasitic strips. Dual-band [102] and wide-band [103] DRAs have also been proposed.

DRA technology suffers from several inherent limitations as well. Those
limitations are mainly related to the variation of the electrical properties of the used

material and the integration between DR and its feeding network.

4.2 Qpxr Extraction of a DRA Operating at Its TE”
Mode.

The Qgxr extraction is a key issue in the replacement of the last-stage resonator in
the reference filter by a DRA. In this investigation, a DRA whose TE”;;; mode
resonates at 11 GHz, which is also the center frequency of the reference filter, has

been implemented. The center frequency fy can be achieved as [104]:

c

f()zz;zﬁ I+ I+ K 4.1)
k, :%,kz =§ (4.2)
(k)= (2, =l 43)

X

The simulation model used for the extraction of Qgyr is illustrated in Figure 4.1. A

rectangular DRA is placed above a ground plane and coupled with a waveguide

through a rectangular coupling slot. Input of the waveguide is assumed to be port 1.
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For the purpose of realizing a single-mode operation, the waveguide is filled by a

material of €,= 10.2. As we all know, Qgyr can be expressed by

Pt 1 (4.4)
QEXT QL QU

It can be noticed that, when assuming the DRA to be lossless (Qy=x), Qrxrwill be

identical to Q;. Therefore, Qrxr of the DRA can be obtained by removing its

Coupling
slot —V/A—f

Waveguide —p-

Figure 4.1 Simulation model used to extract the Qgxr of a DRA operating at its TE”;,

mode.
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Figure 4.2 Reflection coefficients of the model used for permittivity extraction.
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dielectric loss in the simulation and extracting the value of ;. Using the method
described in [105], O, can be extracted from the reflection coefficients of the
waveguide port 1. In Figure 4.2, S'!" is the minimum reflection coefficient occurring

at the resonant frequency f;. f; and f; are those frequencies when S;;= S7,, where S}, is

defined as

SO = b (4.5)

—e— £,=12, H=4
—-y=- g=12, H=5
- === =12, H=6

Qext

5.00 . | |
%.00 3.50 4.00 4.50 5.00
W (mm)

Figure 4.3 Extracted Q,,, of a DRA versus its width "H" with different height "W" as

a parameter.
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Figure 4.4 Extracted Q. of a DRA versus its permittivity & with different height

"W'" as a parameter.
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The coupling coefficient k between the waveguide port and the resonator can be
found using

1-sm

k=-—2u_ (resonator is under-coupled) (4.6)
1+87"
1+Smin 3
f=—21_  (resonator is over-coupled) 4.7
-8
The Q, can be calculated using
0, = (1+k)L (4.8)

271

Figure 4.3 plots the extracted Qgxr of the DRA versus its width H with different

height W as a parameter, when the permittivity of the material is ¢, =12. Figure 4.4

shows the extracted Qgyr versus its permittivity g with different height W as a

parameter, when the width A of the DRA remains 4 mm. It should be pointed out that,

the resonance of the DRA is always kept unchanged at the 11 GHz, by varying the

length L. As can be observed and compared in these two figures, changing the

permittivity of the utilized material can bring in a larger range of achievable Qgxr,

which can also enable a much wider filter bandwidth. Moreover, it can also be

estimated from Figure 4.3 that, achieving a Qgyrlarger than 12.5 is almost impossible

by reducing the value of W, since W=3mm is already very close to the minimum

height of this DRA that resonates at 11 GHz. Therefore, we can draw a conclusion

that, it is more feasible to achieve the required Qgyr by changing the permittivity of

the material used for the DRA.
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Table 4.1 Performance Comparison between Filtering Antennas with Different

Radiators

. D§s1gn Fl'ex1b111ty Achievable

Radiator Type Order in Continuous .
. Bandwidth

Bandwidth
Patch [15] 2nd-order No 2%
Slotline Dipole [4] 3rd-order No 15%
Monopole [25] 3rd-order No 16.3%
Cavity-Backed Slot[27] | 4th-order Yes 0.8% — 8%
Dielectric Resonator 2nd-order Yes 4.4% —15.5%

A performance comparison between filtering antennas with different radiators is

conducted in Table 4.1. It can be seen that, all these radiators utilized in the

construction of a filtering antenna, which can be categorized into the third design

approach, perform only one resonance. This is to ensure that the synthesis of such a

filtering antenna can follow a filter design procedure, so that the performance of it

can also exactly follow the one of its reference filter. However, among these radiators,

only resonant frequencies of the cavity-backed slot and dielectric resonator are

determined by more than one dimension parameters, providing design flexibility in

the continuous choice of bandwidth for a filtering antenna. When compared with the

DRA, the cavity-backed slot antenna is a high Q-factor radiator which is always

narrow band [1.7% in [73], 1.5% in [74]]. Even when using a 3.17-mm-thick

multilayer RT/Duroid 5880 substrate [27], the achievable minimum Q. is still

around 12, which corresponds to a maximum bandwidth of only 8% [4th-order,

RL<20 dB] and 7.7% [2nd-order, RL<15 dB (same as our case)]. Therefore, the
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bandwidth of a filtering antenna using this kind of a radiator is very hard to be
beyond 10%, which reflects the advantage of using DR as the radiator for broadband
filtering antenna designs.

4.3 Continuous adjustment of Qgxr of a rectangular

dielectric resonator using synthetic dielectric

As discussed above, it is preferred to realize a certain Qgyr for a DRA by changing
its permittivity. However, there is one major problem when applying this method,
which is, the available permittivity in reality is limited and may not satisfy the
specifications required in a filtering antenna. Synthetic dielectric [106], [107], by
introducing air-filled holes into the host dielectric, is a good option to solve this
problem. The concept of synthesized dielectric has been proposed for over 20 years,
while its application is still restricted mainly in two areas: permittivity reduction of
substrate [106] and flat lens [107]. Since the effective permittivity eg.g of the
synthesized dielectric can be determined by the volume fraction of the host dielectric
relative to air, in our design, the utilization of such kind of dielectric is proposed to
continuously adjust Q. for a DR radiator within a certain range, so that filtering
antennas with different design specifications can be successfully fulfilled. It should
be noticed that, the e, of the synthetic dielectric is always smaller than the ¢, of the

host dielectric.
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Figure 4.5 (a) Cross-section view and (b) top view of the reference 2nd-order SIW
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Figure 4.6 Cross-section view of the filtering antenna using ideal dielectric.

4.4 Prototype Demonstration

A prototype operating at 11 GHz with a bandwidth of 950 MHz is demonstrated
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Figure 4.7 Simulated frequency responses of the reference filter and the filtering
DRA in Figure 4.6.

in this section, to show the capability of a filtering antenna design with the dielectric
resonator radiator.
4.4.1 Reference Filter Synthesis

The prototype is based on a 2nd-order Chebyshev bandpass filter, whose
resonators are 7FE,y-mode SIW cavities. As observed in the filter structure shown in
Figure 4.5, these two resonators are vertically cascaded and coupled through a
rectangular slot. Rogers RO3010 substrate, whose thickness for each substrate layer is
25 mil, is implemented in this prototype. The width of the coupling slot for the two
50-Q microstrip lines is 0.25 mm. For a 2nd-order filter with in-band return loss of 15

dB, design parameters are:

kin=0.11 (4.9)
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Opxr=10.77 (4.10)
Dimensions of the filter are obtained as described in [76] and shown in Figure 4.5(b).
4.4.2 Realization of A Filtering Antenna Using Ideal Dielectric
Based on the required Qgxr in the design parameters of the reference filter, a
material with dielectric constant of 12 is chosen for the DRA, in the filtering antenna
synthesis procedure. The initial height and width are 4 mm and 3.5 mm, respectively.
In order to simultaneously evaluate the external coupling, the internal coupling and
the frequency loading effect to the DRA, the method proposed in [28] has been
implemented to achieve a bandwidth of 950 MHz. It should be pointed out that, the
length T of the coupling slot is responsible for identical internal coupling strength and
also need to be carefully optimized. Frequency responses for the reference filter and
filtering antenna with dimension in Figure 4.6 are compared in Figure 4.7. A very

good correspondence can be observed between curves of the in-band return loss.

=16 £=12
Port 1 Port 1
d
/ air-filled
d / hole
‘ PMC
e PMC PMC
PEC
_ PEC PEC
oy ‘\
\T/v X Port 2 Eort2
(a) (b)

Figure 4.8 HFSS simulation models for extracting the electromagnetic characteristics
along Z-axis of (a) synthetic dielectric with the air-filled hole and (b) conventional
dielectric.
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Figure 4.9 Extracted g, along Z-axis [Case A] and X-&Y-axis [Case B] of the

simulation model in Figure 4.8(a).
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Figure 4.10 HFSS simulation models for the verification of permittivity extraction of

(a) synthetic dielectric with air-filled holes and (b) conventional dielectric.

4.4.3 Realization of A Filtering Antenna Using Synthetic Dielectric
Some available permittivity of host dielectric provided by the manufacturer is g,=

6, 10 and 16. Since the synthesized permittivity is always smaller than the one of the

host material, the dielectric material with & = 16 is chosen in this design for the

realization of a synthetic dielectric with g.4=12. A square lattice of circular holes is
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Figure 4.11 The geometry of a 2nd-order filtering antenna using a synthetic dielectric

resonator as the radiator.
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Figure 4.12 Cross-section view of the filtering antenna using synthetic dielectric.

employed in synthesized dielectric in our design, the effective permittivity €. is

proportional to the volume of the substrate removed and can be calculated by

e -(d-r-a)+n-a’
Erer = > (4.11)
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Figure 4.13 Simulated frequency responses of the reference filter and the filtering

DRA in Figure 4.12.

where d is the distance between holes in the square lattice, a is the radius of each hole,

and ¢, is the substrate relative permittivity. In our case, a dielectric material with g.=

16 is chosen for the realization of a synthetic dielectric with g.;=12. For a fixed

a=0.2 mm, d is initially calculated to be 0.7 mm.

Then, periodic boundaries [108] are applied to simulation models of a cell as

shown in Figure 4.8 to obtain the exact value of d. The radius a of the air-filled hole

in Figure 4.8(a) is restricted to be 0.2 mm. By comparing the phase delay obtained in

the two models in Figure 4.8, extracted values of &.¢ along Z-axis [Case A] and X-

&Y-axis [Case B] are plotted in Figure 4.9. It can be observed that, &.is indeed

anisotropic along different axes. The change of slope of Case B is faster than the one

of Case A and g, is close to each other after d>1.5 mm. In Case A, when the
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Figure 4.14 (a) Top view and bottom view and (b) cross-section view of the

fabricated filtering antenna prototype.

space d between adjacent cells equals to 0.87 mm, a best matching can be achieved. It
is also noted that, the difference of &, between the two cases is only 0.7 when d is
around 0.87 mm. This small discrepancy can be adjusted in the final optimization of
the DRA's dimensions after the synthetic dielectric is utilized to replace the original
dielectric.

The resonances of the TE’';;; mode have also been compared between two DRAs
with those parameters obtained above. Detailed dimensions of the two DRAs are
illustrated in Figure 4.10. It is found that, the resonant frequency of the DRA with

ideal dielectric is 10.9769 GHz, which is very close t010.9441 GHz of the DRA with
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Figure 4.15 Simulated and measured |S;| results and gain of the proposed filtering
antenna.

synthetic dielectric. The small discrepancy is reasonable, due to the fact that the DRA

in Figure 4.10(b) is not an ideal periodic structure. As a result, an optimization needs

to be conducted to modify the whole filtering antenna with synthetic dielectric shown

in Figure 4.11. Finalized parameters are plotted in Figure 4.12. A good

correspondence of return loss can be achieved between the reference filter and the

filtering antenna. The filtering shape of the gain responses for the filtering antenna

also basically follows the one of the transmission coefficients of the reference filter.

4.5 Measurement Results and Discussions

Figure 4.14 shows the photo of the fabricated filtering antenna. A 2.92mm

Southwest super SMA connector is used to connect the microstrip input of the

antenna for measurement. Simulated and measured results are compared in Figure

4.15. The achieved bandwidth is 840 MHz for |S;|<-10 dB, which is slightly smaller
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Figure 4.16 Simulated and measured radiation patterns at 11 GHz for the filtering

antenna.

than the one obtained in the simulation. The fabrication tolerance in the shaping of

the DRA could be the dominant reason for this discrepancy. Far-field results are

measured in an anechoic chamber. Gain results are obtained at the broadside of the

proposed filtering antenna. Maximum measured gain within the passband is 6.45 dBi.

The overall loss for the filtering antenna is estimated to be 0.45 dB [simulated

directivity (6.9 dBi) - measured gain (6.45 dBi)], which is very close to the calculated

insertion loss of 0.42 dB based on the unloaded quality factor of the SIW cavity

[Q,=267] and the DR radiator [Q,=1007]. Those measured radiation patterns at 11

GHz are given in Figure 4.16 and also match well with simulated results.

4.6 Conclusion

A DR radiator based on the synthetic dielectric is successfully implemented in the

design of a broadband filtering antenna. The design is based on the exploration of the
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external quality factor of a DRA versus its parameters. Investigations show that,

changing the permittivity of the DR can provide a larger variation range for the

external quality factor than changing its dimensions. A 2nd-order prototype operating

at 11 GHz is designed, fabricated and measured for a validation.
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Chapter 5 Conclusion and Proposal for Future

Research

This thesis sets out to analyze and design SIW cavity-based filtering antennas with
radiation nulls for their broadside gain, and to implement proper feeding network to
expand filtering antennas from element designs to array designs. In this final chapter,
the primary contributions of this research are summarized and suggestions for future
work in this area are provided.

5.1 Contributions

Since most published filtering antennas are element designs and based on
transmission line structures, the motivation for this thesis is to implement the SIW
technology for filtering antenna and antenna array designs, to realize high selectivity
or certain functions. Gradient-based optimization method is used for synthesizing the
reference filter before the antenna-filter integration. The major original contributions
are made below.

In Chapter 2, cross-couplings in a multi-mode cavity and a gradient-based filter
synthesis procedure are selected for the generation of radiation nulls for SIW cavity
filtering antennas. Two designs examples are proposed. The first one is a filtering

antenna composed of two vertically stacked SIW cavities. There are two major
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advantages for this proposed filtering antenna, which are the high frequency

selectivity and low cross-polarization levels, respectively. A multi-mode coupling

scheme realized in a single cavity and a dual-slot cavity-backed antenna are

developed to achieve required performances. The second one is an SIW filtering

antenna array with quasi-elliptic gain responses. The key to achieve high out-of-band

gain attenuation is the utilization of an oversized TE,p;-mode cavity. The power

division for the two antenna elements can also be achieved by using this cavity.

In Chapter 3, SIW cavity filtering antennas are expanded from element to array

designs. A filtering 4-element antenna array which can realize monopulse functions is

proposed in Section 3.2. A dual-mode square cavity (TE;p, and TE,(;) with proper

inputs and outputs is designed to act as the monopulse comparator. A null depth

around 27 dB is achieved in the difference channel, when measured in the chamber.

The proposed design can be easily further expanded to an array with more elements.

A filtering 4-element antenna array which can realize dual-polarization functions is

proposed in Section 3.3. By utilizing the LTCC technology, a dual-path reference

filter, with one input and four outputs for each path, is developed. These two paths

are isolated from each other by utilizing different kinds of coupling structures, in

order to achieve a low cross-polarization level when the end resonators are replaced

by cavity-backed slot antennas. An isolation better than 32 dB is measured between
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two input ports, while the cross-polarization level is better than 22 dB in the

measurement. The configuration of the proposed design fully exploits the three-

dimensional integration feature of the LTCC technology.

In Chapter 4, a dielectric resonator is applied as the radiator in a filtering antenna

for broadband applications. Investigations indicate that, the quality factor of a

dielectric resonator can be effectively tuned by changing its permittivity. In order to

obtain the dielectric resonator with a required permittivity, which is not available in

real world, the concept of synthetic material is implemented. With proper filter-

antenna integration, the dielectric resonator and SIW resonator are capable to be

integrated as filtering antennas and achieve a fractional bandwidth larger than 10%.

5.2 Future Research

The above research contributions suggest many more specific open questions and

directions. The remainder of this section will lay out some of these more immediately

accessible avenues for future research.

1. For SIW based filtering antennas, designs with duplex function, dual-band or

circular polarization are desired to be developed. It could be estimated that, multi-

mode cavities will be essential to achieve the above functions.

2. Since filtering antennas using multiple resonators, whose design procedure

follows a filter synthesis method, suffer from high insertion loss brought by
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resonators included, those design methods without additional resonators but still can

achieve the filtering function for gain responses are highly desirable. Related

explorations can be conducted based on the mode analysis for SIW cavities.

3. Most published filtering antennas are driven by academic purposes, which do

not have a specific target application. Therefore, it is of critical importance to

investigate those areas where filtering antennas can be implemented. One possible

application area is the shared-aperture antenna array, where high isolation is required

between antenna arrays operating at different frequency ranges. In conventional

designs, such kind of an array is usually designed for two frequency ranges. The

polarization directions of those radiation elements for different frequency ranges

should be orthogonal to each other. Furthermore, the two operating frequency ranges

can not be too close to each other. All these restrictions are aimed to ensure the

isolation. However, if the filtering antenna concept can be implemented in such kind

of an array, the constrain of orthogonal polarizations can be omitted, as long as the

attenuation in the filter response at certain frequency ranges can meet those system

requirements. Another advantage is that, the shared aperture array can be designed for

more frequency ranges other than two.
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