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Abstract

In the majority of microwave receiving and transmitting systems, a requirement is to
have a filter immediately adjacent to the antenna or antenna array. Conventionally the filter
and antenna are designed as separate components and a matching circuit is used in order to
get maximum power transfer between them. This thesis presents a new methodology for
antenna design where a filter is either fully or partially integrated with the antenna elements.
The design of this antenna-filter follows the well-established coupled-resonator filter design

theory, in which each resonator can not only be used as a filter element but also as a radiator.

In order to verify the concept, dipole antennas have been employed as antenna
elements, and in addition to their radiating properties they are treated as the resonators in the
filter circuit. For this purpose, an inductor has been integrated with each dipole antenna
forming the resonator circuit. A two-port bandpass filter designed using dipole antennas is the
first work in this thesis to verify the use of dipole antennas as resonators; this confirms the
design concepts. The coupling matrix has been used to obtain the filter response. Further work
demonstrates one-port antenna-filters made out of one, two and three dipoles; in these cases
the designed filtering response uses the dipoles as resonators as well as radiating elements.

The simulation and measurement results are in good agreement.

The method has also been utilised to implement X-band waveguide antenna
components, here the radiation is from the open end of a waveguide. An antenna-filter,
antenna-power divider and an antenna-diplexer are all demonstrated. The antenna-filter is
designed for improve the selectivity. The other two components are three-port components
and designed using the coupling matrix. The antenna power divider is designed so that the

radiation pattern can be controlled in addition to providing the filtering. The antenna-diplexer



is designed in order to include the radiation element into a structure which also provides
power splitting at two different frequencies. These three variations of the waveguide antenna-
filter has been designed, simulated, fabricated and measured. The results are in good
agreement. They have provided verification of the method, showing the antenna and filter
theories and can be applied to miniaturise these components. The results have application in

the wireless communication and radar systems.
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Chapter 1

Introduction

1.1 Overview of Integration of Antenna and Bandpass Filter Components

Recently attention in the design of microwave circuits has been directed towards
miniaturisation and low profile for components in wireless communication systems. An
antenna and a bandpass filter are essential components employed at the front-ends. Examples
of the use of an antenna and a bandpass filter at the front-end of Radio Frequency (RF)
transmitter and receiver are shown in Figure 1.1. For the transmitter shown in Figure 1.1(a), a
bandpass filter follows a power amplifier and used for selecting a transmission frequency and
rejecting out of band frequency before being sent to an antenna for broadcasting the RF
signal. On the other hand, an antenna is the first device of the receiving system as shown in
Figure 1.1(b). The antenna is placed at the front of the receiver to receive the RF signal and
sent to a bandpass filter. It also acts as a pre-selector for the reception carrier frequency to the
input of a low-noise amplifier. This arrangement of the antenna and filter reduces noise and
interference before converting lower frequency by mixer and oscillator [1]. However, a
degradation of the front-end performance is caused by mismatched impedance of an antenna
and a bandpass filter. A matching network [1] is therefore needed for the front-end circuit to
match impedance between antenna and filter. The matching network may improve the
performance of the systems, but the circuit size may also be increased. In general, bandpass
filters are designed based on coupled resonator circuits. This bandpass filter is named a

coupled resonator filter [2]. Figure 1.2 shows an example diagram of n™ order coupled-



resonator bandpass filter, where white circles represent resonators, and the solid lines linking

resonators represent coupling.

Antenna
Power
. Amplifier Bandpass Filter
Mixer —~_
RF /\/
Input : TR
Local Oscillator
(a)
Antenna
Low-Noise
Bandpass Filter  Amplifier )
~_ Mixer
o IF
T~ Output
Local Oscillator
(b)

Figure 1.1 Block diagram of (a) An RF transmitter and (b) Block diagram of an RF receiver

[1].

Bandpass filter
Input —:»@—@—@— : —@—1—» Output

Figure 1.2 An example diagram of n™ order coupled-resonator bandpass filter.

As mentioned above, the main function of an antenna is to radiate the RF signal to free space.
It can also act as a resonator of the filter when it resonates at the operating frequency. It is
possible to demonstrate the relation of antenna and resonator by analysing and comparing the

resonant antenna circuit (i.e. the reactance (X) or the susceptance (B) of the reactive element is



zero) with the conventional resonant circuit. Two examples of the equivalent circuits of
resonant antennas are a dipole antenna and a patch antenna from [3]. The structure of dipole
and patch antennas are shown in Figure 1.3(a) and 1.3(¢), respectively. The equivalent circuits
of both antennas are represented as lossy resonant circuits and shown in Figure 1.3(b) and
1.3(d); where R, is the radiation resistance of an antenna, L, is the antenna inductance, Cj is

the antenna capacitance, X, is the antenna reactance and B, is the antenna susceptance.

N
Input —>: //y Input =

Xa=0
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(a) (b)

« =

Input =
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|
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|
i
|
Input = L,
|
|
|
|
|

() (d)
Figure 1.3 Antenna examples and their equivalent circuits. (a) Dipole antenna. (b) Dipole

antenna’s equivalent circuit. (¢) Patch antenna. (d) Patch antenna’s equivalent circuit [3].

These examples show that the resonant antenna can be treated as one of resonators in coupled
resonator filters. This allows the design of antenna and filter integration to be a single
component named an antenna-filter by following the coupled resonator filter theory [2]. The

advantage is that the matching network is eliminated, reducing the circuit size and the



problem of a connection between antenna and bandpass filter. This is the main work and will

be discussed in this thesis.

1.2 Literature Review

This section presents a literature review of antenna-filter approaches. In general, the
antenna-filter is usually designed using a matching network to cascade between an antenna
and a bandpass filter as described in the previous section. The design approaches using the
matching network were presented in [4], [5]. The advantage of the method is to enhance the
bandwidth of the microstrip antenna. A design approach of the antenna and filter integration
without the matching network has been firstly presented in [6] with the use of the filter
synthesis. The method was to consider an antenna as equivalent to a last resonator in the filter
circuit. This has been used to implement a slot-line dipole antenna with a coplanar filter. The
approached design can improve the filtering response by tuning the radiation resistance of the
resonant antenna to match the load resistance of filter circuits at the resonant frequency. In
addition, the filter synthesis has been implemented on the various structures for size
reduction, e.g. [7], [8] which show a microstrip filter integrated with a patch antenna, an E-
plane waveguide filter integrated with a patch antenna [9]. A multilayer technology is of
interest to RF circuit designer and can be employed to miniaturise the RF circuits and
integrate RF components into a single module. In [10], a composite ceramic-foam substrate
with the multilayer technology has been implemented to design a microstrip patch antenna
integrated with a filter. A similar concept in [6] is employed to design the antenna-filter
component. Moreover, the approach [10] has firstly introduced the design of antenna-filter

using the principle of the coupled-resonator filter design. The design method was simple by



considering the quality factor of the antenna as the same external quality factor of the last

resonator of filter circuits. The circuit diagram of the approach in [10] is shown in Figure 1.4.

Resonator 1  Resonator 2 Resonator 3
(shunt) (series) (antenna=shunt)
! ! !
| | |
| | |
I I ]
| | |
T iaGy
| | |
it i ? 1
| | |
. ¢ ¢

Figure 1.4 The diagram of the antenna integrated in the bandpass filter circuits [10].

A cavity filter integrated into a horn antenna has been presented in [11]. This work exhibited a
good two-pole filter response and radiation pattern shape. The integration of ultra-wide band
(UWB) antenna with a filter was presented in [12], [13]. These approaches have been
implemented on the planar structure in order to miniaturise the size. In [14], the design of a
patch antenna integrated with the folded step-impedance resonator (SIR) filter can be applied
to reject the unwanted harmonic response. In [15], multi-layer circuit technology has been
used to implement a multi-layer antenna-filter structure. The approach [15] has been used to
design a hairpin filter positioned at the bottom layer combined with the patch antenna placed
on the top layer of the component. This work exhibited a two-pole response and well-shaped
radiation pattern. In [16], the design approach presented the dual-band filter integrated with
the dual-band patch antenna. This component was designed for use in the modern wireless
system, e.g. the wireless LAN system. The concept of filter design has again been utilised
with the co-design of antenna and filter integration. The co-design approaches were
implemented on the microstrip filter with an inverted-L antenna [17], the microstrip filter with

I'-shaped antenna [18], the substrate-integrated waveguide (SIW) filters with patch antenna



[19], the waveguide slot antenna with integrated filters [20], the aperture evanescent
waveguide antenna with filter [21], [22], and the integration of aperture antenna and filter for
the SIW structure [23].

Antenna arrays can be used to improve radiation performance compared with single
antennas. The antenna array has been incorporated with the antenna-filter design for various
structures. For example, four-slot antenna arrays integrated with cavity filters [24], Yagi
antenna combined with a high Q-resonator [25] and four-patch antenna array integrated with
power dividers and filters [26]. In addition, it is possible to design the antenna and filter with
multi-band response. Previously, a dual-band antenna has been designed with an integrated
diplexer and presented in [27]. The approach exhibited a new combined component for the
transceiver of the wireless LAN system with a compact size and good filter performance. In
[28], the microstrip patch antenna was designed and combined with two bandpass filters to
create a single module.

A type of antenna with filtering function has been presented in [29] and is called a
filtering antenna or a filtenna. This component is designed by integrating a bandpass filter
into an antenna in order to enhance the filtering functionality of the antenna. Also cost and
size reductions are required for the component. Following the filtenna's design concept, the
gain response of filtenna can exhibit flat in-band gain, high out of band gain suppression and
high harmonic rejection. The approach presented in [29] aims to show a design technique of
filtenna implemented on horn structure by covering a substrate integrated waveguide cavity
(SIWC) FSS filter at the aperture of a horn antenna. The SIWC-FSS acts as a frequency
selector placed at the aperture to suppress the unwanted frequency from the received signals
before being sent to the input of receiver. This component is suitably utilised as a receiving

antenna. The planar filtennas have been presented in [30]-[32]. In [30], an SIW filter was



designed with the inductive window structure and integrated with a planar coaxial collinear
(COCO) radiation element. The performance of this co-design exhibited a very good return
loss response and the best omnidirectional radiation pattern. In [31], a tunable bandpass filter
using a varactor was designed and integrated with a wideband Vivaldi antenna. This approach
aims to show a design of a reconfigurable filtenna using the tunable filter. The filtenna
exhibited the good agreement of frequency response in simulation and measurement for
tuning frequencies from 6.16 to 6.6 GHz. In [32], a coplarnar waveguide (CPW) was designed
as a compact microstrip resonant cell (CMRC) that is integrated with a patch antenna. This
approach exhibited good suppressions for 2" and 3™ harmonic frequency and high suppressed
cross-polarisation. A bandstop filter or a notch filter can be used to design a filtenna
implemented on a horn structure. The notch filter was used to block a frequency in order to
extend the dual-passband frequency response which is similar to the response of a dual-band
filter. The approach was presented in [33] and was designed using an open-ring dual-band-
notch filter taken into a horn antenna. The performance of approach [33] exhibited the high
gain response with two different notched-bands.

As mentioned above, it can be concluded that the antenna-filter is an RF front-end
component designed by integrating an antenna into a filter, where the last resonator of filter is
replaced by the antenna. Similarly, the filtenna is also the RF front-end component designed
by integrating a filter into an antenna, where the filter is placed before the input of antenna
and also is treated as a balun. Both components are the similar components that achieve
filtering and radiating functions simultaneously. Almost those approaches have been designed
using basic filter design principles. Some approach has been designed without the use of filter
synthesis, e.g. a design uses an active component for tuning frequency bandwidth. This thesis

aims to present a new design of antenna-filters using the coupling matrix synthesis whilst



those antenna-filter and filtenna approaches have not been designed using this technique. This
new design approach using the coupling matrix has significant advantages, which are not only
used to design the antenna-filters, but also used to design antennas integrated with different
components. For examples, an antenna integrated with two-array antennas and power divider,
and an antenna integrated with the diplexer. They have been achieved in designs using the

coupling matrix and will be discussed in Chapter 5.

1.3 Thesis Motivation

There have been many designs of integrated antenna and bandpass filter in order to
miniaturise the circuit area and improve the performance as described in the literature review
of Section 1.2. A diagram of the new antenna-filter approach is shown in Figure 1.5(b) and is
compared to a diagram of conventional design shown in Figure 1.5(a). The new combined
component (antenna-filter) has no a matching network, because the antenna is matched in the

coupled resonator circuit and also treated as the last resonator of the filter.

Antenna
_ Bandpass Filter — Antenna-FIlter _ g iogion
@_@ ..... | :ngi@lkg_ : New approach W ..... :_Oui’u,[
L ____ I ==== ; e __ J
(a) (b)

Figure 1.5 A conventional design of antenna and bandpass filter integration using a matching

network (a) compared to the new approach (b).

However, the previous approaches presented in the literature review did not show good

filtering performance (good skirt selectivity at the passband-edge and high-suppression at out-



of-band) or good radiating performance (high antenna gain and well-shaped radiation pattern).
The main reasons for the problems in the antenna-filter approaches are (i) Poor match of
antenna to filter (ii) inaccurate values of the coupling coefficient and the external quality
factor in the design, and (iii) a small number of antenna elements which cannot enhance the
antenna gain.

This thesis addresses the development of a novel antenna-filter design technique based
on the coupled resonator filter using the coupling matrix synthesis. This technique will reduce
the complexity in the design procedure, enhance the design accuracy and allow more complex
antenna-filters to be designed. As a first step, dipole antennas are chosen with inductors
completing the resonator circuits. The proposed dipole antennas, integrated with inductors,
are employed to design a two-port dipole antenna-filter using the coupling matrix synthesis,
as shown in Figure 1.6. This circuit maybe of little application, but it allows the design
procedure to be investigated. The proposed dipole antennas can then be employed to design a
one-port dipole antenna-filter as shown in Figure 1.7. It can be seen that the layout of the
dipole antenna-filter can be represented as the structure of coupled resonators as well as a
multi-element array for the requirement of both the filtering and radiating efficiency.

Feed Resonator 1 Resonator 2 Resonator n Feed

}u }Lz———ng

Radiation 1 Radiation 2 Radiation n

b4 )4 ;4
O—@-—-C

Figure 1.6 A two-port dipole antenna-filter.



Resonator n
Feed Resonator 1 Resonator 2
3 L P §Ln
Radiation 1 Radiation 2 Radiation

o o
=N oAN0

Figure 1.7 A one-port dipole antenna-filter.

A directional antenna such a waveguide antenna (e.g. aperture, slot and horn antennas) is one
of the most popular antennas due to it providing a very good performance in terms of the
antenna efficiency, bandwidth and radiation pattern. A waveguide aperture antenna will be
discussed in this thesis and employed in the novel design of the waveguide filter-antennas

with the use of coupling matrix synthesis for the antenna-filter component.

1.4 Thesis Overview

This thesis consists of six chapters which have been organised as follows:

Chapter 1 provides an introduction to the thesis. The overviews of the antenna-filter and the
literature review are discussed. Thesis motivation and thesis overview are presented.

Chapter 2 provides the fundamental theories required for this research. It includes the theory
of antennas (i.e. dipole and waveguide antennas, antenna array), theory of microwave filter
based on the coupled resonator circuit, and the integration of antenna and filter using the

coupling matrix synthesis.

10



Chapter 3 presents a new design technique of resonators using dipole antennas. The technique
is based on the antenna theory utilised to analyse the equivalent circuit of dipole antennas [3].

Inductors are employed with dipole antennas in order to complete to the resonator circuit. It
can be achieved by designing a bandpass filter using dipole antennas with inductors based on
the design of a direct-coupled resonator filter [34]. The coupling matrix is employed for this
approach with the comparison of S-parameters. The fabrication and measurement are also
provided.

Chapter 4 uses a similar design technique to that described in Chapter 3. This is intended to
design an antenna-filter as a single-port component with new coupling matrix synthesis. The
synthesis was derived from the equivalent circuit of the antenna-filter as described in Chapter
2. The approach for the work in this chapter has completed in fabrication for the single, two
and three resonator dipole antenna-filters.

Chapter 5 is the continuation of the work presented in chapter 4 which is employed to design
a waveguide antenna integrated with a cavity filter. This work is presented to show different
coupling topologies of the antenna-filter integrated with the physical structure of the
rectangular waveguide. The approach for this work has been used to implement three new
designs, which consist of five-resonator antenna-filter, three-resonator antenna power divider
and three-resonator antenna-diplexer.

Chapter 6 concludes the thesis with inclusion of the future work.
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Chapter 2

Fundamental Theory

This chapter presents a review of the relevant theory in three topic areas, firstly basic antenna
theory, secondly microwave filter theory and the thirdly integration of antenna and filter. Each
will be studied ready for the new design approaches presented in this thesis. Section 2.1
reviews the antenna theory used in the proposed design for the dipole antenna and aperture
antenna. Section 2.2 reviews the microwave filter theory to introduce the filter concept. Both
antenna and filter theories can be applied in the design of an antenna-filter presented in this
thesis. Section 2.3 presents the coupling matrix for antenna-filter utilised for the design
approaches in this thesis. CST microwave studio software instruction is also provided and is

presented in Section 2.4.

2.1 Antenna Theory

2.1.1 Overview of Antennas

An antenna is a passive device used for transmitting or receiving radio frequency (RF) signals
used in wireless communication systems. Figure 2.1 illustrates the functions of antennas in a
wireless communication link. For the transmitting function, the transmitting antenna delivers
the EM wave from the feeding source, and radiates the EM wave into the free-space. For the
receiving function, the receiving antenna receives the EM wave from the space and sends it

into the receiver.
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Figure 2.1 An example showing the antennas function in a wireless communication link [1].

(a) (b)

(c) (d)
Figure 2.2 Examples of typical antennas. (a) Dipole antenna, (b) Rectangular patch antenna,

(c) Waveguide aperture antenna, (d) Horn antenna [2].

Figure 2.2 illustrates examples of typical antennas. A dipole antenna, shown in Figure 2.2(a),
is a wire antenna and is widely used in basic applications such as television, FM radio, etc..
The rectangular patch antenna, in Figure 2.2(b), is a microstrip antenna and consists of a
rectangular flat sheet on top of a ground plane, connected with a feed line. This antenna is

simple, low cost and can be fabricated using the printed circuit board (PCB) technology. An

17



open-ended waveguide antenna shown in Figure 2.2(c), is Type of aperture antenna and is
configured so the direction of EM radiation direction is based on the orientation of the
waveguide propagation mode (normally TE;o mode). This antenna is simple, efficient and can
also be installed on the surface of the spacecraft or aircraft [2]. A horn antenna, shown in
Figure 2.2(d), is also a waveguide aperture antenna that has a large aperture at the end for

improving the antenna gain and radiation patterns.

z
A
First null beamwidth Main lobes
(FNBW)
Half-power beamwidth
(HPBW)
Side lobes
Minor lobes Y
——Minor lobes
Back lobe
X
(a)
Radiation
intensity  Main lobe
Side lobe 4
Minor lobe Side lobe Side lobe Minor lobe
level
Back lobe Back lobe
- + - ‘ a + -
T /2 0 /2 T 8

(b)
Figure 2.3 (a) Three-dimensional radiation pattern of an antenna. (b) Two-dimensional

radiation pattern of an antenna [2].
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The performance of antennas can be described in terms of bandwidth, radiation
patterns, directivity, efficiency and gain. Figure 2.3 illustrates a typical radiation pattern of an
antenna. The lobes of the radiation pattern have different shapes, and can be divided into:
main, minor, side and back lobes [2]. The main lobe represents direction of the maximum
radiation intensity of an antenna. The half-power beam width (HPBW) can be calculated from
the main lobe. The HPBW is the angular width of the main lobe, as measured at the half-
power points. The zero level of the main lobe introduces the first null of the radiation pattern.
The angular distance between two first nulls is called the first-null beamwidth (FNBW). The
FNBW can also be used to estimate the HPBW of an antenna with a uniform distribution by
FNBW/2 =~ HPBW [2]. A side lobe is close to the main lobe and is usually expressed as a
ratio of the radiation intensity between main lobe and side lobe. This is called the side lobe
level. A back lobe is in the opposite direction (180°) from the main lobe. A minor lobe is any
lobe except for the main lobe, side lobe and back lobe and represents the radiation in an
undesired direction [2].

The radiation performance of an antenna can be expressed in terms of directivity. The
directivity of an antenna is defined as [2]

p= 4 (2.1a)
UO

rad

In decibels;
D(dB) =10log,,[D] (2.1b)
where D is the directivity.
U is the radiation intensity (W/unit solid angle).

Uy is the radiation intensity of isotropic source (W/unit solid angle).

Praa 1s the total radiated power (W).

19



Source /
@) Zy, ToZ |

[€Transmission»j€—Antenna
line

Figure 2.4 A basic diagram of antenna usage [2].

A diagram of antenna usage shown in Figure 2.4 is used to describe the antenna efficiency
which is related to the antenna gain and directivity. Antenna gain is an antenna parameter
used to describe the transmitted power in the maximum radiation direction. It is associated
with the directivity and antenna efficiency, defined as [2]

G=eD 22)
where G is the gain of the antenna.

€o 1s the total efficiency of the antenna.

The total efficiency of an antenna is defined as [2]
€ =€ -6 € (2.3)

Where e, = 1 — |T* is the reflection or mismatch efficiency.

I" is the voltage reflection coefficient at the input terminals of the antenna by

' = (2L - Zo)/(ZL — Zy) where Z, is the load impedance at input terminals of

an antenna, Z is the characteristic impedance of the transmission line.

€c 1s the conduction efficiency.

eq 1s the dielectric efficiency.

VSWR = (1 + |T')/(1 — |T'|) is the voltage standing wave ratio.
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Essential background for antennas presented in this thesis is described in Section 2.1.2 for

dipole antennas and Section 2.1.3 for waveguide aperture antenna.

2.1.2 Dipole Antennas

A dipole antenna is a basic simple antenna with a good closed form expression available to
describe its properties. The structure of a dipole antenna consists of two identical straight
wires being positioned along the z-axis and is shown in Figure 2.5.

+z

leT \QV r

Transmission \
line

i
d

Dipole
antenna

Figure 2.5 The geometry of a dipole antenna [3].
The dipole antenna is usually fed at the centre with a transmission line. The currents on each

wire are opposite in direction and can be obtained from the geometry of the dipole antenna.

The current distribution along a dipole antenna for a small diameter d (thin wire dipole) can

Imsin[kﬁI
2
|

be defined as [2]

|o_

|

N
N—
|\.—|

(e

IN

N

IN
(\} |c2-_

1(2)= (2.4)
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where |¢is the current distribution along a thin wire dipole antenna.
Im 1s the maximum current magnitude.
k = 27t/ is the propagation constant.

4 is the total dipole length.

The radiation pattern of the dipole antenna can be obtained from the line integral of the

current along the z-axis, given by [3]

— 1 : 1 : lueijkr la/2 jkzcos@
E, = josin0- A, = josin0-5 Ld/zle(z)-e dz (2.5)
E
H, =— (2.6)
n

where E, is the electric field in the far field.

H, is the magnetic field in the far field.

A, is the potential vector of the current along z-axis.
@ =2r T isthe radian frequency (rad/s).

A 1s the permeability (H/m).

n= o _37673 0~ 1207 Q is the intrinsic impedance of free-space (ohms)
2

Substituting the current equation from (2.4) to (2.5) gives
H : /ue_jkr 0 : Id jkzcosO
E, = josing- J l,sin| k| =+z||-e dz
4rr | 7hr2 2

+J‘: /2 | sin{k (%_ Zj}'ejkzc030d2:| (2.7)
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Solving the integral equation (2.7) gives

| e cos[(Kkl,/2)-cos6]—cos(kl, /2)

E,=] 2.8
o = 7 2xr sin & (2.8)
The magnetic field can be obtained as
E .1 e cos|(kl,/2)-cos@ |—cos(kl,/2
Hy=—f=j-2—: [ (K, /2)-c0s0 |~cos(Kl 12) 2.9)

_0 _
n 2rr sind

The current distribution and the normalised radiation pattern (E-field) for different dipole

lengths |, are obtained using equations (2.4) and (2.8), and shown in Table 2.1.
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Table 2.1 The current distribution and the normalised radiation for different length dipoles

Dipole Normalised radiation pattern
Current distribution [Equation 2.4]
length (1) (E-field) [Equation 2.8]
005 ~
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2.1.2.1 Equivalent Circuit of Dipole Antenna

This section is to study an equivalent circuit of a dipole antenna, which is initially analysed
from an antenna impedance (Za). The antenna impedance Zp is the ratio of voltage (V) to
current (I) at a pair of terminals. It is corresponded to a diagram of the use of dipole antenna
in transmitting mode, as shown in Figure 2.6(a). The dipole antenna shown in Figure 2.6(a), is
equivalent to a series circuit of an antenna resistance (Ra) and an antenna reactance (Xa), as

illustrated in Figure 2.6(b).

I,
T A
S
<p
=
) iR,
| |
v = v sk L
<« i
+j)1/,4
/ i]X A
SR . 28 Y o TCA
_NdKZZa
(a) (b)
Figure 2.6 (a) Dipole antenna usage. (b) Equivalent circuit.
Referring to Figure 2.6(b), the impedance of the dipole antenna is defined as
\Y .
ZA=I—=RAinA (2.10)
where Zp is the antenna impedance (ohms).

Ra is the antenna resistance (ohms).

Xa 1s the antenna reactance (ohms).
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For the resistive part of Zp, it represents Ra by
Ra=Rr +R (2.11)
where Ry is the radiation resistance (ohms).

R) is the loss resistance (ohms).

For the reactive part of Za, it represents Xa, which can be a positive or a negative value. For
positive Xa, it is equivalent to an antenna inductance (La). For negative Xa, it is equivalent to

an antenna capacitance (Ca).

The equations used to calculate R, and Xa element values for finite length dipoles are derived

using the induced EMF method, given by [2]
R () :%{c +n(kl,)-C, (K, )+%sin(kld )[Si (2K, )—2, (Kl )]
+%cos(kld )[C+1In (Kl /2)+C; (2K, )-C; (Kl ) ]} (2.12)
and
Xa(ly) :%{2& (Kl )+cos (K, )[ 25, (K, )—S, (2K, )]

—sin (Kl )| 2C; (kl,)-C, (2Kl,)~C, (%azm (2.13)

d

where |y is the length of the dipole antenna, a is the wire radius, K is the propagation constant

(k =2m/Ao), C=0.5772 (Euler’s constant) and Cj(X) and Sj(x) are the cosine and sine integrals

and given by
C, (x)=j§%dy (2.14)
S, (x)= j:¥dy (2.15)
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An example of R, and X calculation using equations (2.12) and (2.15) for a half-wavelength
(0.52) lossless dipole antenna (R; = 0 Q), the results shows that R, is 73 ohms and Xa is 42.5
ohms, which corresponded to the antenna theory.

The loss resistance R; of wire dipole antenna represents the conductor loss and is considered

in a case of lossy dipole. R is calculated based on the current distribution, given by [3]

R o |7 (2.16)
dra o

For a triangular current distribution,

S M A VT (2.17)
6ra o

where a is the wire radius of dipole antenna.

For a uniform current distribution,

f is the frequency (Hz).

Lo is the permeability of free-space (47x107 H/m).

o is the conductivity of the metal (S/m).
For example, a loss resistance R; of an half wave length dipole antenna made from the copper
(o = 5.7x10" S/m), wire radius a is 3x10*A. The R, is calculated at f of 100 MHz using
equation (2.16) that is equal to 0.349 ohms. For equation (2.17), it is used to calculate R, for a

short dipole antenna (lg << ).
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Figure 2.7 The current distribution of a wire dipole antenna in a case of lin # I [2].

Previously, the radiation resistance R, and the antenna reactance Xa of dipole antennas were
obtained using equations (2.12) and (2.13). These equations are only valid for some dipole
lengths (g = A/4, 3A/4, A, etc.), that the maximum current (I) is equal to the current (li,) at
input terminals. It should be noted that the maximum current |, may not be equal to the
current li, for a particular length lg. It can be considered from a diagram shown in Figure 2.7.

Assuming the input power (Piy) 1s equal to the radiated power (Py) as

[l R =-"R (2.18a)

2 n 2 r
or
| 2
R, = L_m} R (2.18b)

where Rijj is the radiation resistance at input (feed) terminals.
Ry is the radiation resistance at current maximum obtained from equation (2.12).
I, is the current maximum.

lin is the current at input terminals.
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Referring to Figure 2.7, the current lj, is related to the maximum current I, for a length lq and

is given by [2]
k
| =1_sin| —< 2.19
o msm( 5 j (2.19)

Substituting equations from (2.20) to (2.19), thus equation (2.19) can be written as

R - R (2.20)

sin? (kldJ
2

Also the antenna reactance (Xi,) at input terminals of dipole antenna can be written as [2]

X =— A (2.21)

Substituting equations from (2.12) to (2.21) and from (2.13) to (2.22) thus,

Rully) =——L——{C+In(K,)-C,(K, )+%sin(k|d )['S, (2K, ) -2, (K )]
27 sin’ (;j
+%cos(k|d )[C+1In(Kl,/2)+C;(2Kl,)~C; (Kl ) ]} (2.22)
and

X. (1) =%{zsi (Kl, ) +cos (K, )[ 25, (Kl; ) ~S, (2K, )]
47 sin (2"]

—sin (I, ){2(; (Kly)=C, (2Kl,)-C, (2:‘&2 m (2.23)

d

It is concluded that the input impedance (Zin) of a lossless dipole antenna is

Z, =-m=R *jX, (2.24)
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It is represented as an equivalent circuit shown in Figure 2.8. The equivalent circuit of lossless
dipole will be used to define its quality factor that is a parameter in order to design a resonator
using dipole antenna in Chapter3. Figure 2.9 shows Rj, and X;, calculated using equations
(2.23) and (2.24) for the length Iy between 0.1A and 0.5A. These R, and X, calculation will

then be utilised to calculate the quality factor (Q) of dipole antenna in Section 2.1.2.2.

2.1.2.2 Quality Factor of Dipole Antenna

The equivalent circuit of dipole antenna was analysed for different antenna lengths, as
described in Section 2.1.2.1. An antenna element can also be described as a resonator in terms
of the quality factor (Q). In this thesis, the dipole antenna will be initially studied and
designed for a lossless dipole (R} = 0 Q). This is because it is a simple way to determine its
quality factor, which is only related to the radiation or is named the radiation quality factor
Qr. The Q can be obtained from the equivalent circuit of a lossless dipole, which is analysed
at the input. As mentioned in Section 2.1.2.1, a lossless dipole was equivalent to a Rj, and X,
series circuit. In this case, Q; of a lossless dipole can be calculated using the values of Rj, and

Xin considering at fy, given by [4]

Q(f)=t fo)[dxm(fmxm(fo)\J 0.25)

2R, (

where fj is the centre frequency (Hz), Rin(fo) is the radiation resistance at the centre frequency

dXn (o)

(Q), Xin(fo) is the antenna reactance at the centre frequency (Q2), i o is the derivative of

Xin at the centre frequency and can also be defined as
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dX, (f,) X, (f,+AF)=X, (f,—Af)
daf 2Af

and Af is a small change in f

The value of Af must be small to improve the accuracy of the calculation of Q. The value

selected is about 1% of the bandwidth or 0.01 for this calculation.

The radiation quality factor Q; is calculated using equation (2.25) with the calculated values
of Rin and Xj, for equations (2.23) and (2.24). A curve of Q, for the length Iy between 0.1A and
0.5\ are shown in Figure 2.10. Equation (2.25) will then be utilised for obtaining Q, of a

lossless dipole from CST simulation software [5], which will be presented in Chapter 3.

400
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Figure 2.10 The radiation quality factor Q, calculated using equation (2.25).
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2.1.3 Waveguide Aperture Antennas

A waveguide aperture antenna is a simple antenna structure and is usually designed with an
opening at the end of a rectangular waveguide. The aperture area of the waveguide is used to
radiate the electromagnetic wave. Figure 2.11 shows the structure of the waveguide antenna

and the distribution of the E and H fields inside of the waveguide for the dominant TEg

mode.
A,=axb
ﬁ{ Aperture distribution (TE, mode)
A
—E-field
“ SEN '

/ PSS
|

Figure 2.11 The geometry of an open-ended waveguide antenna.
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For the open-ended waveguide, the radiated power does not use the full physical aperture (Ap)
due to E-fields at the sidewall that becomes zero for TE;, propagation mode. Thus, the
effective area A, of the aperture is less than the physical aperture A, and corresponds to the

aperture efficiency &y of the antenna as given by [2]

LY (2.26)

The radiated power of the aperture antenna can be obtained by integrating the average

Poynting vector Wy, and is given by [2]

E 2
P, = SEﬁWav -dS = ab% (2.27)

The maximum radiation intensity U, at 8= 0° is given by [2]
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2 2
E
U =%(a7bj [ 4‘;7| (2.28)

The maximum directivity Dy of the aperture antenna is obtained using equation [2]:

D, = AV e _ iz[ab (4_’2[]} = 0.81[ab (4—’2[)} =0.81A (4—’2[) =A, (4—75] (2.29)
P r A A A A

rad

where Ap = a x b is the physical aperture for the open-ended waveguide antenna.
Aem = &ap-Ap = 0.81A, 1s the maximum effective aperture for the open-ended

waveguide antenna.

Thus, the aperture efficiency &y for the waveguide aperture antenna is equal to 0.81, which
indicates 81% efficiency of the physical aperture A, can be utilised for radiating EM energy.
It is noted that the equation (2.29) is only valid for the aperture mounted on the infinite

ground plane.

2.2 Microwave Filter Theory

2.2.1 Overview of Microwave Filters

As this project is about combining antennas and filters we now move on the filter theory. A
microwave filter is a two-port passive component utilised for selecting a required frequency
and rejecting an unwanted frequency in the microwave frequency range (300 MHz—300 GHz)

[6]. The microwave filter is represented by a two-port network [7], as shown in Figure 2.12.
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Figure 2.12 Two-port network representation of a microwave filter. V;, V, and Iy, |, are the

voltage and current at the port 1 and 2, Zy, and Zy, are the terminal impedances [7].

The input/output transmission and reflection coefficients for the two-port network in Figure
2.12 is represented by the incident waves (a) and the reflected wave (b). These variables are

defined from the voltage (V) and current (I) variables, as computed by [7]

1[ V.
an_E(\/z-i_\/aan

1 Vv
== [Z,.]
bn 2[ 'Zon on n]

The performances of microwave filters are commonly described by S-parameters. The S-

n=1,2 (2.30)

parameters for a two-port network are related to the incident waves (a) and the reflected wave

(b). Reflected waves in terms of incident waves are presented in matrix form as follows

b, _ S Su || & 231
bz - S, Syula, (231

b . . . . . .
where S, =—{ is the input reflection coefficient with output properly terminated.
1la,=0
b . . .
S, =—%| isthe forward transmission coefficient from port 1 to port 2.
al a,=0
S, = a—z is the output reflection coefficient with input properly terminated.
2 la=0
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S, =—1 is the reverse transmission coefficient from port 2 to port 1.
aZ
a,=0

The characteristics of filters are shown by the transmission loss La and the return loss Lg
which are obtained from the magnitude of S-parameters for the two-port network in decibels,

as follows

L, =—20log,([S,|) dB (2.32a)

L, =—20log,,(|S,|) dB (2.32b)

The transmission and return losses are assumed to have positive values. The relation between

the transmission loss La and return loss Lg for a lossless network only are given by [7]

L, =—10log,,(1-10"+"") dB (2.33a)
L, =—10log,, (1—10-LA“°) dB (2.33b)
&n
Eni1 or
" (neven) T
(a)
On
or On+1
o —(n odd)

(b)
Figure 2.13 Lowpass prototype filters for all-pole filters with (a) A ladder circuit beginning

with a shunt element and (b) A ladder circuit beginning with a series element [7].
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In designing a filter, the circuit inside of a two-port filter network is initially assumed to be a
lumped element circuit, having the form of a ladder network also known as a lowpass

prototype filter circuit [7], as shown in Figure 2.13.

The lowpass prototype g values can be obtained from the filter response. The Chebyshev filter
response is selected for designing the filters in this thesis. The response of Chebyshev
lowpass filter has an equal-ripple passband response and maximally flat stopband [7] and as

illustrated in Figure 2.14.

L, (dB)

Lyl .

Figure 2.14 Chebyshev lowpass response [7].

The amplitude-squared transfer function for a lossless filter with Chebyshev response is [7]

1

1+67T2(Q) (239

‘SZI(jQ)‘Z _

and the amplitude-squared input function for a lossless filter with Chebyshev response is

1

‘811 ( jQ)‘z :1_‘821 ( jQ)‘Z :l_Tnz(Q)

(2.35)

where Q is the angular frequency, ¢is the ripple constant, which is obtained from the

passband ripple Lar in dB by
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LAr
e=\101 -1 (2.36)

A Chebyshev function Tp(QQ) of the n™ order filter can be defined as [7]

cos(n cos_lQ) |Q|S1
T(Q)= 2.37
() cosh(n cosh’lQ) |Q|21 (237)

The g values for a lowpass prototype filter having the Chebyshev response the passband
ripple is Lar in dB and the cutoff frequency Q. = 1 can be calculated using equations below

[7]: In these equations

4sin{(2i _1)”]511{(3 —3)71

2n 2n

1
Oi, ]/2+Sin2{(i_nl)ﬂ}

g, = fori=2,3,-n (2.38)

1.0 for n odd

Gner = coth? (éj for n even

where

I‘Ar
f=In {coth (ﬁﬂ
y =sinh (2—'an

Using these equations a low pass prototype filters can be calculated and the g element values

shown in Figure 2.13 calculated.
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2.2.2 Microwave Resonators

Microwave resonators are microwave devices utilised in microwave coupled resonator filters.
Examples are microstrip resonators, cavity resonators, dielectric resonators, etc.. The
microwave resonator can be modeled as a similar circuit to a lumped-element resonator (i.c. a
series or parallel resonant circuit). Figure 2.15 shows the equivalent circuit of several
microwave resonators. A lossless resonator is an ideal resonator with no loss, i.e. R = 0 in

Figure 2.15(a) for a series circuit and Figure 2.15(b) for a parallel circuit.

L C

O—m—”—o o— C —O

(a) (b)
G
NV
R L C L
o_/\/\/\,_f‘(w\_' |—o o1l " | g
C
[|
I
(c) (d)

Figure 2.15 The resonant circuits represented as microwave resonators. (a) Series lossless
resonant circuit. (b) Parallel lossless resonant circuit. (¢) Series lossy resonant circuit.

(d) Parallel lossy resonant circuit.
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For lossy resonators, the losses in the resonator are conventionally represented by the
resistance (R) in the resonant circuit of Figure 2.15(c) or the conductance (G) in the resonant
circuit of Figure 2.15(d). The unloaded quality factor (Qy) is a parameter used to describe the
losses of a resonant circuit. For example, a low loss implies a high Q,, whereas a high loss

implies a low Q.. For the series lossy resonant circuit, the unloaded quality factor Qy is

defined by [7]

Q=== (2.39)

Q =— (2.40)

In principle, the general definition of the unloaded quality factor Q, is [7]

Q= Time-average energy stored in resonator (2.41)

Average power lost in resonator

The losses in the resonator are usually associated with the conductors, dielectrics in the
resonator and radiation from the resonator. Thus, the total unloaded quality factor Q, can be

determined by including these losses together [7]

=—+—+— (2.42)

where Q. is the conductor quality factor, Qg is the dielectric quality factor and Q; is the

radiation quality factor.
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In filter design, the passband response of the filters may be distorted due to the losses in the
resonators of the filter circuits. The value of unloaded quality factor Q, can be used to
calculate the insertion loss in the bandpass filter design using the resonators with finite Q,,

given by [7]

AL,, =4.343>" O

2 FBW .0 Q. g; (dB) (2.43)

where AL,,is the increase of passband insertion loss in dB, FBW is the fractional bandwidth

(FBW = (f, —f,)/2), f, — 1, is the passband bandwidth, Q¢ is the cut-off frequency (Qc = 1), gi
is the g values for i elements obtained from the filter response and Q,; is the unloaded quality

factor for i resonator.

2.2.3 Rectangular Waveguide Cavity Resonator

A rectangular waveguide cavity resonator can be made from a section of a rectangular
waveguide that is terminated at both ends with conducting plates. Figure 2.16 shows the

geometry of a rectangular waveguide cavity where a is the width, b is the height and d is the

b

length.

Figure 2.16 A rectangular waveguide cavity [6].
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The transverse electric fields (Ex, Ey) of the TEn, and TMm, mode for the rectangular

waveguide cavity can be written as [6]
E.(X,Y,2)=8(X, y)[A*e*"'gng + A‘ej"”m“ZJ (2.44)
where €(x, y) are the transverse variations of the mode in the X and y directions, A" and A™ are

the arbitrary amplitude of the travelling waves in the +zZ and -z directions and Sy is the

propagation constant and is given by [6]

s (mY _(nxY
,an_\/k [a) (bj (2.45)

where kK =27 f,\/pe , and u and ¢ are the permeability and permittivity of the material filling

the waveguide.

For the boundary condition of the waveguide cavity at z = 0 and z = d, it requires
E.(X,y,2)=0. Applying the condition E, =0at z = 0 to equation (2.44) becomes A" = -A",
Also, applying the condition E, =0at z = d, equation (2.44) becomes d = I-(7/ ) = I-(A¢/2)
where | = 1, 2, 3... This condition means that the cavity length (d) must be an integer multiple

of a half-guide wavelength (A,/2) at the resonant frequency [6]. The resonant wavenumber of

the rectangular waveguide cavity can be defined as [6]

mzY (nzY (IzY
(5 240

where the indices m, n, | indicate the number of half wavelength variations in the X, vy, z

directions, respectively. The resonant frequency of the TEyn or the TMmn can be defined as

[6]

CkmnI

c mzY (nzY (IzY
mnl — 272'\/lur£r = 272\/ﬂrgr \/( a j +(T) +(?j (247)

f
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where ¢ = 3 x 10® m/s is the light speed, and M. and &, are the relative permeability and

permittivity of the material filling the waveguide. In the case of b < a < d, the mode with the
lowest resonant frequency is known as the dominant mode and will be TE;y; mode. The
electromagnetic-field configuration associated with TE;o; mode rectangular cavity resonator

is shown in Figure 2.17.

(_Z a4/~ X
)/
b /kCK(L‘l— /// 2
(_-_”-—”-Z
a - ——H-field
- — E-field

Figure 2.17 Electromagnetic-field configuration of TE;¢; mode [8].

For a design example, a WR-90 rectangular waveguide operates at X-band frequencies (8.2
GHz to 12.4 GHz) and has the width a of 22.86 mm and the height b of 10.16 mm. The
guided wavelength of the WR-90 waveguide at the middle band frequency (about 10 GHz)
can be calculated using the equation [8], given by

}\'O

Ay = ——t
1=(R /2)’

(2.48)

where Ao = c/f is the free-space wavelength, f is frequency (Hz).

2 .
A, = is the cut-off wavelength.

" J(m/a) +(n/by

Thus, the guide wavelength of a WR-90 waveguide at 10 GHz is calculated using equation

(2.48). This yields a value of 39.76 mm. The WR-90 waveguide can be used to design a
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cavity resonator terminated at both ends with conducting plates. The resonator is half a guide

wavelength long. Using equation (2.47), and assuming that the inside of cavity is filled with

air (i.e. &, = &, =1), the calculated resonant frequency (fi1) of the TE;o; mode is 10 GHz.

2.2.4 Coupled Resonator Filters

Microwave bandpass filter is usually designed based on coupled resonator circuit. The filter

can be simply designed by combining all resonators using coupling theory, as described in

[7].

Qel M, M M. M,y of N\ Qen
Port 1 - 23 Gl (e = g Port 2
U/

Figure 2.18 The coupling topology diagram of n-coupled resonator filter.

Figure 2.18 shows the coupling topology for the n™ coupled resonator filter, where the white
circles represent resonators and the lines linking resonators represent couplings. For
designing an n™ coupled resonator bandpass filter, the coupling coefficient (M;js+;) and the
external quality factor (Qe; and Qen) are the design parameters. The design parameters can be

obtained from the filter specifications with equations [7]:

FBW fori=12,...,N-1

il T T
gigi+1 (249)

gogl gngn+l
= = d ==
Q= Fgw ¥4 =gy

M
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In the normalised form,

I\/li i+1 1 H
My === , fori=12,...,N-1
FBW 9.0:,, (2.50)

qel = FBW 'Qel = gogl and qen = FBW .Qen = gng”“

where M is the coupling coefficient between adjacent resonators.

Q.1 and Qg are the external quality factors of the input and output resonators.

fz_ fl

0

FBW = is the fractional bandwidth.

f, —f, is the design bandwidth.

fo is the centre frequency.
mi i+ is the normalised coupling coefficient between adjacent resonators.
Je1 and Qen are the normalised external quality factors of the input and output

resonators.

g is the g value obtained from the filter response (e.g. Chebyshev filter response from
equation (2.38)).
The normalised design parameters will then be utilised with the coupling matrix to calculate

the filter response corresponding to filter specifications.

2.2.5 Coupling Matrix for Coupled Resonator Filters

The coupled resonator filters are conventionally designed using the coupling coefficient

(Mi+1) and the external quality factors (Qe; and Qen), as described in the previous section. The
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coupling matrix is a general technique for analysing the filter response of coupled resonator
filters based on the coupling coefficient and the external quality factor with couplings
potentially between any every pair of resonators. The coupling matrix is derived from the
coupled resonator circuits and can be applicable to design filters for different coupling
topologies. The calculated coupling values, from the coupling matrix, can then be utilised for
defining the physical dimensions for the filter structure. The coupling coefficient and the
external quality factor extraction technique are dependent on the filter structure and will be
described in the next chapters. This section derives the coupling matrix equations for coupled
resonator filters with the lossy and lossless resonators. Here the lossy resonators are assumed
in the filter circuit when deriving the coupling matrix equation in the case of filter circuits
with finite Q. The n-coupled resonator filter circuits with finite Q, for the magnetic coupling

and the electric coupling circuits are shown in Figure 2.19.

Mln/E H Mnl
K MB .—Mnnz \
L ICil pMirg ICIZ Mo ICF nl Mnn%\ R,
" " " || ||
R, ; . . ! i
cosfesfel fold @l
ey L, R L; Rs L1 R,3
(a)
M T c Ma

= M X

rlz\q

92447 %é 4 5fE 2 5

& L] vs Gs L]Vt L,|Vn

(b)

Figure 2.19 Equivalent circuits of n-coupled resonator filters with lossy resonators.

(a) Magnetic coupling circuits. (b) Electric coupling circuits.
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Figure 2.19(a) illustrates an equivalent circuit of an n-coupled resonator filter with lossy
resonators for the case of magnetic coupling, where L, C and R are the inductance,
capacitance and resistance, respectively; Rs is the source resistance, R, is the load resistance, i
represents the loop current and e is the voltage source. For this equivalent circuit, the
resonators are coupled by mutual inductances (i.e. magnetic couplings). The circuit shown in
Figure 2.19(a) is analysed by the loop equations using Kirchhoff’s voltage law and can be

written is the matrix form as [75]

R +R + jol, +— jol, ~jol,,
JoC,
il [e,
—joL R, + joL, +— —jol,, i 0
J 21 2 J 2 a)cz J 2 2 _ : (251)
i | |o
—jol,, -jolL,, -+ R +R,+ joL, +-
| joC, |
or

[2]-{i]=e]

where [Z] is an n x n impedance matrix. For simplicity, the coupling circuit for this filter is

derived on the assumption of synchronous tuning where the resonant frequency of all

resonators are the same frequency. The angular resonant frequency w, =1/+/LC , where L =
Li=L,=..=Lyand C = C,; = C,=..= C,. For a narrow-band approximation assuming ® = @,

equation (2.51) can be simplified as [7]
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1 1 . . |
—+—+p —Jjm —Jmn
qel qul v 1
_jm L+ p - _jm
HE g, . (2.52)
. . 1 1
—Jjmg —-jmg, o —+—+p
L qen qun

where [f} is the normalised impedance matrix.

.1 o . .
= | ——| — ——=|1s the complex frequency variable.
P= 1w [a)o » J plex fredeney

g,, = FBW -Q,, is the normalised external quality factor of input resonator.

w,L . . .
Q, = RO is the external quality factor of input resonator.

S

0., = FBW -Q,, is the normalised external quality factor of output resonator.

oL . .
Q,, =—— is the external quality factor of output resonator.
[

q, = FBW-Q, (fori=12,..., n)is the normalised unloaded quality factor

of resonator I.
w,L . . . .
Q, = R (fori=1,2,..., n)is the unloaded quality factor of resonator I.
m. = —is the normalised coupling coefficient of resonator i and j.
" FBW

M; = iis the coupling coefficient of resonator i and j.

All resonators of the circuit of Figure 2.19(a) may have different resonant frequencies in the

case of asynchronously tuned coupled-resonator circuits [7]. The normalised self-coupling
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coefficient m;; accounts for asynchronous tuning and is related to the self-resonant frequency

of each resonator. The m;; can be added into the diagonal entries in [ZJ , for asynchronous

tuning as [7]

11 .
—+t—+p-m,

_jm
G O °
. 1 .
_Jm21 —+tp- szz
u2
_jmnl _jmnz

Two-port n-coupled
resonator network

(2)

Cl]—)!

resonator network

Two-port n-coupled

(b)

In

(2.53)

—> b

Figure 2.20 Network representation of two-port circuit in (a) Figure 2.19(a) and (b) Figure

2.19 (b).
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The network representation for the circuit of Figure 2.19(a) is shown in Figure 2.20(a), where
a;, b; and a,, b, are the wave variables and Vi, I; and V,, |, are the voltage and current

variables. Port 1 connected to resonator 1 and port 2 is connected to the resonator n.

The wave variables can be defined from the voltage (V) and current () variable. The

expressions are similar to these given in Section 2.2.1, defined by

2\JR 2\JR

where n is the port number, R corresponds to Rs for port 1 and R is for port 2. Comparing the

anzl( Vi +\/§|nj and bnzl( Yy —\/ﬁan (2.54)

circuit in Figure 2.19(a) with the network in Figure 2.20(a) we can calculate that I; =iy, I, =—

ip and V| = es— i|Rs. Thus, the wave variables equation (2.54) can be rewritten as

a = e, b _ 6,—2iRg
' 2JR 2R
(2.55)
a, = 0 b2 = In\/ﬁl
The S-parameters can be obtained from the wave variables as follows,
b, 2R
S, == =1--— (2.56a)
al a,=0 es
2JRRi
S, b _ZJRRL (2.56b)
8 a,=0 es
I, and i, can be found by solving (2.51),
. € i
f=——\Z 2.57a
: a)ol_.Fva[ ll (2.572)
. e =7
,=——"7"——|Z 2.57b
? a)OL-FBW[ ]21 (2.570)

Substituting (2.57) into (2.56) gives,
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2R =
S, =l-——=—|Z 2.58a
" a)OL-FBW[ } (2.589)

__2RR (Z] (2.58b)
o gL-FBW L '

Rewriting (2.58) in terms of the normalised external quality factors (¢, = o,L-FBW /R, and

Qe = @, L-FBW /R,). Thus, S-parameters become,

S, =1 —i[il’: (2.59a)
Gy
S, = L[ZL; (2.59b)

V qel ' qen

Similarly, the equivalent circuit of the resonators coupled by mutual capacitances (i.e. electric

couplings) shown 1 rigurec Z. can o€ analyse the node equation usin 1rcnhoitt' s
plings) shown in Figure 2.19(b) can be analysed by the node equation using Kirchhoff’

current law. The normalised admittance matrix [7} for the filter of Figure 2.19(b) can be

defined as
1 1 . . ] |

q_m+q_m+ p—1m, —Jm, —Jm,

_jm L+ p_jm _jm
[V] _ 21 0, 22 2n (2.60)
. . 1 1 .

_Jmnl _Jmnz e ——+—+p— Jmnn

L qen qun

The S-parameters for the filter circuit in Figure 2.19(b) can be defined in a similar way to that

for the magnetic coupling circuit

S, =—[1—q%[\7]lj (2.61a)
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S,, =2;[\7 T (2.61b)

vV e1 * Yen "

It can be concluded that the normalised impedance matrix [Z] and the normalised admittance

matrix [\7} are of the same form. Thus, the S-parameters for these coupling circuits may be

defined as
2 4
S, =i(1——[A]“J (2.62a)
0.
1 a1
S, =2——[A] (2.62b)
\/qel'qen
where the matrix [A] is
L+L 0 0
qel qul l 0 O m11 m12 mln
0 —_— 0 o1 -0 . /'m, m, --- m
[A]= 0y +p|. . -j T 63)
: ! ) i O 0 --- 1 mn1 mn2 mnn
0 O e —
L qen qun_

o [A]=[a]+p[U]-i[m]

where [A] is the sum of three n x n matrices, [U] is the n x n identity matrix, [] isan N x n

quality factor matrix, [m] is an n x N coupling matrix.

In a case of filters with lossless resonators, the coupling matrix equation is derived in a
similar way to that for filters with finite Q, by not considering the loss resistance in the all

resonators. Thus, the matrix [A] for the lossless filter is defined as [7]
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I 0
qel 1 0 0 mll le mln
0 0 0 0 1 gm, m .
[A]l= +p|. -j 7 : (2.64)
0 0 L 0 0 1 mnl mn2 mnn
L qen _

The S-parameter equations for the lossless filter circuits are the same as the equations for the

filter with finite Q, (equations (2.62a) and (2.62b)).

2.3 Coupling Matrix for Antenna-Filters

Previously, the antenna and microwave filter theories have been presented and related to the
work in this thesis. Both theories will be used for the new design, involving antenna and filter
integration based on the coupled resonator filter theory [7]. The antenna theory will then be
applied to design the dipole antennas in Chapter 3 and 4, and waveguide aperture antennas in
Chapter 5. The antennas will then be designed to perform as resonators integrated into the
coupled resonator circuit. As a first step, we will follow the study of the coupled resonator
filter theory to design a conventional two-port bandpass filter using all the dipole antennas as
resonators presented in Chapter3. The principle of the work will then be used to design an
antenna-filter in which all resonators are dipole antennas with the second port replaced as the
radiation port. All the designs in this work are presented in Chapter 4 and are designed using
the coupling matrix synthesis. Figure 2.21(a) shows a topology of n-coupled resonator
antenna-filter; where the white circles represent resonators, the solid lines linking resonators
represent couplings and a dashed line with an arrow represents radiation from the antenna.
The coupling matrix equation for this topology can be derived in a similar way of to that

given in Section 2.2.5, considering the external output as the source of radiation (Qen = Qrn)
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and assuming the antenna is lossless. The coupling matrix equation of the topology in Figure

2.21(a) is defined as
1 0 - 0 _ _
Qe 1o -0 m, m, e Jmy,
0 0o --. 0 o1 --- 0 im m im
(A= . . . . .. |- Jf‘ w0 A (2.65)
0 0 L 0 0 1 Jmnl jmnz mnn
L O |

or  [A]l=[a]+p[U]-i[m]
where [A] is the sum of three n x n matrices, [U] is an n x n identity matrix, [q] is an N x N

quality factor matrix, [m]is an n x N matrix of coupling factors.

1 m m My
g 0 12 ° 2 ° C—_ _.?f’i» Radiation 7

(a)
Radiation 1 Radiation 2 Radiation 3 Radiation -1  Radiation rz
‘Ob AT R 4 G ¥ G
maoXeo oo 2o
(b)

Figure 2.21 The coupling topology diagram of n-coupled resonator antenna-filter for (a) The

last resonator is the antenna (Chapter 5), (b) All resonators are antennas (Chapter 4).

Figure 2.21(b) shows the topology of an n-coupled resonator antenna-filter in which all
resonators are antennas, the white circles represent antennas. The coupling matrix equation
for this topology can be derived in a similar way to that shown in Section 2.2.5, assuming that
the antennas are lossless. The coupling matrix equation of the topology in Figure 2.21(b) is

defined as

54



L+L 0 0
T o 1 o -0 m, jm12 jmln
0 — = 0 01 -~ 0 jm,, m, - jm
[A]= G +p[. .. | J:” fz J:Z” (2.66)
. 1 0 0 -1 mygmy, eeomy,
0 0 —
L qrn_

or  [A]l=[a]+p[U]-i[m]
where [A] is the sum of three n x n matrices, [U] is the n x n identity matrix, [(] is an n x N

quality factor matrix, [m]is an n x N coupling matrix.

This is a one port component which is considered only the reflection coefficient S;;. The

magnitude of S, for this coupling matrix is given by

S, = i[l—qi[A]H‘J (2.67)

The coupling matrix for equation (2.66) can be utilised to design the antenna-filter using the
dipole antennas which will be presented in Chapter 4. Also, the coupling matrix for equation

(2.65) can be utilised in the design of waveguide antenna-filters in Chapter 5.

2.4 CST Microwave Studio®

High frequency (HF) components are usually designed and simulated using Electromagnetic
(EM) simulators in order to analyse their parameters such as S-parameters, radiation
patterns,..etc.. The EM simulator uses the Maxwell’s equation solver to analyse the modeled

structure depending on the boundary conditions. It also uses numerical methods in order to
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obtain accurate results. The numerical methods consist of finite element method (FEM), finite
different time domain method (FDTD), method of moment (MOM) and integral equation
method (IEM). Each method is suitable for specific type of calculation. The main
requirements of users for the EM simulator are easy in use, fast simulation and high accurate
results. The structures of designed components presented in this thesis have been simulated
using CST Microwave studio software [5]. This section provides an overview of CST

software in Section 2.4.1 and a few instruction of CST usage.

2.4.1 CST Microwave Studio® Overview

CST Microwave studio [5] is an EM commercial simulation software and can provide those
requirements of users. This software includes 3D solver, circuit simulator and optimiser. The
solvers in CST software package consist of a transient domain (TD) solver, frequency domain
(FD) solver, Eigenmode (EM) solver, Integral equation (IE) solver, Asymptotic (A) solver
and TLM solver. The work presented in this thesis is to design an antenna-filter which will be
simulated in the open boundary with add space using a solver in CST software package. Here
TD solver is a simulation tool for structures designed in the opened boundary using the finite
frequency domain (FDTD) method. This solver is suitable for use in this work and shows

good agreement between simulation and the measurement results.

2.4.2 Instruction for using CST Microwave Studio®

Figure 2.22 shows a beginning of opened CST software usage. It shows a new project creator

which provides the supporting templates for user in order to set up the new project. It can be
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used for selecting a appropriate template to

(Wire)’ is for design a wire dipole antenna.

Select a template for the new project

design a component. For an example, ‘Antenna

Description

<None:=

Antenna (Horn, Waveguide)
Antenna (Mobile Phone)
Antenna (Planar

Antenna Array Unit Cell (FD)
Connector (Coaxial)

Connector (Multipin)

Coupler {Planar, Microstrip, cpw)

Filter (Planar, Microstrip, cpw)
Filter (Waveguide)

F55 - Unit Cel (FD)

IC Package

LTCC

Optical Applications

RCS - Large objects (I-solver)
RCS - Small objects

B eannatar

Coupler (Waveguide) Units: mm, ghz
EDA Background: vacuum
EMC-EMI Problem Boundaries: open

Bounding box: visible
Mesh: optimized for wire
structure

(ratiolimit=20,

pec edge refinement=10)

Cancel

[ o ]

Show this dialog box when a new project is created

Figure 2.22 Design templates for the new project in CST.
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Figure 2.23 First use of CST microwave studio software.
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After created the project, the CST microwave studio software will be displayed in Figure
2.23. In the CST software, there are many tools displayed as small icons. It is used for setting
up the design project. Here we will describe only the most tools shown in Figure 2.23 for
basic users. The tool box usage in CST microwave studio software will be described in step

by step as follows:

Units x|
Dimensions: Temperature:
mm W Kelvin w
Frequency: Time:
GHz W ns w
Voltage: Current:
v A
Resistance: Conductance:
Chm g
Inductance: Capadtance:
nH pF
cocl | | ri

Figure 2.24 Unit setting menu.

Step 1, the units is firstly setting up in a design of component and is shown in Figure 2.24. It
can be set the required units that normally include the dimension, frequency, temperature and

time units.

Background Properties
Material properties
_
Material type:
Mormal W Properties. .. Apply
[ Multiple layers Close

Surrounding space Help

[ apply in all directions

Lower X distance: Upper X distance:
0.0 0.0

Lower Y distance: Upper Y distance:
0.0 0.0

Lower Z distance: Upper Z distance:
0.0 0.0

Figure 2.25 Background property setting menu.
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Step 2, the background properties in CST are used for setting the material property
environment in the simulation, as shown in Figure 2.25. This can be selected the material type
that includes normal, PEC, Anisotropic and lossy material depending on the design. In this
thesis, a normal material has been chosen to design antenna-filters and is also a lossless

material in the free-space.

Frequency Range Settings H

3
Cancel
Fmax:
reb

Figure 2.26 Frequency setting menu.

Step 3, the frequency operation for a design component can be set in the CST simulation by
selecting a frequency range icon shown in Figure 2.23. Figure 2.26 shows a frequency setting
menu and displays Fmin and Fmax, where Fmin is a frequency minimum and Fmax is a
frequency maximum (Fmax). For example, an X-band frequency is set for Fmin = 8§ GHz and

for Fmax = 12 GHz.

Boundary Conditions

Boundaries | Symmetry Planes | Themal Boundaries | Boundary Temperature

[ &pphy in all directions

¥min: | open (add space) w| ¥max |gpen (add space) W
Ymin: |open {add space) w| Ymax: |open (add space) v
Zmin: |open {add space) w | Zmax: |open (add space) v

1000 Open Boundary...

Figure 2.27 Boundary condition setting menu.
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Step 4, this step is to describe the use of object tool and boundary condition setting menu for
designing the structure. The object tools are used to create the structure by selecting the small
icons shown on the left of Figure 2.23. It can be used to create a brick, a sphere, cylindrical,
cone and torus shape. Materials of objects can be selected in the object’s menu. After created
objects, the boundary conditions for the structure need to be set in any direction as shown in
Figure 2.27. It is depended on a type of component. For examples, an opened with add space
boundary condition in all directions is set for an antenna in simulation, an electric (Et = 0)

boundary condition in all directions is set for a waveguide cavity filter in simulation.

Waveguide Port
General
Mame: 1 v
Apply

Label:

— — Preview
Mormal: X LY @z
Orientation: (®) Posiive () Negative Cancel
Text size: = large Help
Position
Coordinates: (_)Free (@ Ful plane Use picks
Xmin | 0 0.0 ¥max |0 0.0
Ymin: | 0 0.0 Ymax: |0 0.0

|:|Free normal position  Zpos: | 0

Reference plane

Distance to ref. plane: | 0

Mode settings

[ IMultipin port Mumber of modes:
Define Pins... 1 =
Single-ended

["|Electric shielding

[]impedance and calibration [ Palarization angle
Define Lines... 0.0

Figure 2.28 Waveguide port setting menu.
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Discrete Edge Port “

= — = OK
Port (@ S-Parameter (_)Voltage () Current

Preview

Mame: 1 w

lLahel: Cancel
Impedance: | 50,0 Ohms Help
Radius: 0.0

[ IMonitor voltage and current

Location

X1 Yi Z1

0.0 0.0 0.0 Use pick
X2 Y2 Z22

0.0 0.0 0.0 Use pick
[Jinvert Direction

Figure 2.29 Discrete edge port setting menu.

Step 5, ports or input/output terminations of components in CST software is depended on a
component type and can be made as a waveguide port and a discrete edge port. Figure 2.28
shows a menu for setting ports that is used to define a waveguide port in simulation. This can
be set a label port, orientation in positive or negative, and coordinates in full plane for a
waveguide and in free plane for a microstrip. Figure 2.29 shows a menu for setting ports that
is used to define a discrete edge port in simulation. This can be set a label port, impedance
(default as 50 ohms), radius of the port and location of the port. This port is usually defined

for a wire dipole antenna and will be presented in this thesis.
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— [ oo |
Type: (@ RLC Serial (JRLCParallel () Diode

Help
: b u
G5! a 5
1 1e-14 &
T 300 K
[IMonitor voltage and current
Location
X1 ¥l Z1
o | [o o | Dluse pick
X2 Yz 2
| 0 ‘ | ] | ‘ 1] | Use pick
|:| Invert orientation

Figure 2.30 Lumped network element setting menu.

Step 6, lumped network element can be set in 3D simulation by choosing the menu shown in
Figure 2.30. It can be selected to create three lumped element circuit types which include a
RLC serial, RLC parallel and diode circuit. This menu can be used to set the values of each
element, radius of element and location of element. The lumped network element will be used

to design an inductor presented in Chapter 3 and 4.

Solver settings

Mesh type: | Hexahedral W
Accuracy: dB [ |Store result data in cache

Stimulation settings

Source type: | All Ports W DInhomogeneous port leration...

accuracy enhancement

Spedals...
Mode: [ caleulate modes only

Superimpose plane wave
exdtation

Start

Optimize. ..

Par. Sweep...

e ®
g
a8
3

S-parameter settings
[INormalize to fixed impedance S-parameter symmetries

50 Ohms S-Parameter List...

Adaptive mesh refinement

[] Adaptive mesh refinement Adaptive Properties. ..

Sensitivity analysis

[ use sensitivity analysis Properties...

Figure 2.31 TD solver setting menu.
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After completed all of those setting, we can simulate the structure using solvers in CST
software. Here time domain (TD) solver is only selected for antenna-filter design in this
thesis. TD solver has a menu shown in Figure 2.31 and is used to set the accuracy (medium is
'-50 dB') before starting to run the simulation. The CST optimiser is shown on the right of the
TD solver menu. After opened optimiser, the CST optimiser menu will be displayed in Figure
2.32. Before running optimisation, the optimiser needs to be set the initial dimension
parameter values (it is normally set to be vary about 5 %) with algorithm (default is "Trust
Region Framework') to search the best matched values depending on the goals. The goal
setting menu is used to set the condition to achieve the desired S-parameter values and is
shown in Figure 2.33. For an example, the goal is set to achieve the target for the S;; <-20dB

in the frequency range from 9 GHz to 11 GHz.

Optimizer = B
Simulation type: | Transient Solwer v | | Properties... Acceleration...
Settings | Goals | Info
Algorithm: | Trust Region Framework w |  Properties...
Algorithm settings
Reset min/max | |2 % of initial value Domain accuracy: | 0.0001
Use cument as initial value [1Use data of previous calculations
Parameter Min Max Initial Curment Best -
- u 18 22 20 20 20
r Lag 35784 43736 39.76 35.76 39.76
L 10.552 12.149 1157 11.57 11.57
B L2 12682 14.018 13.35 13.35 13.35
B L3 133 147 14 14 14
X Lrd 127 14.07 134 134 134
™ L5 20662 22.838 2175 2175 21.75
r a 20574 25.146 22 86 22 86 22.86
— h 0144 11 17€ 10 1g 1in1g 1016 s
Abort QK Apply Close Help

Figure 2.32 CST optimiser setting menu.
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Simulation type: |T|ar15ierrt Salver vl | Properties .. | |Amelemtion...|

| Settings | Goals | Info |

Add Mew Goal... t... Remove
Sum of all goals W

| D | Type Operator | Target | Range | Weight
X 0 1D Result: 51.1dB < j =20 5.1 10

Figure 2.33 Goal setting menu in CST optimiser.
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Chapter 3

Two-Port Dipole Bandpass Filter

3.1 Introduction

The advantages of integrating RF/microwave components into a single module are to reduce
the microwave component count and miniaturise the total circuit area, and additionally
improve the noise and interference performance in the system. An antenna and a bandpass
filter are essential components employed at the front-end. An antenna is used for transmitting
and receiving RF signals [1], whereas a bandpass filter selects the required frequencies and
rejects unwanted frequencies. Usually the input impedance of the antenna and the output
impedance of the bandpass filter are different. A matching network is therefore required [2] to
improve power transfer. The integration of an antenna and a bandpass filter is considered here
as a new RF component called an antenna-filter.

In this chapter, a new design approach of antenna and filter integration will be started
from a bandpass filter designed using the antennas. This work is to demonstrate the antenna
elements which can serve as resonators of the filter, as well as performing their role as
radiating elements [3]. Here a dipole antenna is selected to design a resonator. The structure
of dipole is simple and can be arrayed as a side-by-side structure corresponding to the
structure of a coupled resonator filters [4]. The antenna and filter theories in [1] and [4] are
used in order to simplify the problem initially and get a good understanding in the design
approach. From a filter point of view the radiation from the antennas represent significant
source of loss for each resonator. At this stage no account is taken of the radiation pattern.

This design describes the initial concepts of an antenna-filter design based on the coupled
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resonator filter theory. The proposed component will be called a Two-port dipole bandpass

filter. The measurements for the fabricated prototype are also presented in this chapter.

3.2 Resonator Design

This section presents a new method in the resonator design based on the structure of dipole
antennas. This work is firstly to study an equivalent circuit of a dipole antenna, which is
considered as a series resonant circuit [2]. This equivalent circuit will then be considered for
extracting the quality factor of antennas [5]. Here the quality factor of dipole is only
considered as the radiation quality factor (Qy), since the antenna is made from a lossless
material. This will be described in Section 3.2.1. The dipole antenna will be designed as a
resonator with an inductor to control the Q, and the centre frequency fo. This will be presented
in Section 3.2.2. The unloaded quality factor of resonator dipole antenna is presented in

Section 3.2.3.

3.2.1 Equivalent Circuit of Dipole Antenna in Simulation

In this section, a dipole antenna is selected and is designed at the centre frequency (fy) of 1
GHz [1]. For simplicity in the design, the dipole antenna is assumed to be made from a
lossless material (i.e. a Perfect Electric Conductor or PEC) in the CST simulation software [6]

and shown in Figure 3.1(a).
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Figure 3.1 A lossless dipole antenna (a) Geometry of the dipole antenna in CST simulation

software [6]. a = A/400, g = A¢/60, lg = 0.11o— 0.5A¢. (b) Equivalent circuit of Figure 3.1(a).

The simulated antenna structure shown in Figure 3.1(a) is designed corresponding to the ideal
dipole antenna. The structure is considered as a lossless dipole antenna due to no conductor
loss taken in simulation. According to the theory described in Section 2.1.2.1, the equivalent
circuit of Figure 3.1(a) is therefore considered as a Rj, and Xj, series circuit and is shown in
Figure 3.1(b); where Rj, is the radiation resistance at input terminals, Xj, is the antenna
reactance at input terminals. Here, both R, and Xj, element values can be extracted from the
simulation results of its input impedance (Zi,) obtained at 1 GHz (fy) using CST simulation
software [6]. Rin is extracted from the simulated real part (Re.) of Zjn. Xi, is extracted from the
simulated imaginary part (Im.) of Zj,. In this work, both R, and Xj, values of the simulated

dipole will be obtained for different values of dipole length ly. In this work, we will select the
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dipole length lg from 0.14 to 0.5A¢, which are suitable lengths for use to fabricate the devices.

These Ri, and Xj, will then be used to obtained its quality factor (Q) used to design the

resonator in Section 3.2.2. The curves of simulated values of Ri, and Xi, versus lq are shown in

Figure 3.2(a) and 3.2(b), respectively. The simulated values of Rj, and X, show the

corresponding results with the calculation results presented in Section 2.1.2.1.
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Figure 3.2 (a) The simulated R, for different values of ly. (b) The

values of |g.
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3.2.2 Design of Dipole Antenna with Inductor

This section presents the resonator design method based on the structure of dipole
antenna comparing with its quality factor Q. The quality factor Q is a parameter which is
firstly considered and used to design a resonator in this work. It will then be extracted from
the simulated structure of lossless dipole antenna in Section 3.2.1. The quality factor of
lossless dipole antenna is only considered for the radiation and is defined as the radiation
quality factor (Q;). Here Q; can be extracted in a similar way described in from Section
2.1.2.2 using the simulated values of Rj, and Xj, with the use of equation (2.25). A curve of
simulated Qy versus the length Iy is shown in Figure 3.3. The simulated values of Q, show that
it is corresponded to the calculated results presented in Section 2.1.2.2.

400 T T T T T T T

350 1

300 -\ .

Simulated Q,
=l -l ] (%)
= w (=1 33
=} =] =] =]
L L

%]
[=]

1 1 1 I I T
8.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Length of dipole antenna [,/ &y

Figure 3.3 The radiation quality factor Q; obtained from CST simulation.

For designing a dipole antenna to serve as a resonator, the reactive element (Xi,) of a dipole
antenna is considered to analyse the circuit behavior. The dipole behaves as a capacitive
element (Cp) for Iy from about 0.14¢ to 0.47Xy. To form a complete RLC series resonant

circuit [2] an inductor (L) is required in order to complete the resonant circuit. Here this
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inductor is integrated with the dipole antenna to achieve a resonant frequency of 1 GHz.
Figure 3.4(a) shows a simulation model for a dipole antenna with an inductor L. The
equivalent circuit of the simulated structure, shown in Figure 3.4(a), can be represented as a
RLC series resonant circuit, as presented in Figure 3.4(b).

a
» e

L (nH) o Dipole antenna
Port 1—31 19 o 1~y 8 AN
0 —— T VWV |
I JAin | I Rin |
I I
[Port] + 11 Xo==Cy !
: : | (Xi, is negative) I
b b J'
|1| |a' ________
r Laa = Zin
(a) (b)

Figure 3.4 (a) The lossless dipole antenna with an inductor (L). (b) The equivalent circuit of a
lossless dipole antenna with the inductor (L).
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Figure 3.5 The inductance of L for different values of |y, obtained from calculations and CST

simulations enabling it to resonate at 1 GHz.
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An inductor L, for each ly value, can be designed using the antenna reactance X, value

obtained from calculation and simulation at the centre frequency (fy) and is defined as

~X,, ( f
L(I“z% (3.1)

Equation (3.1) can be used to extract the required inductance of L versus the dipole length Iy
by using calculated and simulated X, values. Simulation results of inductance variations as a
function of length |y are compared with the calculation results as shown in Figure 3.5. The
centre frequency fy is taken at 1 GHz. An 0.1, dipole antenna integrated with an inductor of
120 nH is an example to demonstrate its design. The simulated reflection coefficient (Sy)
illustrated in Figure 3.6 exhibits a resonant frequency of 1 GHz corresponding to a response
of a resonator of filter designed at 1 GHz. This can be confirmed that dipole antenna with an

inductor serves as a resonator of filter.
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0'8.6 0.7 0.8 0.9 1 11 12 13 14
Frequency (GHz)

Figure 3.6 An example of simulated response of S;; (dB) for the 0.1 dipole (a = A¢/400, g =

Ao/60) with the inductor of 120 nH conforming resonance at 1 GHz.
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3.2.3 Unloaded Quality Factor

The total unloaded quality factor of a resonator (a dipole antenna with an inductor) may be
defined by adding these losses as follows [4],

1 I 1 1
T R
Qu Qc Qr Qind

(3.2)
where Qc, Qr, Qing are the conductor, radiation and inductor quality factors, respectively.

In this work, the dipole antenna is made from copper. This is associated with the loss
resistance (R;) of antennas, which is considered to obtain the quality factor Q. described in
Section 2.1.2.1. The loss resistance R; of a dipole antenna is calculated using equation (2.17).
The R, value will then be used instead of Rj, (fo) in equation (2.25) to obtained Q. of dipole
antenna. For example, the calculated R value for a 0.1 dipole antenna operating at 1 GHz is
found using equation (2.17), to be 0.0175 ohms. The calculated R, is employed to calculate
the Q. value, using equation (2.25). The calculated Q. is about 4.9x10*. It implies that the Q.
value has negligible effect on the total unloaded Q of resonator. Thus, the total unloaded Q

factor of a resonator (a dipole antenna with an inductor) can be defined as

1 1 1

where Q, obtained from simulation is 380 for a 0.1 dipole antenna and the Qi,q can be
obtained from the physical dimensions of the inductor and is 320, which will be described in

Section 3.4. Thus, the total Qy results as 174.

3.3 Design of Two-Port Dipole Bandpass Filter

A new design of a third-order bandpass filter using dipole antennas is presented in this

section. The proposed component is designed using the concept of conventional coupled
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resonator filter [4]. The structure of the dipole bandpass filter with two electrical ports (not
including radiation as a port) is shown in Figure 3.7. It consists of an array of three dipole
antennas with inductors (i.e. resonators) and two input/output feeds. The proposed structure

corresponds to an inline topology, as shown in Figure 3.8.

Resonator 1

Port l
)
V{/

/ Port 2

.

Figure 3.7 The structure of the 31 dipole bandpass filter in three-dimensions. The blue parts

are inductors. The red symbols represent the ports.

e M M. 3
PortlQ‘@ ”@ 3 (3} ot 2

Figure 3.8 The coupling topology of 3™ order dipole bandpass filter.

The third-order dipole bandpass filter is designed to have a 2% fractional bandwidth (FBW =
0.02) at a centre frequency of 1 GHz (fo = 1GHz). A third-order Chebyshev lowpass prototype
with a return loss of 20 dB is chosen. The corresponding g values for the 3™ order Chebyshev
lowpass prototype filter with a 20 dB return loss calculated using equation (2.38) are: go =1.0,

01 =0.8516, 9, =1.1032, g3 = 0.8516, and g4 = 1.0. The g-element values are used to calculate
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the external quality factors (Q¢) and coupling coefficients (M) using the equations (2.49)

given below

9,9, 9,901 FBW -
=—— Q,="1"% M, = fori=1ton-1 34
Qu FBW Q FBW e Jag., 3-4)

From the bandpass filter’s specifications, Qei1, Qen and M; i+ are calculated to be: Qe = Qes =
42.58 and M, = My3 = 0.0206. These Q. and M values correspond to the coupling topology
shown in Figure 3.8. The coupling matrix for a lossless filter, given in Chapter 2, is employed
to observe the frequency response of bandpass filter using the obtained values for Q. and M.
Figure 3.9 shows the ideal response of the designed bandpass filter plotted using equations
(2.62) from Chapter 2. This calculated response is assumed no losses including in the design
for observing the filter performance. It should be noted that the performance of the proposed
design might not be realised as similar to the performance of this ideal filter, since it does not

take into account losses from the radiation and loss resistance of inductors.
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Figure 3.9 Ideal S-parameter response of the 3™ order dipole bandpass filter calculated from

the coupling matrix.
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3.4 Realisation of Two-Port Dipole Bandpass Filter

This section presents design, simulation and measurement of two-port dipole bandpass filter.
In order to realise dipole antennas as resonators, the inductors are firstly considered in the
resonator design based on the frequency of operation, size and quality factor. In this work, air
coil inductors are chosen in fabrication. The design procedure and fabrication will be
described in Section 3.4.1. The inductor parameters (L, Qinq) obtained from Section 3.4.1 will
then be taken into the CST simulations to obtain physical dimensions in terms of quality
factors (Q) and coupling coefficient (M) in Section 3.4.2 and 3.4.3, respectively. The
simulation and measurement results are discussed and presented in Section 3.4.4 and in

Section 3.4.5, respectively

3.4.1 Air Coil Inductor Design

This section presents the design procedure of air coil inductor following the conventional

design in [7]. The layout in two-dimensions of the air coil is illustrated in Figure 3.10.

A\

Figure 3.10 Air coil model in the calculation of inductance [7].

The inductance (L) of an air coil can be obtained approximately from the geometry shown in

Figure 3.10, given by [7]
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L= Hyman® (3.5)
b+0.9a
where L is coil inductance (H), 1 is the permeability of free space (1 = 47 x 107 H/m), n is

total number of turns, a is coil radius (mm), b is coil length (mm).

The inductor presented in this work is designed to exhibit an inductance of 120 nH. Equation
(3.5) is used to estimate the air coil dimensions in order to match the inductance of 120 nH.
The air coil dimensions are: the coil radius (a) is 0.7925 mm; the coil length (b) is 3.9 mm;
and the number of turn (n) is 15 turns. The dimensions are used to fabricate the air coil
inductors. Copper wire was employed for this purpose The wire had an American gage
number 30 (AWG-30), which is 0.255 mm in diameter. The fabricated inductor was measured
using a network analyser, as shown in Figure 3.11. The result is shown in Figure 3.12. It can

be seen that the measured inductances corresponded to the desired values.

Network analyser

I | -
I | -
I | -
| |

(N I
(N I

® @)

Fabricated air coil

Figure 3.11 The measurement of an air coil inductance using the network analyser.
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Figure 3.12 The measured inductance of an air coil from the network analyser.

In this work, the inductor will be made from a lossy conductor (i.e. copper wire), which will
be considered to obtain the Q value of inductor. Here, the quality factor (Qing) of an air coil
inductor is depended on the conductivity of material and the physical dimension. The quality
factor Qing can be calculated using Wheeler’s equation, given by [7]

a

o)

where Qing is the quality factor of air coil inductor, a is the coil radius (mm), b is the coil

Qi = (3.6)

length (mm), and Jis the skin depth of the metal, given by [7]

ot (3.7)

Jrfuo

where f is the frequency (Hz), 1 is the permeability of free space (1 =4z x 107 H/m), and &

is the conductivity of the metal (S/m).

The inductor quality factor (Qing) is associated with the loss resistance (Ring) of the inductor,

which will be modeled, in the CST simulation [6], using a lumped network element. The
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lumped network element in CST simulation is used to model the equivalent circuit of lossy

inductor, as shown in Figure 3.13.

q Rind

i
T — 1.

a
!
Figure 3.13 A lumped element in CST simulation is equivalent to a lossy inductor.

The inductor quality factor (Qjng) in terms of lumped elements is defined by [4]

27 fL
Qi = == (3.8)
Rind
Rearranging equation (3.8),
R 2z fL (3.9)
ind Qind

where Qing is the quality factor of the air coil inductor, Riq is the loss resistance of the air coil
inductor (ohms), L is the inductance of the air coil (H), f is the frequency (f = 1 GHz)
Thus, the loss resistance Rjng can be calculated using equation (3.9). In this work, Qing

calculated using equation (3.6), is 320 and Ring, calculated at 1 GHz, is 2.32 ohms.

3.4.2 Extraction of External Quality Factor

The external quality factor (Qe) of the input/output resonator, in the arrangement of the dipole
antenna structure, shown in Figure 3.14 will be extracted. The input impedance for this pair of
coupled dipoles may be changed due to the mutual coupling impedance between the elements
[1]. The inductor needs to be recalculated using equation (3.1) with the simulated input

reactance at 1 GHz, given as 87 nH. The Q. value is obtained from the simulated magnitude
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of Sy using the Q calculation method in [9]. The Qe values versus the different length of |; are

shown in Figure 3.15.

AN T e g R

a ----» Radiation

Figure 3.14 An antenna arrangement to extract Qe.

1405+ e
130} .
120} -
110} .
100} -

Qi 90t .
80t -
70} .
60f -
50} .

4q5 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Iy (mm)

Figure 3.15 External quality factor (Qe) obtained from CST simulation.
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3.4.3 Extraction of Coupling Coefficient

In this section, the coupling coefficient between resonators will be extracted by rearranging
two resonator dipole antennas to create weak input/output couplings, as shown in Figure
3.16(a). Simulated S;; response for the simulated structure of Figure 3.16(a) is depicted in
Fig. 3.16(b). Two peak frequency (f; and f,) are used to calculate the coupling coefficient
value (M) using the equation given by [4]

B f22 _ f12

M =
£+ 17

(3.10)

Resonator 1 Resonator 2

Weak coupling Weak coupling

M
For —( 1) (2 —{Fo2]

S, (4B)

1085 0.85 09 0.95 1 10
Frequency (GHz)

(b)

Figure 3.16 (a) Coupling structure of two coupled resonators. (b) Simulated resonant response

of two coupled resonators for dy =9 mm.
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The coupling coefficient (M) for different distances dy between the two resonant dipole
antennas is obtained from the simulated S;; with the use of equation (3.10) and is shown in

Figure 3.17.

015+

0.1

0.05+

03 6 9 12 15 18 21 24 27 30

dM (mm)

Figure 3.17 Coupling coefficients (M) as a function of dy obtained from CST simulation.

3.4.4 Simulation Results

All of the dimensions of the 3™ order dipole bandpass filter are defined from the designed
values (i.e. Qe; = Qe3 = 42.58 and M;; = My; = 0.0206) presented in Section 3.3. These
designed values will then be compared with the Q. values from the curve of Figure 3.15 and
M value from the curve of Figure 3.17, in order to obtain the length |t and the coupling
distance dy values, respectively. The |t value corresponding with Q. = 42.58 shown in Figure
3.15 is found to be 28.82 mm. Additionally, the dyw value corresponding with M = 0.0206
shown in Figure 3.17 is found to be 19.9 mm. These s and dy values are utilised as the initial
physical dimensions of the whole structure. The simulated S-parameter responses of the initial
structure (before optimisation) are shown in Figure 3.18. The simulated response does not

meet the requirement and can be improved with the use of the optimiser in CST software
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package [6]. Starting from the initial response, the dipole bandpass filter has been optimised
the length It of input/output feeds and coupling distance dy between resonators to meet the
goal (i.e. S;; <= 20 dB) at the passpand frequency. The final simulated S-parameter responses
(after optimisation) are shown in Figure 3.18. The optimised structure corresponding to all of
the dimensions parameters are depicted in Figure 3.19.
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Figure 3.18 Simulated responses of 3" order dipole bandpass filter before and after

optimisation.
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Figure 3.19 The layout of 3" order dipole bandpass filter. a=0.75,g=15, |, =12.4, 1, = 12.5,

I

-
-

d; =2.5, d, =20.2. Unit: mm.

83



The optimised responses in Figure 3.18 show that the passband has the maximum insertion
loss of -3.21 dB and the maximum return loss is -18 dB. A degradation of the passband
insertion loss may cause from the loss resistance Rjng of inductor included in resonator. This
can be proven by comparing the S-parameter responses for the filter with Riq and the filter

without Rijng using the CST simulation software [6].

0 .
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Figure 3.20 Simulated responses of 3" order dipole bandpass filter with Ring and without Rjng.
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Figure 3.21 Simulated total antenna efficiency of 3™ order dipole bandpass filter with Ring and

without Ring.
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The responses of the dipole filter with Rj,q and without Rj,q are compared and shown in Figure
3.20. It is seen that the S;; response of the filter without Rjng is higher than the filter with Rjyg,
and it has the maximum value closed to zero at the lower band-edge (0.99 GHz), whereas the
Sz1 level around the higher band-edge (1 GHz to 1.01 GHz) is dramatically decreased due to
high radiation occurred. The whole device is made using dipole structure, which it can be
observed a cause of degradation of the filter performance from the total antenna efficiency
(ey). Figure 3.21 shows the total antenna efficiency for the filter with Rjpg and without Rjng.
The total antenna efficiency is also related to the loss resistance Ri,g which will affect to
degrade the antenna conduction efficiency (ec) when Rjnqg is high. The total antenna efficiency
of the filter without Rjpg at the passband frequency has a maximum value of 77% at 1.008
GHz, whereas the total efficiency of the filter with Rjng has a lower value of 25% due to low
conduction efficiency (ec). This might be related to a missing one reflection zero of the S;;

response at the higher band-edge shown in Figure 3.20.

3.4.5 Fabrication and Measurement

The 3™ order dipole bandpass filter has been fabricated. The photograph of the fabricated two-
port dipole bandpass filter is shown in Figure 3.22. The measured S-parameter responses are
compared with the simulated response, as shown in Figure 3.23. The measurement results are
agreed well with the simulation results. The results show that the passband insertion loss for
the measurement is -3.44 dB, whereas the simulation is -3.21 dB. From a filter point of view ,
the degraded performance is occurred due to the loss resistance Ring in the filter circuit, which
has been described in Section 3.4.4. Also, Ring is represented as the loss resistance in the
resonator, which is associated with the unloaded quality factor (Qy). In this case, the total Q,

of a dipole with an inductor can be obtained as follows an equation (3.3), given by
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Q= (3.11)

1 1

Qind Qr
Here Qing is 320 and the simulated Q, of 0.1A¢ dipole is 350. Thus, the total Q, calculated
using (3.11) is 167. The total Q, can be used to estimate the increase of passband insertion

loss AL,,at the centre frequency fy using equation (2.43) for 3" order bandpass filter, given

by [8]

AL, =4343 — 3, 9% & (dB) (3.12)
FBW.Q, FBW.Q, FBW.Q,

where the g values are g, = 0.8516, g, = 1.1032, g3 = 0.8516, the fractional bandwidth FBW is

0.02, and Qu; = Qu> = Qu3 = 167. Thus, the calculated AL,, at fy of IGHz is 3.65 dB, where as

the AL,,obtained from simulation is 3.21 dB. The AL, obtained from the simulated and

measured response are 3.21 dB and 3.44 dB, respectively. As expected the reduction of
unloaded Q for the filter designed using dipole antennas causes an increase in the insertion

loss at the centre frequency and is accounted by the calculated Q values.

Figure 3.22 Photograph of 3" order dipole bandpass filter.
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Figure 3.23 The simulated and measured responses of 3™ order dipole bandpass filter.

3.5 Conclusions

A 3™ order bandpass filter designed based on the dipole structure has been simulated and
fabricated. The simulated and measured results are in good agreement. The degradation of the
filter performance occurred due to a cause of the radiation from the structure which has been
made from dipole antennas. Also, the loss resistance Rijng of inductors was included in the
circuit. The Rjhg will affect to degrade the antenna efficiency in terms of conduction and also
the Qu value of resonators. The Qy-factor will be taken into account in the calculation of
coupling matrix for the design in Chapter 4. The structure of the proposed bandpass filter is
similar to a structure of dipole array which is suite for designing one-port dipole antenna-

filters in Chapter 4.
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Chapter 4

One-Port Dipole Antenna-Filter

4.1 Introduction

In Chapter 3, a two-port dipole bandpass filter was designed based on the concept of coupled
resonator filter theory [1]. In this chapter, the design method of the two-port dipole bandpass
filter can be applied to the one-port dipole antenna-filter design (with radiation not considered
as a port). This chapter presents the three new designs of dipole antennas and bandpass filters
integrated into a single module using the coupling matrix synthesis. The coupling matrix can
be utilised to optimise design parameters (coupling coefficients and external quality factor) in
order to improve the frequency response corresponding to the specifications. The optimised
parameters will then be utilised to find the physical dimensions of dipole antenna-filters using
standard techniques [1]. The work presented in this chapter has been divided in three sections
as follows. Section 4.2 presents a one-resonator dipole antenna-filter in order to understand
the basic idea with the simplest antenna-filter. Section 4.3 presents a two-resonator dipole
antenna-filter. The two-resonator design provides improved passband return loss S;; and the
realised gain of the antenna-filter. Section 4.4 presents a three-resonator dipole antenna-filter.
Each of these three sections includes the design method using the coupling matrix, the
calculation and simulation results, and fabrication and measurement. The conclusion is

provided in Section 4.5.
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4.2 One-Resonator Dipole Antenna-Filter

4.2.1 Antenna-Filter Design

This section presents a design of a one-resonator dipole antenna-filter using the coupling
matrix synthesis. The one-resonator dipole antenna-filter is considered with the topology
shown in Figure 4.1; the white circle is the resonator, the dashed line with an arrow is the
radiation from the antenna-filter which can be replaced by the radiation quality factor (Qy) and
the solid line is coupling between the port 1 and the resonator replacing the external quality

factor (Qe).

Port | —®> Radiation

Figure 4.1 Topology of the designed one-resonator dipole antenna filter.

The topology shown in Figure 4.1 is related to the coupling matrix including source [2], and

can be expressed as follows;

[A]=[R]+p[U]+j[m]

R, 0 0 0f /0 m, R, Jm,
[A]= +P + ] =| . (4.1a)
0 0 0 1 m, O jm, P

where Rs =1 Q is the source impedance.
P = a+ JQ is the normalised complex frequency.
a=1/FBW-Qy; is the normalised attenuation constant. > (4.1b)

Qui is the normalised unloaded quality factor of the resonator 1.

- f 5 is the normalised frequency variable. )
FBW{ f, f
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f is the frequency (Hz).

fo is the centre frequency (Hz).

M, = ——====="s the normalised coupling coefficient between

FBW -Q

e

the input source (port 1) and the resonator 1.

Q.1 1s the normalised external quality factor of the input resonator.

> (4.1b)

J

The matrix [A] is used to calculate the frequency response of reflection coefficient (S;;), given

by [2]
-1
S, (f)=1-2R,[A],
where Rs =1 Q is the source impedance.

The inverse matrix [A];ll

may be determined by

o oAl e

Al = det([A])  mi+P

Substituting (4.3) into (4.2) yields

m;, —P _ (m521 _05)_ jQ

Su(f)=—t—-=
n() m;, +P (m2+a)+jQ

sl

(4.2)

(4.3)

(4.4)

The equation (4.4) will be used to recalculate the design parameters of the antenna-filter in

Section 4.2.3.

4.2.2 Extraction of Design Parameters from Physical Structure

In this work, a dipole antenna and an inductor are chosen to design as a resonator of a one-

resonator dipole antenna-filter. The proposed structure is resonator 1 coupled to a feed

element, as shown in Figure 4.2. The proposed design corresponds to the coupling topology

shown in Section 4.2.1. Here the resonator is designed to operate at 1 GHz using a dipole
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antenna with an inductor L. The design methodology of the resonator dipole antenna has been
described in Chapter 3. In practice, the losses of the resonator are considered to occur due to
radiation, the resistance of the material (i.e. copper) and the loss within the inductor. Here the
total unloaded quality factor Qu; of resonator 1 is considered from these losses and is
associated with the radiation quality factor Qy, the conductivity quality factor Q. and the
inductor quality factor Qi,q by

11 + 1 + L 4.5)
Qi & Q Qu

The radiation quality factor Q, for an antenna length of 0.15Ly and is about 127. Q. is the
conductivity quality factor of the copper which is about 16000. Qing is the quality factor of the
87 nH inductor which is about 313. Thus, the total Qy; is about 90 with the radiation quality

factor being dominant. All the Q-factor values can be obtained by following the method

described in Chapter 3.

]

Pt ¥’ {.TgL
1

s

:
[ — L —

Figure 4.2 The layout of 1* order dipole antenna filter. a = 0.75 mm, g = 5 mm, | = 20 mm.

The parameters of the design for the 1* order dipole antenna-filter consist of the unloaded

quality factor Qy;, the external quality factor Q¢; and the centre frequency f;. They are
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extracted from the simulated response of S;; using CST simulation software [3] with the use

of Q-calculation method for the one-port component in [4].
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Figure 4.3 (a) Simulated S;; responses of the structure in Figure 4.2 for different values of d.

(b) Simulated Qe;, Qu; and fy values for different values of dk.

This structure can tune the S;; response by moving the feed or adjusting the separation ds. The
simulated S;; response of the 1* order dipole antenna-filter for different value of dy is shown

in Figure 4.3(a). At df = 3 mm, the S;; response of antenna-filter exhibits a large bandwidth
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and the S;; magnitude (|S;1(fo)|) at fo = 0.88 GHz as about -4 dB due to strong coupling
occurred between feed and resonator. When 0 is increased to be 5 mm, the bandwidth will be
narrower and f, will be higher with the lower value of |S;;| as about -16 dB due to critical
coupling nearly occurred. For df is above 5 mm, the bandwidth will be a bit smaller and the f,
will be higher with the higher value of |S;;| due to weak coupling occurred between feed and
resonator. As described above, the S;; responses tuned following d; values corresponds to
types of coupling between feed and resonator. It is also related to the extracted values of Qy,
Qe and fy from the simulated S;;. The simulated values of Qyi, Qe and fy for different values
of dr are plotted in Figure 4.3(b). These parameters correspond to the bandwidth, f, and S;;
magnitude of the Sy; responses shown in Figure 4.3(a). The plotted values of Qu1, Qe and fo in
Figure 4.3(b) will be utilised to define the physical dimensions of the antenna-filter structure.
These parameters correspond to the designed parameters obtained from the coupling matrix

for the final design in Section 4.2.3.

The simulated values of Qui, Qe; and fy shown in Figure 4.3(b) are corresponded to the
coupling theory in [1], which can be described as follows; The strong coupling of an input
feed and a resonator is related to a small value of Q. and a large value of Qu;. This
corresponds to the S;; response for a small value of coupling distance di below 5 mm. On the
other hands, a large value of Q. and a small value of Q,; represent the weak coupling of an
input feed and a resonator. This corresponds to the S;; response for a large value of coupling
distance dr above 5 mm. The critical coupling of an input feed and a resonator can be occurred
when Qe value is equal to Qy; value. Here the critical coupling for the 1* order dipole
antenna-filter corresponds to di = 5.8 mm for both Q. and Qu; values are 79.32. The S;;

response for the critical coupling will be discussed in Section 4.2.3.
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4.2.3 Calculation and Simulation Results

The coupling matrix presented in Section 4.2.1 is employed to design the antenna-filter in this
section. Equation (4.4) is utilised to recalculate the values of the designed parameters to meet
the required response of the reflection coefficient S;;. Equation (4.4) can be rewritten using

equation (4.1b) as

(4.6)

(Qul _Qel)_ jQulQel [ff_::()]
S ()= ,
11 i f
fO

(Qul + e1)+ jQulQel( _foj

The magnitude of the reflection coefficient ‘SH( f )‘ of the 1* order antenna filter can be

calculated using the equation (4.6) with the use of simulated values of Qy;, Qe and fo. The Sy,
response of 1% order dipole antenna-filter can perfectly be matched at f, when a Qy; value is
equal to Q. In this design, Figure 4.3(b) is used to search for the best matched values of Qy;
and Qe;. The values of Qui, Qe and fy shown in Figure 4.3(b) are varied following the dr value
as described in Section 4.2.2. The best matched values of Qu; and Qe can be found for both
Q values of 79.32, where the Q; line crosses to the Qe; line at df = 5.8 mm that corresponds to
fo = 1.006 GHz. The simulated S;; of the antenna-filter structure for a dif of 5.8 mm is
compared with the calculated S;; using equation (4.6) with the use of simulated values of Qui,
Qe1 and fy for a d; of 5.8 mm, as shown in Figure 4.4. The simulated S;; response shows good
agreement with the calculation. However, simulated |S;,(fy)| value at f, = 1.006 GHz does not
go to the minimum value (not showing the best match) as comparing to calculated |S;;(fo)|
value at the same frequency fo. It might be a cause from the accuracy of CST simulation
software [3]. Also a small error occurs from the matched values of Q; and Q. at di = 5.8 mm

which are estimated from the reading values of a curve in Figure 4.3(b).
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Figure 4.4 The calculated and simulated responses of S;; of the designed 1% order dipole

antenna-filter.

4.2.4 Fabrication and Measurement

The 1* order dipole antenna-filter has been fabricated. The photograph of the
fabricated dipole antenna-filter is shown in Figure 4.5. The rigid foam (ROHACELL 71 HF)
can be considered as air and made as the core of the structure (the white material). The cotton
wires are used to mount the coaxial cable underneath the rigid foam. The fabricated structure
can adjust the separation (df) between the feed and the resonator. The fabricated antenna-filter

is measured for different positions of the d value.

Figure 4.5 The photograph of the fabricated 1** order dipole antenna-filter.
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The measured responses of the reflection coefficient Sy; for different values of d; are shown in
Figure 4.6(a). The measurement Q values are extracted from the measured S-parameters using

the calculation technique in [4]. The measurement Qy;, Qe and fy for different value of d; are

shown in Figure 4.6(b).
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Figure 4.6 (a) Measured S;; responses of the 1 order dipole antenna filter for different values

of dr. (b) Simulated and measured Qei, Qui and fy curves for different values of ds.
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In this experiment, the response of the fabricated antenna-filter can be matched at the centre
frequency fy when the values of Qu; and Qe; are the same. Both measurement values of Qy
and Qg; can be found from the plotted graph in Figure 4.6(b). The matched values of Q,; and

Qe1 are about 62 at the dr value of 5.8 mm. The measured S-parameter response of the

fabricated antenna-filter for d; of 5.8 mm shows good agreement with the simulated response,

as shown in Figure 4.7.
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Figure 4.7 The simulated and measured responses of S;; of 1* order dipole antenna-filter for

di= 5.8 mm.

The 1* order dipole antenna-filter has been measured inside an anechoic chamber using an
HP8722D vector network analyzer (VNA) and a dual polarised horn antenna (3164-03 from
ESCO Technology Company, a reference antenna) to obtain the frequency response of the
realised gain. The realised gain is an actual gain of antenna used to describe the effective
radiated power in the main direction. In this thesis, the frequency response of the realised gain
is an important parameter to demonstrate the filtering capability of antenna-filters and can be

measured using the comparison method [5]. The measured realised gain is compared with
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simulation, as shown in Figure 4.8. The measured realised gain shows a response similar to
the 1* order bandpass filter and is in good agreement with the simulation. The maximum
measured realised gain is about -1.09 dB, whereas the simulation is about -0.75 dB. The
difference between the simulated and measured realised gain is due to the additional losses
(materials and inductor) in the fabricated component. The realised gain of the antenna-filter

can be improved for the next design which presented in Section 4.3 and 4.4.
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Figure 4.8 Simulated and measured realised gain of 1% order dipole antenna-filter for

di= 5.8 mm.

The simulated and measured radiation patterns of the 1% order dipole antenna-filter are
shown in Figure 4.9. The measured radiation patterns in H and E plane are in good agreement
with the simulation. The maximum level of the cross polarisation in H-plane is below
-10 dB in the simulation and the measurement, whereas the maximum level of the cross
polarisation in E-plane are below -6 dB in the simulation and below -10 dB in the

measurement. The 3 dB beamwidth in E-plane is 88 degrees in the simulation and 81 degrees
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in the measurement, whereas The 3 dB beamwidth in H-plane cannot be estimated due to its

radiation pattern that exhibits an omnidirectional pattern in H-plane.
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Figure 4.9 (a) Normalised simulated and measured radiation patterns at 1 GHz for (a) H (XY)

plane. (b) E (YZ) plane. (Radial units are dB. Circumferential scale is €1in degrees.)

4.3 Two-Resonator Dipole Antenna-Filter

4.3.1 Antenna-Filter Design

In this section, the antenna-filter is designed based on the structure of a coupled dipole

antenna using the coupling matrix, presented in Chapter 2. Figure 4.10 shows the topology of

two-coupled resonator antenna-filter; the input is port 1 and radiation occurs from both

resonators.
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Figure 4.10 Topology of designed two-resonator dipole antenna filter.

The coupling matrix equations for the designed topology, shown in Figure 4.10, are given

as

[Al=[a]+p[U]-i[m]

L_{_L 0 L+L+p _jm
9, 0, 1 0] [0 m 9, 0, =
[A]=] +p -] o (4.7a)
1 01| '|m, O . 1
0 — jm,, —+p
qu2 quz

where (e = FBW-Qg; is the normalised external quality factor of the input resonator. \
Qui = FBW:Qy; is the normalised unloaded quality factor of the resonator i;
i=1,2.
m;; = M/FBW is the normalised coupling coefficient between the resonator 1 >( 4.7b)

and the resonator 2.

j fof). .
=—— | ———% 1 is the complex frequency variable.
P~ FBw ( £, J PR e

The reflection coefficient S;; is obtained from the matrix [A] given by

5, (f)=1-2[A]"

] » (4.8)
el

The inversed matrix [A];]l may be determined by
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1

(AL = = (49)
, [ 11 1 } ( , 1 1 j
pr+| —+—+— |p+| M, +—+
qul qu2 qel qulquz qelquz
Substituting (4.9) into (4.8) yields
qelp2+[%+%_1]p+£qelm122+ e _IJ
Sl1 ( f ) — ul u2 qulquz qu2 (410)
qelp2+(q“+q“+lJp+(qelmé+ o +1]
ul u2 qulqu2 quZ

Equation (4.10) is utilised to calculate the reflection coefficient (S;;) for only this design.

Here the equation (4.10) will be used to recalculate the designed parameters to meet the

required S;; magnitude at the centre frequency (fo).

Substituting f = fj into the equation (4.10) yields

1
Qel (QUzmlzz + qUIJ -1

Re{S”(fo)}: 1
Qe (quzmé +qj+1

ul

Rearranging the equation (4.11) and using (4.7b),

—(Re{s,(f,)}+1)

(4.11)

" fameg

ul

(4.12)

where Qg is the external quality factor, Qy; is the unloaded quality factor of resonator 1, Q. is

the unloaded quality factor of resonator 2, M, is the coupling coefficient between resonator 1

and resonator 2 and Re{Syi(fp)} is the real part of S;; magnitude at the centre frequency. The

Equation (4.12) will be utilised to find the Qe; value for optimising the return loss S;; in this

design.
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The 2™ order antenna-filter is initially designed with a return loss (Lgr) of 20 dB and a
fractional bandwidth of 2% (FBW = 0.02) at a centre frequency (fy) of 1 GHz. The g-values
for 2™ order Chebyshev lowpass prototype filter with a return loss of 20 dB (or passband
ripple Lar = 0.04321) are calculated using the equation (2.21) to result in gy =1.0, g; = 0.6648,
02 = 0.5445 and g; = 1.2210. Initially, the unloaded quality factor (Qun) of the last resonator
has to be equal to the external quality factor (Qe;) of the input resonator to be similar to the
conventional coupled-resonator filter design. The external quality factors and coupling

coefficients of the design are calculated from specifications using equations (2.27), given by

gogl gngn+1 FBW
:—, = :—, Ml i+ =
Qel FBW Qun Qen FBW L+ \/E

fori=1ton-1 (4.13)

The values of the designed parameters are calculated using equations (4.13) given as
Qer = Quz = 33.324 and M;; = 0.03324. In this design, all resonators are antennas which are
considered as lossy resonators. In this design, the initial Qy; value is assumed above 100.
It will then be used to calculate the new Qg; value using equation (4.12) in order to preserve
the filter characteristics. Thus, a 0.13) dipole antenna with an inductor is chosen and has a
total unloaded Q value (Qy;) of about 112. The initial design values are used with the equation
(4.8) to obtain the initial response of S;; as shown in Figure 4.11. The initial response is not
matched to the specification due to low Qy; value. The response can be improved with the
newly calculated value of Qg = 26.72, obtained using equation (4.12) as 26.72. Figure 4.11
shows the calculated final response of S;; compared with the calculated initial response from

the coupling matrix. The calculated final response shows the good result that is obtained from
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the new calculated values. These values will be used to get the physical dimensions of the

dipole antenna structure using the methods in Chapter 3.

0

-5

-10

-15

-20

s, (dB)

-25

-30

= I R T —— o """""""" ~{— Initial response

===Final response
T T

-4 I i i I i i
8.9 092 094 09 098 1 102 104 106 1.08 11
Frequency (GHz)

Figure 4.11 Comparison between initial and final responses of S;; for the 2™ order antenna-

filter calculated from the coupling matrix.

4.3.2 Calculation and Simulation Results

The physical dimensions of the two-resonator antenna-filter are defined from the
design parameters given in the previous section. The layout of the designed antenna-filter
with all the physical dimensions is shown in Figure 4.12. The structure is similar to an end-
fire Yagi-Uda dipole array. This can be gained the benefit from this structure to improve the
radiation pattern and realised gain which will be discussed in Section 4.4. The simulated
return loss S;; curve is compared with the calculation, as shown in Figure 4.13. The
simulation result is in reasonable agreement with the calculation result. The simulated
passband bandwidth of S;; at -20 dB is 16 MHz, whereas the calculated passband bandwidth
is 20 MHz. An inaccurate simulated result may occur from a small physical dimension error

obtained from the curves of Q. versus I and M versus dy using CST simulation software [3].
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Figure 4.12 Geometry of 2" order dipole antenna filter are a = 0.75 mm, g = 5mm, |, = 16.1
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Figure 4.13 Calculated and simulated response of S;; of 2™ order dipole antenna-filter.
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4.3.3 Fabrication and Measurement

The 2™ order dipole antenna-filter has been fabricated based on the physical dimensions in
Figure 4.12. Figure 4.14 shows a photograph of the fabricated 2" order dipole antenna-filter.
The position of the second dipole has been altered slightly to achieve the desired response.
The measured S;; is compared with the simulated S;; as shown in Figure 4.15. The measured
Si1 shows the good agreement with the simulation. The measured passband bandwidth of S,

at -20 dB is 20 MHz whereas the simulated passband bandwidth is 16 MHz.
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Figure 4.15 Simulated and measured S;; of 2™ order dipole antenna filter.
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Figure 4.16 Simulated and measured realised gain of 2" order dipole antenna filter.

Figure 4.16 shows the measured realised gain response of the two-resonator antenna-filter
compared with the simulation. The measurement and simulation results are in good
agreement. The maximum measured realised gain is 1.5 dB whereas the maximum simulated
realised gain is 1.7 dB. The 2" order dipole antenna-filter has the maximum cross-
polarisation levels in H-plane at 1 GHz shown in Figure 4.17(b) that are -7 dB in the
simulation and -12.35 dB in the measurement, whereas the maximum cross-polarisation levels
in E-plane at 1 GHz shown in Figure 4.17(e) are -14 dB in the simulation and -14.72 dB in the
measurement. The 3 dB beamwidth in the E-plane is 84 degrees according to simulation and it
is 76 degrees in the measurement. It is smaller than the 1* order antenna-filters by about 4
degrees in simulation and 5 degrees in measurement. The 3 dB beamwidth in H-plane is
larger than in E-plane as about 246 degrees in the simulation and 250 degrees in the
measurement. This is because its radiation pattern is similar to an omnidirectional pattern. The
antenna-filter can be designed being narrower the 3 dB beamwidth for H-plane since it has
more elements like an Uda-Yagi antenna. The performance of the 2" order dipole antenna-

filter is summarised and presented in Table 4.1.
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Figure 4.17 Normalised simulated and measured radiation patterns of 2™ order dipole antenna
filter at 0.99 GHz, 1 GHz, 1.01 GHz for H (XY) plane (a, b, c) and E (YZ) plane (d, e, f).

(Radial units are dB. Circumferential scale is &in degrees.)
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Table 4.1 Summary of the 2" order dipole antenna-filter performance

Parameters Frequency 3dB Back lobe level Cross-
(GHz) Beamwidth (dB) polarisation level
(deg.) (dB)

Sim. Mea. Sim. Mea. Sim. Mea.

0.99 300 308 -2.46 -1.80 -8.42 -14.00

H-plane 1.00 330 326 -1.86 -1.87 -7.00 -12.35
1.01 310 320 -2.02 -1.96 -7.88 -12.9

0.99 78 72 -2.46 | -3.076 | -13.65 | -14.96

E-plane 1.00 84 76 -1.86 -1.55 -14.00 | -14.72
1.01 80 74 -2.02 -2.04 | -13.79 | -15.94

4.4 Three-Resonator Dipole Antenna-Filter

4.4.1 Antenna-Filter Design

This section presents the design of a 3™ order antenna-filter using dipole antennas

based on the coupling matrix, similar to the design in Section 4.3. Figure 4.18 shows the

topology of three-coupled resonator antenna-filter; the input is port 1 and the radiation is from

all three resonators.
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Radiation 1

Radiation 2

()
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Radiation 3

Figure 4.18 Topology of designed three-resonator dipole antenna filter.
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The coupling matrix equation of the topology shown in Figure 4.18 can be expressed as

[Al=[0.]+[a]+ pIU]- i[m]

i+L 0 0
G G 1 100 0 m, 0
[A] = 0 q_ 0O [+p/O 1 O|-j|m, O m,
v 0 0 1 0 m, 0
1
0 0 —
L Qus
i‘*‘L‘*‘p —jm,, 0
qe qul
. 1 .
= —Jm,, —+p —Jm, (4.14)
qu2
: 1
i 0 —Jm,, q—u3+p_

where  (e; = FBW- Qg is the normalised external quality factor of the input resonator.
qui = FBW-Qy; is the normalised unloaded quality factor of the resonator i; i =1, 2, 3.
m;> = M2/FBW is the normalised coupling coefficient between the resonator 1

and the resonator 2.

M3 = My3/FBW is the normalised coupling coefficient between the resonator 2

and the resonator 3.

J fof). .
=——| ——— is the complex frequency variable.
P FBW ( f, f P a Y

The 3™ order antenna-filter is initially designed with a return loss (Lg) of 20 dB and
a fractional bandwidth of 2% (FBW = 0.02) at the centre frequency (fo) of 1 GHz.

The g-values for 3™ order Chebyshev lowpass prototype filter with a return loss of 20 dB (or
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passband ripple Lar = 0.04321) are chosen. The g-values are calculated using the equation
(2.21)as go=1.0, 9, =0.8516,09>=1.1032, 93 = 0.8516 and g4 = 1.0.
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Figure 4.19 Comparison of calculated responses of 3™ Chebyshev filter and initial responses

of 3™ order antenna-filter.

The antenna-filer is initially designed using equation (4.14) to be similar to the design
of 2 antenna-filter, in Section 4.3. The initial designed values are given as Qy; = Qux = 112,
Qus = Qe = 42.58 and M, = M3 = 0.02063. Figure 4.19 shows the calculated initial response
of the antenna-filter compared with the ideal response of 3™ order Chebyshev filter. The
initial response of S;; does not match with the Chebyshev response and only shows one pole
due to additional losses of resonators defined by Q, that are included in this calculation. The
response of the designed 3™ order antenna-filter can be further improved by adjusting the
value of the coupling coefficient M,3;. Figure 4.20 shows the curve of max value of Sj;
(S11.max) Within the passband against the M3 value. This curve is used to estimate the required

Si1 level at the passband frequency. This can be found by reducing the value of M,; to meet
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the Siimax value of -20 dB. This calculated value of My; is found to be 0.017 which
corresponded to the S;max 0f -20 dB, as depicted in Figure 4.20. The final response is plotted
and compared with the initial response, as shown in Figure 4.21. The final curve shows a

three-pole filter response with the passband and a return loss S;; of 20 dB as corresponding to

the specifications.
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Figure 4.20 Max value of S;; (S11.max) Within the passband obtained from the calculation of

coupling matrix for different values of My;.

° TN

—

-10

s,, (dB)
e
A...____

-15

-20

==="Initial response
—— Final response
T

_28.9 092 094 09 098 1 1.02 104 106 1.08 1.1
Frequency (GHz)

-_--j---.___“
—

Figure 4.21 Initial and final responses of S;; in dB calculated from the coupling matrix.
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Figure 4.22 Geometry of 3 order dipole antenna filter and all dimensions are a = 0.75 mm,
g=5mm, |, =14.6 mm, |, = 17 mm, |5 = 29.45 mm, d; =2.5 mm, d, = 19.8 mm, d; = 30.8

mm.

4.4.2 Calculation and Simulation Results

Figure 4.22 shows the completed structure of the 3™ order dipole antenna-filter. All of
the dimensions shown in Figure 4.22 have been defined and correspond to the calculated
design parameters. The length of the 3™ resonator is longer than the others because that length
can ensure Q3 that is equal to Qe value for this design. The simulated response of the return
loss Sy; is compared with that obtained through calculation, as shown in Figure 4.23. The
simulation and calculation results are in reasonable agreement. The simulated passband Si;
level is about -17.5 dB whereas the calculation is -20 dB. The difference between simulation
and calculation occurs as a result of additional losses included in the designed structure and

may affect the response.
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Figure 4.23 Calculated and simulated response of S;; of 3" order dipole antenna filter.

4.4.3 Fabrication and Measurement
The 3" order dipole antenna-filter has been fabricated based on the physical

dimensions given in Figure 4.22. Figure 4.24 shows a photograph of the fabricated 3™ order
dipole antenna-filter. The device has been tuned with a small movement in the position of the
third dipole to achieve the desired response. The measured S;; is compared with the simulated

Si1 as shown in Figure 4.25. The three-pole antenna filter was measured to have the Sj;

response with the passband bandwidth that is slightly larger than the simulation.

Figure 4.24 The photograph of the fabricated 3" order dipole antenna filter.
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Figure 4.26 Simulated and measured realised gain of 3™ order dipole antenna filter.

The realised gain response of three-pole antenna filter was measured and compared
with the simulation, as shown in Figure 4.26. The measured results are in good agreement
with the simulations. The maximum measured realised gain is 2.6 dB whereas simulated

value is 2.56 dB. The response shape of realised gain shows the filtering response that is

similar to the bandpass filter.
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Figure 4.27 The simulated results of 3™ order dipole antenna-filter at 1 GHz shown in three-

dimensions (3D) for the surface current (a, b) and the E-field propagation (c, d).

The directional radiation pattern of the dipole antenna-filter can be identified by looking at the
current distribution and E-field propagation at the centre frequency fy of 1 GHz obtained using
CST simulation software [3]. The simulated currents on the structure of 3™ order dipole
antenna-filter at 1 GHz are shown in Figure 4.27(a) for the phase of 0° and 4.27(b) for the
phase of 90°. The simulated E-field propagations at 1 GHz are represented as the voltage
surrounding the structure and are shown in Figure 4.27(c) for the phase of 0° and 4.27(d) for

the phase of 90°. Looking at the current at phase = 0° in Figure 4.27(a), it can be seen that the
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maximum amplitude of current distribution occurs at the middle of the back-side of the
structure where is a feed or a driven element. Also, the current at the feed is higher than the
current amplitude occurred at the front-side where it is the third dipole element. However, the
third element is longer than the feed and performs as similar to a reflector of an end-fire Yagi-
Uda dipole array. This can be verified based on the impedance of a reflector element that
represents the inductive using CST simulation software [3]. Looking at the phase = 0°, the
current surrounding on the third element shown in Figure 4.27(a) is high, whereas the voltage
surrounding the third element shown in Figure 4.27(c) is low. On the other hands, at the phase
= 90°, the current on the third element shown in Figure 4.27(b) is low, whereas the voltage
surrounding the third element shown in Figure 4.27(d) is high. The results show that the
current on the third element lags the voltage induced on the third element in 90 degrees,
which its impedance represents the inductive as similar to a reflector element of an end-fire
Yagi-Uda dipole array. In addition, the radiated power (P;) is related to the maximum current
(Im) excited on the structure corresponding to an equation [6]; Py = [In|*/R. Thus, the main
directional radiation pattern will be occurred at the back-side of this structure where is the
maximum current |, occurred, as shown in Figure 4.28. It can be concluded that the main
directional radiation pattern of the 3™ order dipole antenna-filter goes to the back-side (at 8=
180°), because (i) the third dipole element serves as the reflector and (ii) the maximum
amplitude of the current on the structure occurs at the feed or the back-side of the structure.
Thus, the radiation pattern of this design is not the omnidirectional like a single dipole but it is
more similar to an end-fire Yagi-Uda dipole array. Also, the structure of the antenna-filter has

three-radiation elements arraying as similar to an end-fire Yagi-Uda dipole array.
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The measured radiation patterns at frequencies within the passband are in good agreement
with the simulation, as shown in Figure 4.29. The 3" order dipole antenna-filter has the
maximum cross-polarisation levels in H-plane at 1 GHz shown in Figure 4.29(b) that are -13
dB in the simulation and -13.31 dB in the measurement, whereas the maximum cross-
polarisation levels in E-plane at 1 GHz shown in Figure 4.29(¢) are -14 dB in the simulation
and -20.44 dB in the measurement. The 3 dB beamwidth at 1 GHz, in the E-plane, is 78
degrees according to simulation and 74 degrees in the measurement. It is smaller than the 2™
order antenna-filters by about 6 degrees in simulation and 2 degrees in measurement. The

performance of the 3™ order dipole antenna-filter is summarised and presented in Table 4.2.
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Figure 4.28 The simulated radiation pattern of 3 order dipole antenna-filter at 1 GHz in

three-dimensions (3D).
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Figure 4.29 Normalised simulated and measured radiation patterns of 3™ order dipole antenna
filter at 0.99 GHz, 1 GHz, 1.01 GHz for H (XY) plane (a, b, c) and E (YZ) plane (d, e, f).

(Radial units are dB. Circumferential scale is #in degrees.)
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Table 4.2 Summary of the 3™ order dipole antenna-filter performance

Parameters Frequency 3dB Back lobe level Cross-
(GHz) Beamwidth (dB) polarisation level
(deg.) (dB)

Sim. Mea. Sim. Mea. Sim. Mea.

0.99 164 195 -6.32 -1.20 | -15.32 | -14.57

H-plane 1.00 164 194 -7.81 -1.91 -13.00 | -13.31
1.01 162 192 -7.96 -2.13 -16.38 | -17.18

0.99 76 66 -6.32 -1.20 | -14.09 | -18.87

E-plane 1.00 78 74 -7.81 -2.84 | -14.00 | -20.44
1.01 82 86 -7.96 -3.14 | -20.18 | -19.00

The directivity, radiation and total efficiencies of dipole antenna-filters are obtained from the
simulation and are used to compare their performances. These three parameters are related to
the realised gain responses of dipole antenna-filters which will be shown below. The
simulated directivity versus frequency of three dipole antenna-filters is shown in Figure 4.30.
The simulated directivity of 3™ order dipole antenna-filter at the centre frequency (fo) of 1
GHz has the highest value comparing with 2" and 1% order dipole antenna-filters by about 2.2
dBi and 2.9 dBi, respectively. The simulated radiation and total efficiencies are used to
describe the radiation performance of antenna-filters and are shown in Figure 4.31 and 4.32,
respectively. It can be observed that the 3™ order dipole antenna filter exhibits good stop-band
suppression comparing with others for both radiation and total efficiencies. However, the

radiation efficiency at 1 GHz for the 3™ order dipole antenna-filter is lower than the 2" order
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dipole antenna-filter as 17.34 %, but it is higher than the 1* order dipole antenna-filter as
3.72%. Similarly, the total efficiency at 1 GHz for the 3™ order dipole antenna-filter is lower
than the 2" order dipole antenna-filter as 16.64 %, but it is higher than the 1* order dipole
antenna-filter as 31.59%. Although the antenna efficiencies of the 3™ order dipole antenna-
filter is not higher than the 2™ order dipole antenna-filter, but its realised gain is higher than
2" order dipole antenna-filter in the passband. This is because the directivity of the 3 order
dipole antenna-filter is higher than the directivity of the 2™ order dipole antenna-filter in the
passband bandwidth of interest. It is noted that the realised gain is usually obtained from the
sum of total antenna efficiency and antenna directivity in the unit of decibel (dB). This can be
seen the realised gain responses of three dipole antenna-filters obtained from simulation and

measurement, as shown in Figure 4.33.
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Figure 4.30 Simulated directivity versus frequency of three dipole antenna-filters.
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Figure 4.31 Simulated radiation efficiency versus frequency of three dipole antenna-filters.
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Figure 4.32 Simulated total efficiency versus frequency of three dipole antenna-filters.

The simulated realised gain of the 3™ order dipole antenna-filter observed in the passband is
higher than 1% and 2™ order dipole antenna-filters as 3.31 dB and 1.56 dB, respectively,
whereas the measured result is higher than 1** and 2™ order dipole antenna-filters as 3.63 dB
and 1.24 dB, respectively. The simulated stopband rejection of the 3™ order dipole antenna-

filter is estimated at the out-of-band of the realised gain response and is higher than 1** and 2™
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order dipole antenna-filters as about 3.38 dB and 1.39 dB, respectively, whereas the measured
result is higher than 1 and 2™ order dipole antenna-filters as about 3.73 dB and 0.76 dB,
respectively. The results of 3 order dipole antenna-filter show good filtering performance for
the realised gain that is better than 1*' and 2™ order dipole antenna-filters as expected. The

performance of three-dipole antenna-filters is summarised and shown in Table 4.3.
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Figure 4.33 Realised gain responses of three dipole antenna-filters obtained from (a)

simulation. (b) measurement.
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Table 4.3 Summary of three dipole antenna-filter performance.

Passband return loss | Passband realised | Stopband rejection

Component Si1 (dB) gain (dB) (dB)
Sim. Mea. Sim. Mea. Sim. Mea.
1* order dipole
-26.84 -26.25 -0.75 -1.09 9.22 8.75
antenna-filter
2" order dipole
-19.18 -20.39 1.00 1.30 11.21 11.72
antenna-filter
3" order dipole
-17.36 -17.51 2.56 2.54 12.60 12.48
antenna-filter

The performance improvement of the designed 3 order dipole antenna-filter can be
verified by comparing with a single dipole antenna. This dipole antenna-filter has better
performance in comparison with a single dipole operating at the same frequency. The length I
of the dipole is 140 mm, whereas the longest length | of the antenna-filter (resonator 3) is 64
mm. Figure 4.34 shows the comparison between the simulated realised gain of the dipole
antenna-filter and the single dipole antenna. It is shown that the gain of the antenna-filter is
0.37 dB higher than that of the gain of the dipole. The response of antenna-filter shows the
filtering response with the improvement of out-of-band suppression. This can be further

improved by increasing the number of resonator used (i.e. dipoles with inductors).
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Figure 4.34 Comparison of simulated realised gain between single dipole antenna and 3™

order dipole antenna-filter.

4.5 Conclusions

The coupling matrix for the one-port component has been used to design and optimise the
filtering responses of three dipole antenna-filter components. The design approaches show the
progression of antenna-filters in order to understand the design principle based on the
coupled-resonator filter theory. The performance of the 3 order dipole antenna-filter shows
the improvement in the realised gain compared with the single dipole antenna, and the size is
also smaller. The realised gain response shows the filtering response with good stop-band
rejection and a flat in that passband. The structure of 3" order dipole antenna-filter is similar
to an end fire Yagi-Uda dipole array and exhibits the main directional radiation pattern at €=
180°. This is because the last element served as the reflector and also the maximum current
occurred at the feed. Three proposed dipole antenna-filters have small sizes, are light in

weight and are suitable to use in wireless communication system.
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Chapter 5

Waveguide Antenna-Filters

5.1 Introduction

Chapter 4 presented design methodology for a one-port dipole antenna-filter. This
methodology involved using the coupling matrix for lossy resonator circuits, to optimise
return loss (S;;) of low Qy resonators. In general, all resonators in the filter circuit require a
high unloaded quality factor in order to improve the passband frequency response [1]. For
example, a rectangular waveguide cavity resonator can provide high unloaded quality factor.
The structure of a rectangular cavity [2] when enclosed has low energy loss in the resonator.
The design is simple and can be utilised to combine with other waveguide components such
as waveguide aperture antennas. This chapter presents three design approaches for X-band
waveguide aperture antennas which are integrated with the rectangular waveguide cavity
resonators. Figure 5.1(a) shows a diagram of the first design. The concept is to replace the last
resonator of the filter circuit with an antenna. In this case, the antenna can serve
simultaneously in as one of the resonators of the filter and a radiator. In addition, the approach
shown in Figure 5.1 (b) is called an antenna power divider. The principle of the filter design
is used here to combine the bandpass filter, the power divider and two-antenna array into a
single component. The third approach shown in Figure 5.1 (c), which involved integrating
with a pair of bandpass filters for splitting two frequency bands and is named an antenna-
diplexer. The three design approaches presented here may be of interest in the reduction of
sizes in comparison with the conventional designs. Coupling matrix synthesis is employed for

all three-designs. The three design approaches, mentioned above, have been fabricated. They
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are a S-resonator antenna-filter, a 3-resonator power divider, and a 3-resonator antenna-
diplexer. These three components are designed to operate at X-band frequencies using

waveguide technology. They have been fabricated and measured.

Bandpass filter Radiation Antenna-filter Radiation
rvvey  [Matchedl output | Soutput
00000, " » 00000 "
2 |__ - _ __| antenna | > I__ _ _ _J >
(a)
Radiation Antenna power
Rower Matched Ifu_tpllt_: - divider - Radla‘u;)n
BPF le/ld_erJ' antennal| , i)lgplr[>
PI H I - |
Pl Add \ Radiation :Ra APt
| [Matched Ifu_tpll t.E loutput 2
antenna2| | A
______ J
(b)
Antenna-
dipgliezer
Radiation Radiat Ir =
input 1 [Matched Radiation |
== input1 |
|antenna il

(c)

Figure 5.1 Block diagrams comparing the new approach (diagrams on the right) to that of
conventional antenna (on the left): (a) Antenna-filter (b) Antenna power divider

(c) Antenna-diplexer.
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In this chapter, Section 5.2 presents the overview of the rectangular waveguide cavity. Section
5.3 presents the design of the waveguide aperture antenna. Section 5.4 describes the
methodology for extracting the coupling coefficient extraction from the physical structure of
waveguide components. The coupling matrix synthesis is presented in Section 5.5. The
design, simulation, fabrication and measurement of the X-band 5-resonator antenna-filter, the
X-band 3-resonator antenna power divider and the X-band 3-resonator antenna diplexer are
discussed in Section 5.6, Section 5.7 and Section 5.8, respectively. A conclusion is given in

Section 5.9.

5.2. Quality Factors of Cavity Resonators

The cavity resonator design has been described in Chapter 2. The total quality factor of a
cavity resonator coupled to an external circuit can be expressed using the loaded quality factor
(Q1), which may be defined as [3]

1 1 1
T T 5.1
+Q (5.1)

where Qe is the external quality factor associated with the external coupling at the input port.
Qu is the unloaded quality factor associated with losses in the resonator.

The total Q of the cavity resonator may be defined by adding these losses together as follows

[3]

LS S S (5.2)
Q Q Q &Q

where Qc, Qq and Q are the conductor, dielectric and radiation quality factors, respectively.
For an air-filled waveguide cavity resonator, the resonator has an enclosed structure covered

with conducting material and no dielectric material within the cavity walls. It implies that the
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total Qu of the cavity resonator only considers the conductor quality factor (Qc). The Q. of the

rectangular waveguide cavity resonator for TE;o; mode is defined as [2]

o - (kpa-d) b7
" 277R,(2a%+2bd’ +a'd +ad’)

(5.3)

where 717 =./u/¢ is the wave impedance.

where

L= L Ll 1s the permeability (H/m).

L 1s the relative permeability of a material.

1o =47x 107 H/m is the permeability of free space.
&= & & 1s the permittivity (F/m).

& 1s the relative permittivity of a material.

& = 8.854 x 10™'? F/m is the permittivity of free space.

Rs is the surface resistance of the conducting wall is given by [2]

_ Jou
R, —\/; (5.4)

@ = 27f is the angular frequency (rad/sec).

o is the conductivity of materials (S/m).

For example, the copper cavity in [4] has a surface resistance Rs = 0.022 Q and a conductor

quality factor Q¢ = 12,700. The cavity size was a = b = d = 3 cm, that corresponds to the

resonant frequency of 7,070 MHz.

5.2.1 Extraction of External Quality Factor from Physical Structure

This section presents the methodology for extraction of the external quality factor from the

physical structure of a rectangular waveguide cavity, using CST simulation software [5].
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In this work, the WR-90 waveguide is employed to design a resonant cavity circuit.
The initial dimension of the WR-90 waveguide cavity resonator has been defined, as
described in Chapter 2. The geometry of the cavity resonator coupled to the input/output ports

is shown in Figure 5.2.

External coupling

Figure 5.2 Geometry of a cavity resonator coupled to the input/output ports. a = 22.86 mm,

b=10.16 mm, | = 19.88 mm.

The waveguide cavity structure, shown in Figure 5.2, has been made in the CST simulation
software [5]; the blue part is the vacuum, which is covered with a perfect electrical
conducting material (PEC). This material is a lossless material, which is no conductor loss
considered in the resonator. The input port needs to be weakly coupled to the cavity through a
small aperture of an inductive iris [6] for this approach to work. The inductive iris is located
between the cavity and the output port. The aperture d can be adjusted in order to change the
value of Qe. The thickness of the iris is selected as 2 mm. The external quality factor Q. can
be obtained from the simulated magnitude of S,; response using a formula [1], given as

fO

Q=
Af3dB

(5.5)

where fj is the centre frequency of the loaded resonator, Af,; = f, — f, is the 3 dB bandwidth,

f; and f; are frequency points in the 3 dB bandwidth as indicated in Figure 5.3.
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Figure 5.3 The simulated magnitude of S;; response of the structure in Figure 5.4. In this case

Qe = 20.96.

The simulated structure, shown in Figure 5.2, is a prototype structure used to obtain the Qe
values for different values of d. This is achieved using from the simulated S,; response using
the equation (5.5). Here | has been adjusted to keep the centre frequency of 10 GHz. The Q.
and | values for different values of d are plotted in Figure 5.4. This plotted Q. graph will be

utilised in the design of the antenna-filter in Section 5.6.
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Figure 5.4 Qe and | values of the waveguide cavity resonator obtained from the simulated S,

response with a centre frequency of 10 GHz for different values of d.
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5.3 Waveguide Aperture Antennas

This section presents a design for a waveguide aperture antenna which utilises the
inductive irises. The structure of a single resonator waveguide aperture antenna is represented,
as depicted in Figure 5.5. Here Qe and Q; are the quality factors associated with the external
coupling at the input port and the radiation resistance. The total Q; for the waveguide aperture

antenna can be defined as

1
T 5.6
+Q (5.6)

In the simulation, the antenna structure has been made from a PEC material. The resonator
antenna is weakly coupled to the input port with an inductive iris. The coupling coefficient

between the resonator and the external circuit is determined using the formula in [3], given as

p=f_Q (5.7)

=

®

where Ais the coupling coefficient between the resonator and the external circuit.
Pe is the average power loss from the resonator to the external circuit.

Py is the average power loss in the resonator.

Following equation (5.7), weak coupling means the value of coupling coefficient can be
approximated to be zero ( p= O) leading to a Q. value of infinity. Thus, equation (5.6) can be

approximated as Q; = Q.
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a ---Q-r-> Radiation output

Figure 5.5 The structure of a waveguide aperture antenna with top cover removed. a = 22.86,

b=10.16, di=3, l;=20 and t = 2. Unit: mm.

10 1M 1I2 1I3 1I4 1I5 1I6 1—}4
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Figure 5.6 The Q; and |, values of a waveguide aperture antenna obtained from the simulated

Sy response with a resonant frequency of 10 GHz for different values of d;.

The antenna structure shown in Figure 5.5 is utilised to obtain the Q; value using CST
simulation software [5]. The Q, value is extracted from the simulated response of Si;
magnitude using a Q-calculation for a one-port component [3]. The antenna structure, shown

in Figure 5.5 can be designed to increase the value of Q, by reducing d;. Here |; has been
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adjusted to keep the centre frequency at 10 GHz. The value of Q, is obtained from CST
simulation [5]. A curve of Q, values versus d, is plotted in Figure 5.8. Q, will be employed in
the design of the antenna-filters, in Section 5.6. Specifically, it will be used to define the

physical aperture dimensions to match the Q. of the filter with the Q, of the design.

5.4 Coupling Coefficient Extraction from Physical Structure

This section presents the methodology for extraction of the coupling coefficient from the
physical structure incorporating two-coupled cavities. This is achieved using the CST
simulation software [5]. Figure 5.7 shows an example of the waveguide structure utilised to
extract the coupling coefficient (M). The structure represents two cavity resonators coupled
together with an inductive iris. The input and output ports are weakly coupled to the cavity

resonator with inductive irises having a small aperture size.

Weak coupling

Inductive iris

Weak coupling

Figure 5.7 The simulated structure of two-coupled waveguide cavity resonators. a = 22.86

mm, b=10.16 mm.

The coupling coefficient can be obtained from the simulated response of S;; magnitude using

a formula for a synchronously tuned coupled resonator from [1] as

135



2 2
_ fp2 B fpl

_ (5.8)
fpz2 + fpz1

where M is the coupling coefficient, fy, is the higher resonant peak of S,; and fy; is the lower

resonant peak of S,;, as indicated in Figure 5.8.

S1 (dB) S

9 9.2 9.4 96 9.8 10 102 104 106 108 11
Frequency (GHz)

Figure 5.8 The simulated magnitude of Sy, for the structure shown in Figure 5.7. The coupling

coefficient here is M = 0.0942.

13 14 15 16 17 18 19 20
> (mm)

6 7 8 g 10 11 12

Figure 5.9 M and |, values of the two-coupled waveguide cavity resonators obtained from the

simulated S;; response with a centre frequency of 10 GHz for different values of d,.
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The simulated structure, shown in Figure 5.7, can be utilised to obtain the M values for
different values of d, from the simulated S;; response using equation (5.8). Here |, has been
adjusted to keep the centre frequency of 10 GHz. The M and |, values for different values of
d, are plotted in Figure 5.9. The graph showing M will be utilised in the design of antenna-
filter, in Section 5.6.

The self-coupling coefficient M;; is related to the self-resonant frequency of the

resonator i in a filter. For the case of asynchronous tuning, it is defined by [7]

M, =2£ fo foz) (59)

fi+f;

where fo;i is the resonant frequency of the resonator i and f, is the desired centre frequency.
Equation (5.9) can be used to extracting the self-coupling coefficient M;; from the waveguide

structure for the design of an antenna-diplexer, in Section 5.8.

5.5 Coupling Matrix Synthesis for Multiple Port Antenna-Filters

In this work, the coupling matrix of the antenna-filter circuit is chosen for the design.
It is used in a similar way to the coupled-resonator two-port filter circuits [1] and Chapter 2.
Here the radiation inputs/outputs of proposed antenna-filters are considered as the

input/output ports of the equivalent filter. Matrix [A] can be expressed as [8]

[Al=[al+ p[U]- j[m] (5.10)

where [U] is the n x n unit matrix, p is the complex frequency variable i.e. p = (j/FBW)(f/fo —

fo/f), fo is the centre frequency and FBW is the fractional bandwidth, [q] is an N x N matrix

with all entries zero, except for Qi = 1/dei for the input/output ports and Qi = 1/gyi for the
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radiation inputs/outputs, i stands for the index of the resonator connected to input/output ports
and radiation inputs/outputs, (e is the normalised external quality factor of the resonators at
the input/output ports (i.e. gei = FBW-Qgi), Qri is the normalised radiation quality factor of the
antennas at the radiation inputs/outputs (i.e. i = FBW-Qyi). Both Q¢ and Qy; are the external
quality factor at the input/output ports and the radiation quality factors at the radiation

inputs/outputs. They are calculated from the normalised quality factors (e and qj by

q.
Q. =—— 5.11
*  FBW ( )
and
q.
Q. =—"— 5.12
" FBW ( )

These Q. and Qi values are utilised as the Q. and Q; values extracted from the physical
dimensions of the waveguide structure in order to realise the waveguide device. Also, [M] is
the normalised coupling matrix whose elements are the normalised coupling coefficient
between resonator i and j (i.e. mjj = M;/FBW) and the self-couplings m;j = M;i/FBW. Here M;
is the coupling coefficient between resonator i and j, M;; is the self-coupling coefficient of
resonator i. Both Mjj and M;; are calculated from the normalised coupling coefficients mj; and
m;; by

M; = FBW -m, (5.13)
and

M, = FBW -m, (5.14)

These Mj; and M;; values are utilised as the M and M;; values extracted from the physical

dimensions of the waveguide structure in order to realise the waveguide device.
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Assuming that we have a 3-port circuit, the S-parameters, for the coupling topology shown in

Figure 5.1(b) and 5.1(c), can be derived from the matrix [A] in (5.10) as,

S, =i(1—qi[A]“1} (5.15)

2 .

—|A
R

S,, = (5.16)
where Sjj is the reflection coefficient at the input/output waveguide port i, S,3 is the isolation
of the proposed antenna-diplexer between waveguide port 2 and port 3, Qe is the normalised
external quality factor of resonator i, Qe is the normalised external quality factor of resonator
2 and Qe is the normalised external quality factor of resonator 3. In the case where one port is
a radiation port. Sp; and Ss3; are related to the frequency response of the gain, but are not
considered here. A more generalised equation for three-port network, based on more than 3

resonators, is given in [8]. This multi-port matrix is used in Section 5.7 and 5.8.

5.6 X-Band 5-Resonator Waveguide Antenna-Filter

5.6.1 Waveguide Antenna-Filter Design

This section presents the design of a 5-resonator waveguide aperture antenna-filter. The
coupling model of a 5-resonator waveguide antenna-filter is designed as an in-line topology,
as shown in Figure 5.10. The antenna-filter is designed to have a 2% fractional bandwidth
(FBW = 0.02) at the centre frequency fo of 10 GHz. A fifth-order Chebyshev lowpass
prototype with a return loss of -20 dB is chosen. The coupling coefficients, external and
radiation quality factors of the proposed design are calculated from the normalised

conventional design equation (2.50) presented in Chapter 2; as in the matrix form,
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The calculated response of the S;; can be calculated from the values of [M], ge; and s, using

equation (5.15), the result is shown in Figure 5.11.

o e e o ---> Radiation output

Figure 5.10 Topology of the designed waveguide antenna-filter.
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Figure 5.12 The three-dimensional schematic of the X-band 5-resonator antenna-filter.

Figure 5.12 shows the layout of the antenna-filter in three-dimensions. The antenna-filter has
a direct-coupled resonator structure. The waveguide structure is designed for manufacturing
using a CNC milling machine. All of the inside corners are rounded with a radius of 1.6 mm.
These corners have only a minor effect on the performance of the antenna-filter. In order to
define the physical dimensions of the waveguide structure, the coupling coefficient, the
external quality factor and the radiation quality factor are calculated for FBW = 0.02 using
equations (5.11) to (5.14) and found to be M, = Mys = 0.01732, My3 = M34 = 0.01272, Q¢ =
Qrs = 48.57. These values will be utilised to find the initial physical dimensions of the
waveguide structure as described in Section 5.2, 5.3 and 5.4, respectively. The whole
waveguide structure of the antenna-filter is initially designed to have these initial physical
dimensions. The simulated S;; response of the initial structure, is shown in Figure 5.13. The
response can be improved by optimising the waveguide structure using the optimiser in the
CST software package [5]. Starting from the initial response, the waveguide antenna-filter has

been optimised to meet goals related to the passband performance (i.e. S;; <= -20 dB from 9.9
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GHz to 10.1 GHz). This involved varying the length of cavity and antenna, the width of the

coupling irises and the width of the aperture. The final simulated S;; response is shown in

Figure 5.14. All dimensions of the optimised structure corresponding to the parameters shown

in Figure 5.12 are: a = 22.86, b = 10.16, d; = 10.38, d,= 6.42, d; = 5.84, d4 = 5.84, ds = 6.52,

de=10.49,1=20,1,=17.13, 1, =18.7, 13 =18.84, I, = 18.7, Is = 16.87, t = 2 (Unit: mm).
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Figure 5.13 Simulated initial and final response of the X-band 5-resonator antenna-filter.

The simulated return loss (S;;) of the antenna-filter, compared with the response calculated

from the coupling matrix, is shown in Figure 5.14. They are in good agreement.

—

=

o

-10
-15
-20
-25

-30 a4

_38.4 95 96 97 98 99 10 101 102 103 104 105 106

0

-5

== Calculated |
—Simulated

Frequency (GHz)

Figure 5.14 The S;; response of the X-band 5-resonator antenna-filter from coupling matrix (a

dashed line) and simulation (a solid line).
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5.6.2 Fabrication and Measurement

The X-band 5-resonator antenna-filter has been fabricated from aluminum alloy 5083
(RS components) using a CNC milling machine. Figure 5.15 shows a photograph of the
antenna-filter. The simulated and measured return loss of antenna-filter, depicted in Figure
5.16(a), shows good agreement. The measurement shows that the passband has a maximum

return loss of -18.6 dB.

Figure 5.15 Photograph of the fabricated antenna-filter.

The antenna-filter has been measured inside an anechoic chamber using an HP8722D vector
network analyzer (VNA) and an X-band horn antenna (1624 from Flann Microwave
Company, a reference antenna) to obtain the frequency response of the realised gain. The
measured realised gain is compared with the simulation results as shown in Figure 5.16(b).
The antenna-filter is found to have a passband gain of about 5.7 dB, and measured stopband
rejection is about 55.7 dB. The simulated total efficiency versus frequency of antenna-filter is
plotted in Figure 5.17. It can be seen that the total efficiency exhibits very good filtering

performances, and similar to the 5™ order bandpass filter of the actual device. The total
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efficiency in the passband (9.9 to 10.1 GHz) is about 70%, while the maximum efficiency is
occurred at the centre frequency (10 GHz) as about 93.83%. The results shows very high
antenna efficiency occurred around the passband corresponding to the realised gain response

of antenna-filter.
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Figure 5.16 Simulated and measured results for the X-band 5-resonator antenna-filter. (a)

Return loss S;; (b) Realised gain.
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Figure 5.17 Simulated total efficiency for the X-band 5-resonator antenna-filter.
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Figure 5.18 Normalised simulated and measured radiation patterns for the antenna-filter at
10 GHz in co-polarisation: (a) H (XY) plane. (b) E (YZ) plane. (Radial units are dB.

Circumferential scale is #1in degrees.)
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The simulated and measured radiation patterns of the antenna-filter are shown in Figure 5.18.
It can be seen that the antenna-filter exhibits good agreement in terms of radiation pattern in
H and E-plane orientation. The cross polarisation levels in H-plane are below -50 dB in the
measurements and below -80 dB in the simulations, as shown in Table 5.1. The performance
of the antenna-filter is summarised and presented in Table 5.1. The results show flat response
in the passband gain, good out-of-band rejection and low levels of cross-polarisation.

Table 5.1 Summary of the antenna-filter performance

Parameters Frequency |3 dB Beamwidth | Side lobe level Cross-
(GHz) (deg.) (dB) polarisation level
(dB)
Sim. Mea. Sim. Mea. Sim. Mea.
H-plane 10 85 72 -8.7 -9.59 -80 -50
E-plane 10 99 96 -9.5 -9.95 -81 -49.8

5.7 X-Band 3-Resonator Antenna Power Divider

5.7.1 Waveguide Antenna Power Divider Design

This section presents the design of a 3-resonator antenna power divider. This circuit
includes power division as well as basic filtering functionally whilst using two of the three
resonators as a two-element array. This allows the antenna array feature in order to improve
the directional radiation characteristics with integrated filter. The topology of a designed

three-resonator antenna power divider is shown in Figure 5.19.

Radiation
----- »>
output 1
Radiation
""" > output 2

Figure 5.19 Topology of the designed waveguide antenna power divider.

e (1)
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The antenna power divider is designed to have 2% fractional bandwidth (FBW = 0.02) at the
centre frequency fy of 10 GHz and a passband return loss of -20 dB. A gradient-based local
optimisation algorithm [8] has been utilised here to get the coupling matrix. The optimised

normalised coupling coefficients, external and radiation quality factors are:

0 1175 1.175
[m]=|1.175 0 0
1175 0 0

Qe1 = Or2 = (r3 = 0.6648
The calculated response of the S;; from the values of [m], Qe1, Qr2 and Qr3 using the equation
(5.15) is shown in Figure 5.20. The coupling coefficients and the external quality factors are
computed for FBW = 0.02 and found to be M, = M3 = 0.0235, Q¢1 = Q2 = Qp3 = 33.24.
These values will then be utilised for defining the physical dimensions of the waveguide

structure using a procedure similar to that described in Section 5.6.1.
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Figure 5.20 The calculated response of S;; in dB of the designed waveguide antenna power

divider from the coupling matrix.
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The 3D structure of the X-band 3-resonator antenna power divider is illustrated in
Figure 5.21, it has one waveguide port and two-apertures separated by A¢/2 (15 mm) forming
a simple array. The waveguide structure, shown in Figure 5.21 is equivalent to the coupling
topology of the three-resonator power divider, discussed in [8]. The implementation of the
antenna power divider has again been designed based on X-band waveguide with an inductive
iris. The physical dimensions of the waveguide antenna-diplexer have been initially defined
and optimised in a similar way to that presented in Section 5.6.1. All dimensions of the
optimised structure corresponding to the parameters shown in Figure 5.20 are: a = 22.86, b =
10.16,d;,=1132,d,=d3=94,ds =ds =11.32, 1 =20, |, =15.6, I, =15 =17.5, t = 2 (Unit:
mm). All of the inside corners are rounded with a radius of 1.6 mm. The simulated return loss
S1 for the proposed antenna power divider is in good agreement with the calculated response,

as shown in Figure 5.22. The realised gain and radiation patterns will be discussed in Section

5.7.2.
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Figure 5.21 X-band 3-resonator antenna power divider.
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Figure 5.22 S;; of the X-band 3-resonator antenna power divider derived from the coupling

matrix (dashed lines) and CST simulation (solid lines).

5.7.2 Fabrication and Measurement

The X-band 3-resonator antenna power divider is also made from aluminum alloy and a
photograph of it is shown in Figure 5.23. The simulated and measured return loss curves are
depicted in Figure 5.24(a). The measured response is in good agreement with the simulated
response. The measurement shows a maximum return loss of -21.5 dB with a passband
bandwidth of 202 MHz, whereas the expected maximum return loss obtained from CST

simulations is -20 dB with a passband bandwidth of 200 MHz.
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Figure 5.23 Photograph of the fabricated antenna power divider.

Figure 5.24(b) shows the measured realised gain, which exhibits good agreement with the
simulation. It can be seen that a measured passband gain is about 8.9 dB, which is 3.2dB more
than that of the single aperture antenna-filter presented in Section 5.6.2. The measured
stopband rejection is about 14 dB. The simulated total efficiency versus frequency of antenna
power divider is plotted in Figure 5.25. The total efficiency in the passband (9.9 to 10.1 GHz)
is about 97.2% which is higher than the antenna-filter as 27.2%, while the efficieny at the
centre frequency (10 GHz) is slightly dropped from the maximum efficiency of 98.4% as
about 1.27%. The results show very high antenna efficiency around the passband
corresponding to the realised gain response. However, this antenna power divider dose not
exhibit the good responses of realised gain and total efficiency as well as the 5th order

antenna-filter, because this design has a lower filter order (an order filter).
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Figure 5.24 Simulated and measured results for the X-band 3-resonator antenna power

divider. (a) Return loss S;; (b) Realised gain.
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Figure 5.25 Simulated total efficiency for the X-band 3-resonator antenna power divider.

The simulated and measured radiation patterns for the antenna power divider are shown in
Figure 5.26. It can be seen that the antenna power divider exhibits good radiation pattern
shape in H and E plane orientations. The cross polarisation levels are measured in the H-plane
as -49.2 dB and in the E-plane as -48.9 dB, whereas the simulated levels in H-plane are -59.7
dB and -67.9 dB for the E-plane. The performance of the antenna power divider is
summarised in Table 5.2. As expected, the antenna power divider has better performance
compared to the 5-resonator aperture antenna-filter in terms of higher passband gain, and

narrower 3dB beamwidth.

Table 5.2 Summary of the antenna power divider performance

Parameters Frequency 3dB Side lobe level (dB) Cross-
(GHz) Beamwidth polarisation
(deg.) level (dB)
Sim. Mea. Sim. Mea. Sim. Mea.
H-plane 10 52 51 -14.4 -15.14 -59.7 -49.2
E-plane 10 74.4 68 -10.5 -10.88 -67.9 -48.9
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Figure 5.26 Normalised simulated and measured radiation patterns for the antenna power
divider at 10 GHz in co-polarisation: (a) H (XY) plane. (b) E (YZ) plane. (Radial units are

dB. Circumferential scale is &1in degrees.)

5.8 X-Band 3-Resonator Antenna-Diplexer
5.8.1 Waveguide Antenna-Diplexer Design

Both of the previous designs operated in a single frequency band. This work presents an
additional new component where the waveguide aperture antenna is designed to work at two
frequency bands in a similar fashion to a diplexer. This component is an antenna-diplexer.
The proposed design can be employed as a receiving component for separating two-frequency
channels as would a conventional diplexer circuit, placed after the receiving antenna. The
passband centre frequency is 9.93 GHz for channel 1 and 10.07 GHz for channel 2; the
bandwidth of each channel is 0.1 GHz. The overall fractional bandwidth (two passbands and

an intervening stop band) is 2.4% (FBW = 0.024). This design has a return loss of -20 dB and
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uses 2 poles for each channel. Figure 5.27 shows the topology of the designed antenna-

diplexer represented, as a three port device.

Radiation

Figure 5.27 Topology of the designed waveguide antenna diplexer.
The coupling matrix of this antenna-diplexer has been optimised using the gradient-based
local optimisation algorithm [8]. The optimised results give the normalised coupling

coefficients, and external and radiation quality factors as:

0 0835 0.835
[m]=|0.835 0446 0
0.835 0  —0.446

Or1 = 1.944, Q2 = Qe3 = 1.468

The S-parameter response obtained using the values of [m], Qr1, Qe and Qe3 using equations
(5.15) and (5.16) are shown in Figure 5.28. The coupling coefficients and the external quality
factors are computed for FBW = 0.024 and found to be My, = 0.0107, M33 = -0.0107, M, =

Mi3=0.02, Qr2 = 81, Qe = Qe3 = 61.17.
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Figure 5.28 The S-parameters in dB for the designed waveguide antenna diplexer calculated

from the coupling matrix.

The three dimensional structure of the X-band 3-resonator antenna-diplexer is
illustrated in Figure 5.29. It is a three-port component including one antenna port. The
proposed antenna-diplexer has been designed using an inductively coupled waveguide cavity
resonator. The physical dimensions of the waveguide antenna-diplexer have been obtained
using the designed parameters (i.e. the actual values of M, Qe and Qy) and is optimised using
the procedure presented in Section 5.6.1. All dimensions of the optimised structure
corresponding to the parameters shown in Figure 5.27 are a =22.86, b =10.16,d, =9.9, d, =
9.35,d;=9.39,d,s=11.84,ds = 12.08, 1 =20, |, = 16.14, |, = 16.84, I; = 17.16, |, = 20.32, t =
2 (Unit: mm). All of the inside corners are rounded with a radius of 1.6 mm. The simulated S-
parameters for the proposed antenna-diplexer are compared with the calculated response
obtained from the coupling matrix and are seen to be in good agreement, as shown in Figure
5.30. It should be noted that the above antenna-diplexer exhibits poor isolation performance

between two output ports. This work aims to show the principles of the methods by which this
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isolation can be improved by utilising more resonators or by separating the operating

frequency bands.

Top cover

input 1

Figure 5.29 X-band 3-resonator antenna-diplexer.
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Figure 5.30 S-parameter responses of the X-band 3-resonator antenna-diplexer obtained from

the coupling matrix (dashed lines) and simulation (solid lines).
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5.8.2 Fabrication and Measurement

The X-band 3-resonator antenna-diplexer is made from aluminum alloy and is shown
in Figure 5.31. The simulated and measured S-parameters of the antenna-diplexer are
depicted in Figure 5.32(a). The measured response is in excellent agreement with the
simulated response. The measurement shows that the passband of channel 1 has maximum
return loss of -20.1 dB, whereas for channel 2 it is -21.0 dB. The isolation between the centre

frequencies of two bands is measured to be 5.2 dB.

Figure 5.31 Photograph of the fabricated antenna-diplexer.
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Figure 5.32 Simulated and measured results of the antenna-diplexer. (a) S-parameters.

(b) Realised gain.

The realised gain for each channel of the antenna-diplexer has been measured
comparing with the simulation results, as shown in Figure 5.32(b). The passband of channel 1
has a measured maximum gain of 6.25 dB at 9.88 GHz, whereas the passband of channel 2
has a measured maximum gain of 6.1 dB at 10.12 GHz. The stopband rejection of each

channel was measured and is about 21 dB. The total efficiency versus frequency of antenna-
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diplexer is plotted with the simulation results, as shown in Figure 5.33. The passband of
channel 1 has a maximum total efficiency of 74.3% at 9.88 GHz, whereas the passband of
channel 2 has a maximum total efficiency of 71.38% dB at 10.12 GHz. The results show the
corresponding maximum realised gains with the maximum total efficiency at the same
frequency of each channel. However, the total efficiency and realised gain of antenna-diplexer
does not achieve better than previous designs. It can be achievable the good performance
since the number of antenna is increased with the antenna array design technique.

It should be noted that the results of Figure 5.32(a) show that on port 2, 20% of
received energy at the centre frequency goes to port 3 and vice versa. This work aims to show
the principle of the design method and this leaking of received energy between two output

ports can be improved by utilising more resonators and/or separating the bands.
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Figure 5.33 Simulated total efficiency for the X-band 3-resonator antenna-diplexer.
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Figure 5.34 Normalised simulated and measured radiation patterns of the antenna-diplexer in
co-polarisation at the middle band frequency and two passband centre frequencies for each

channels: (a) H (XY) plane. (b) E (XZ) plane. (Radial units are dB. Circumferential scale is 8

in degrees.)

The simulated and measured radiation patterns of the antenna-diplexer are compared
at the centre frequencies of each channel and are shown in Figure 5.34. It can be seen that the
antenna-diplexer exhibits good radiation pattern shape in H and E-planes. The radiation
pattern level measured at 10 GHz is lower than the measured maximum level by about 3 dB,
which corresponds to the gain results at 10 GHz, depicted in Figure 5.32(b). The measured
cross polarisation levels are below 49 dB, whereas the simulated cross polarisation levels are
below 72 dB. The performance of the antenna diplexer is summarised and presented in Table

5.3.
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Table 5.3 Summary of the antenna-diplexer performance

Parameters Frequency 3dB Side lobe level Cross-
(GHz) Beamwidth (dB) polarisation level
(deg.) (dB)

Sim. Mea. Sim Mea Sim. Mea.

9.93 62.7 58 -4.8 -4.64 -72.2 -46.1

H-plane 10 63.7 60 -4.9 -4.9 -72.9 -49.6
10.07 64.9 57 -5.1 -4.46 -74.9 -45.5

9.93 66.3 73 -4.1 -4.4 -72.2 -48.8

E-plane 10 68.5 64 -4.2 -5.24 -73 -51.1
10.07 70.7 70 -4.3 -4.67 -74.8 -48.8

5.9 Conclusions

The multiport coupling matrix has been used to demonstrate three components which

utilise the resonant properties of antennas for filtering. The coupling matrix approach is

general and can be used for any waveguide aperture antenna. The approach can, in principle,

be executed using a larger number of radiations and/or filtering elements to configure

complex functionality whilst minimising the weight and volume of the component. The

bandwidth of the antenna-filters is limited by the radiation Q of the radiating resonator(s),

however this can be adjusted by altering the aperture size, in the examples given here.

A prototype for the X-band 5 resonator antenna-filter was built. There is good

agreement between the measurement and simulation results pertaining to the return loss and

radiation pattern shapes. An X-band 3 resonator antenna power divider is designed in order to
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improve antenna gain with compact size and is suitable for use in a transmitter. An X-band 3

resonator antenna-diplexer is designed for use in a receiver where it could be utilised as a

frequency splitter with compact size. The measurement results for this and the antenna-

diplexer agree very well with simulations. These proposed components have compact sizes,

light weights and small number of front-end microwave components, and as such they are

suitable for use of modern communication systems
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis presented new design techniques for antenna-filters involving use of
coupling matrix synthesis. The approach is applied to dipole and waveguide structures. The
work has been divided into three main parts: two port dipole antenna-filter, one port dipole
antenna-filter and waveguide antenna-filter.

The objective of the work presented in Chapter 3 was to design a coupled resonator
filter using antennas in order to help understand the antenna. In this work the antenna is
treated as a resonator within a filter circuit. A dipole antenna is selected as the resonator type
in this work. The structure of this antenna is simple and suited for designing the resonator.
The antennas can be arrayed to form an in-line structure which is suitable for design the two-
port coupled-resonator filter. The coupling matrix has been utilised to obtain the filter
response of the two-port dipole antenna-filter from specifications resulting in the design
parameters (quality factors and coupling coefficient). However, any loss in the filter needs to
be considered which consist of radiation, material and inductor loss. These losses are
associated with the low Q, value of the resonators which causes. The insertion loss of the
two-port dipole antenna-filter is 3.1 dB in simulation and is 3.4 dB in measurement, which are
in good agreement with the calculation obtained using the method in [1] which is about 3.5
dB. The proposed antenna-filter in Chapter 3 is a two-port device and has similar in structure
which is a conventional dipole antenna array. The design method used for two-port filter in

Chapter 3 can be utilised to design a one-port dipole antenna-filter presented in Chapter 4.
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The work presented in Chapter 4 aimed to integrate the dipole antenna into a filter
circuit replacing the second port with a radiation port. All resonators in this antenna-filter are
dipole antennas integrated with inductors and can also be radiating elements. The work in
Chapter 4 has started looking at a 1* order antenna-filter for a clear understanding of the
concept of antenna and filter integration. The design of the 1* order dipole antenna-filter used
the coupling matrix synthesis to optimise the filter response with the optimised design
parameters (Qe; and Qy). The 1*" order antenna-filter adjusts the Qe and Qy; values by
changing the position between a feed and a resonator antenna. The realised gain response of
the 1% order antenna-filter has showed the similar shape of 1 order bandpass filter. The poor
realised gain for this design can be improved when the number of antenna elements is
increased as presented in 2™ and 3" order designs. The 2™ order antenna-filter design is based
on the design concept of the antenna-filter work in the filter literature by assuming the Q
value of the last resonator is the same Q. value of the input resonator to preserve the filter
characteristic. The design can be achieved with the optimised Q. value for this design as
described in Section 4.2.1. The measurement and simulation results showed in good
agreement. The realised gain of the 3™ order antenna-filter showed the filtering response with
good agreement between simulation and measurement. The work in Chapter4 has been
achieved following the principle theory of antenna and filter and the coupling matrix synthesis
for the antenna-filter component. This design method can be applicable in the coupled
resonator antenna-filter for different topologies, one of which is presented in Chapter 5.

The third part in Chapter 5 presented three design approaches of antenna-filters using
a waveguide structure [2]. All approaches have utilised waveguide aperture antennas as
resonators. A S-resonator antenna-filter is the first design of this work and has an in-line

coupling topology with one input electrical port and one output is the radiation. The designed
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waveguide antenna-filter is higher order than the dipole antenna-filter in Chapter 4. This can
improve the filtering response for the realised gain (flat in the passband and high suppression
in the stopband). A coupling matrix optimisation technique [3] has been utilised in the second
and third design approaches to find the optimum values for the coupling coefficient, the
external quality factor and the radiation quality factor corresponding to the desired
specifications. The second design has developed a two-antenna array integrated with the
coupled resonator power divider [3]. The aim of this work was to improve the antenna
performances (i.e. realised gain and radiation pattern) using a two-antenna array which
included the filtering function. The third component is a three-port component that works in
two different frequencies. This is to integrate the antenna into the coupled resonator diplexer
for reducing the number of components in the front-ends and also to reduce the circuit size.
The degradation of isolation between output ports (Sy3) occurred due to the small number of
resonators in the circuit. This can be improved by increasing the number of resonators in

future designs.

6.2 Future work

The work on antenna-filters based on the coupled resonator filter theory can be further
developed to design antenna-filters with a larger number of resonators with different coupling
topologies by using the coupling matrix optimisation technique [3]. The coupling structure
with the cross coupling between resonators can be applicable to the future design for
controlling the transmission zeros of the gain response. Figure 6.1 shows topology example of
4-resonator antenna-filter with cross coupling; where black circles represent resonators, solid

lines represent couplings and a dashed line represents a cross coupling.
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Antenna

Radiation
output

Figure 6.1 A topology example of 4-resonator antenna-filter with cross coupling.

The technique can be applicable to the coupling between antenna elements considered as the
cross coupling in the designed coupling structure for reducing the number of resonators in the
circuit. The cross coupling technique can generate the transmission zero in the gain response
of antenna-filters which can improve the selectivity of antenna-filters as well as cutting out
unwanted signals at specific frequencies. The antenna power divider can be further improved
with increasing the number of antenna elements and keeping the half wavelength spacing.
Figure 6.2 shows a tree topology example of 15-resonator antenna power divider. The
coupling structure of this further design can improve the filter response using the coupling
matrix optimisation. Also the technique can improve the antenna performances such as high
gain, narrow beamwidth and low side lobe level. The principle of antenna-diplexer design can
be further modified for the integration design of antenna and multiplexer. The coupling
topology model for this future work may be designed in the similar way of the coupled
resonator multiplexer in [4]. Figure 6.3 shows a tree topology example of 15-resonator
antenna-multiplexer. More work is required in controlling the radiation patterns of the
structures. This may focus on the design of N-element antenna arrays integrated with filters

for the future designs.

166



8-element
antenna array
r===

Radiation
output 1

Radiation
output 2

Radiation
output 3

Radiation
output 4

Input Radiation

output 5
Radiation
output 6
Radiation

output 7

Radiation
output 8

Figure 6.2 A tree topology example of 15-resonator antenna power divider. [4]
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Figure 6.3 A tree topology example of 15-resonator antenna-multiplexer. [4]
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APPENDIX A

Q calculation method for the one-port component

This appendix presents a Q calculation method for a one-port component. For example, an
antenna is the one-port component in the work of this thesis. The method is useful to obtain
Q-factors for the antenna in this thesis. A diagram of one-port component coupled to an
external source is shown in Figure A.1(a). When the component is coupled to the external
source, the circuit will behave as a resonant circuit with a coupling circuit in a case of
resonant mode, as shown in Figure A.1(b). In this case, quality factors of this component can

be extracted from the reflection coefficient (S;).
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Figure A.1 (a) A one-port component coupled to an external source (b) Equivalent circuit of a

component for one-port measurements [1].
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The derived equation of reflection coefficient S;; from the circuit shown in Figure A.1(b) is

given by [1]

1+
S,,(f)= — (A1)
1+ ]2 A()
1+
where Qy is the unloaded quality factor.
.I:2
A(f)=1-=5 (A2)

f is the frequency variable (Hz)

fo is the centre frequency (Hz).

RESHEAE , ,
B =—1——=is the coupling coefficient (A.3)
15(S,,(f,)

The f may be three-coupled modes which are considered from the smith chart as shown in

Figure A.2.

1. overcoupled
3. critical coupled, =1

:1+|S“(f0)|
1-[s,, (f,)|
0 o

2. undercoupled
_ 1-[s,, (f,)|
1+ |S11 (f, )|

Figure A.2 A Smith chart of two resonant circuits; one is overcoupled, two is undercoupled

and three is critical coupled [1].
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The quality factors of the component can be calculated from the magnitude of reflection

coefficient (|S;1(f)|) using the equation (A.1) which is rearranged as [1]

N | —

1o|sa () (e B ~(1-p)

Qi = (A4)
A () 1=[s,, (F)f
Qua:Qul+Qu2+'“+Qun (AS)
n
P, Q
=Q, —=—= A.6
and
Q
_ _a A7
Q Y (A.7)
where Qui, 1=1,2,...,nis the unloaded quality factor obtained from different

frequencies in the passband excepted for the centre frequency fo.

Qua is the average unloaded quality factor.

Qe is the external quality factor.

Qi is the loaded quality factor.

This method can be used to extract Q-factors for the one-port component from the EM
simulation software. Here an half-wavelength dipole antenna made from a copper material is
an example for this Q calculation method. The dipole antenna is designed and made in the

CST simulation software, as shown in Figure A.3.
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Figure A.3 A simulated structure of an half-wavelength dipole antenna.

0'6.6 0.7 0.8 09 1 1.1 1.2 13 14
Frequency (GHz)

Figure A.4 The simulated |S;,(f)| of an half-wavelength dipole antenna.

The antenna has been simulated to obtain the response of S;; magnitude (|S;i(f)|). The
simulated response of [Si;(f)| is shown in Figure A.4. The coupling coefficient S of this
example can be found from a simulated smith chart shown in the inset of Figure A.4. This
coupling coefficient represents as the undercoupled (the circle is smaller than one) and is

calculated from the magnitude of S;;(fy) at the centre frequency of 0.9 GHz using an equation
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(A.3). The calculated g value using the equation (A.3) is 0.725. The Q-factors are calculated
from different values of |S;;(f)] around half magnitude (0.15-0.65) of |S;i(f)] within the
passband frequency (0.8 GHz—1.1 GHz) using equations (A.4) to (A.7). The calculated results
of average Q-factors are Qua = 5.26, Qe = 7.25 and Q, = 3.04. This is shown a calculation
example of the method and will be utilised in the work of this thesis. The method can be used
to obtain the radiation quality factor (Qy) for different antenna structure when the antenna is
made from a perfect electric conductor (PEC) material which considers the total Q, = Qy. This

has been described in Chapter 5.

References

[1] Lancaster M. J. Passive Microwave Device Applications of High-Temperature

Superconductors. Cambridge, UK: Cambridge University Press; 1997.

173



APPENDIX B

Publications

Nugoolcharoenlap E., Shang X., Lancaster M. and Huang F., “Design of Waveguide Aperture
Antenna-Filters using Coupling Matrix Theory” Submitted to Transaction on Microwave

Theory and Techniques on 5™ Dec. 2014.

174



Submitted to MTT

Design of Waveguide Aperture Antenna-
Filters using Coupling Matrix Theory

Ekasit Nugoolcharoenlap, Xiaobang Shang, Member, IEEE, Michael J. Lancaster, Senior Member,
IEEE, and Frederick Huang

Abstract—This paper presents a novel design approach for
antennas which include filtering functionality (antenna-filter).
The approach follows the well established coupled-resonator
filter design theory, for which each resonator can not only be
used as a filter element but also as a radiator. Three antennas
are demonstrated which have additional functions as a bandpass
filter, a filtering power divider and a diplexer. These antennas
are designed at X-band using waveguide technology, fabricated
from Aluminum alloy and measured. The measured results have
an excellent agreement with the simulations.

Index Terms—Waveguide aperture antenna, Antenna-filter,
Antenna power divider, Antenna-diplexer.

I. INTRODUCTION

Antennas and filters are essential components of RF
receivers/transmitters. In the pursuit of miniaturization
and improved performance, there is a growing interest in
combining the antenna and filter into a single component. We
will call this component an antenna-filter. This is achievable
with resonant antenna elements where the antenna can serve as
one of the resonators of the filter, in addition to the original
role as a radiation element [1]. This allows the design of the
antenna (with integrated filters) by following the conventional
coupled-resonator filter theory [2]. In principle all resonators
of the filter can be used as radiating elements, but here just the
last resonator of the filter is replaced with an antenna. The
filtering function is retained as long as the antenna has a
resonant frequency the same as the filter and a radiation
quality factor that equals to external quality factor of the filter.

A diagram of an antenna filter is depicted in Fig. 1(a). This
approach has been investigated extensively, such as the work
demonstrated using strip-line filter [3] and waveguide filter
[4], [5]. In addition, the filter designs have been implemented
on the various printed antennas for size reduction like the
inverted-L antenna [6], the I"-shaped antenna [7], [8] and the
patch antenna [9]-[13]. An approach of a single slot-antenna
integrated with filters was presented in [14] and implemented
on the X-band waveguide with good filter response. Another
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Frederick Huang are with School of Electronics, Electrical and Systems
Engineering, the University of Birmingham, B15 2TT, UK. (e-mail:
ekasit.n@gmail.com).

ws

Radiation
output
uput

Antenna-filter

Radiation

Bandpass filter

(a)
Radiation Antenna power
Power TJoutput 1 divider  Radiation
i i —!uutpull
————— I_ - ’
Radiation :Radiaﬁon
Matched] Output 2 loutput 2
-
=
(b)
Antenna-
diplexer
r———=1
Radiation |
input1

(c)

Fig. 1. Block diagrams comparing the new approach (diagrams on the right)
to conventional antenna design (on the left): (a) antenna-filter (b) antenna
power divider (c) antenna-diplexer.

approach of the slot antenna-filter was implemented on the
substrate integrated wave guide (STW) structure and presented
in [15]. This approach is based on synthesis of equivalent
circuit, which is able to provide accurate bandwidth with well-
shaped passband response. The radiation pattern of this slot-
antenna with integrated filter exhibited a large beamwidth and
a low back lobe level.  Although these antennas have been
designed using basic filter design principles, none use the
coupling matrix approach which has significant advantages as
will be seen below.

A waveguide aperture antenna can be designed with narrow
beamwidth and low side lobe level. Such an antenna was used
in the design of antenna-filter implemented in an evanescent
waveguide [16]-[18] with a large bandwidth. The substrate
integrated waveguide (SIW) structure can also be used in an
aperture antenna with integrated cavity filter as presented in
[19]. To improve antenna gain and beamwidth simultaneously
with the size reduction, an antenna array design [20] is
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interesting. The antenna array can be incorporated in the
antenna-filter. Examples are four-slot antenna arrays
integrated with cavity filters [21], four-patch antenna arrays
integrated with power dividers and filters [22] and Yagi
antenna combined with a high Q-resonator [23]. The approach
presented in this paper using the coupling matrix allows the
integration of a power divider and two aperture antennas. This
integrated design of antenna arrays using a power divider with
the filtering function is named here as an antenna power
divider.

In addition, it is possible to design an antenna with multi-
band responses, the coupling matrix approach presented here
can also be utilized for this propose. This is named here as an
antenna-diplexer. A diagram of an antenna-diplexer is
depicted in Fig. 1(c). Previously a dual-band antenna has been
designed with an integrated diplexer and presented in [24].
The approach exhibited a new combined component for a
transceiver of a wireless LAN system with compact size and
good filter performance. In [25], a microstrip patch antenna
was designed and combined with two bandpass filters as a
single module.

This paper presents three new designs of X-band waveguide
aperture antennas as the single modules using the coupling
matrix. They are a 5-resonator antenna-filter, a 3-resonator
antenna power divider and a 3-resonator antenna diplexer. All
these antennas are designed using the coupling matrix which
allows a comprehensive design and a good understanding of
the principles of antenna-filters.

This paper is organized as follows. The waveguide aperture
antenna design is discussed in Section Il and includes the
coupling matrix synthesis utilized for obtaining the initial
values of the design. The results are compared with theory and
simulation and discussed in Section ITI. The fabrication and
measurements of the three proposed design are discussed in
Section IV, and a conclusion is given in Section V.

IT. WAVEGUIDE APERTURE ANTENNA DESIGN

In this section, a design of waveguide aperture antenna
which the utilises inductive irises [26] to control the external
(O.) and radiation (Q,) quality factors is discussed. Here O,
and @, are the quality factors associated with the external
coupling at the input port and the radiation resistance. The
structure of the single resonator waveguide aperture antenna-
filter can be represented as depicted in the inset of Fig. 2.

In Fig. 2 the value of O, is obtained from the simulated Sy,
using a (-calculation for a one-port component using the
technique in [27]. The antenna structure shown in the inset of
Fig. 2 can be designed to increase the value of O, by reducing
d.. Here [, has been adjusted to keep the center frequency at 10
GHz. The value of (Q, is obtained from CST simulation [28]
when there is a weak coupling structure at the input i.e. when
dy is small. The Q, values versus d, is plotted in Fig. 2. This Q.
will be employed in the design of the antenna-filters in Section
IIT for defining the physical aperture dimensions to match O,
of the filter with the radiation Q of the design.

[, (mm)

g% 0 1 2 #3415 i i’

d, (mm)
Fig. 2. O, and /, values of a waveguide aperture antenna obtained from the
simulated Sy, response with a resonant frequency of 10 GHz for different
values of d.. @ = 22.86, b= 10.16, d, = 3, { =20 and ¢ = 2. Unit: mm.

III. COUPLING MATRIX AND STRUCTURE DESIGN

In this work, the coupling matrix of the antenna-filter circuit
is chosen for the design. It is used in a similar way to the
coupled-resonator filter circuits [2] but here we consider the
radiation inputs/outputs as the input/output ports of the
equivalent filter. A matrix [4] can be expressed as [2]

[A]=[g]+ plU]- jim] (8]

where [U] is the »# x » unit matrix, p is the complex frequency

variable i.e. p = (J/FBW)(fifo— fo/f), fo is the center frequency
and FBW is the fractional bandwidth, [¢] is an » x n matrix

with all entries zero, except for ¢; = 1/(FBW-Q,;) for the
input/output ports and g; = 1/(FBW-Q,) for the radiation
inputs/outputs, / stands for the index of the resonator
connected to input/output ports and radiation inputs/outputs,
Q. is the external quality factor of the resonators at the
input/output waveguide ports, O, is the radiation quality factor
of the antennas at the radiation inputs/outputs. Note here we
have unusually defined the coupling matrix for multiple ports
rather than for a conventional two port filter [2]. Also, [m] is
the normalized coupling matrix whose elements are the
normalized coupling coefficient between resonator / and ;.
Here we can also define for later m; = M;/FBW and the self-
couplings m; = M/FBW, M; is the coupling coefficient
between resonator / and j, M; is the self-coupling coefficient
of resonator /.

The S-parameters, assuming now a 3-port circuit, for the
coupling topology shown in Fig. 1(b) and 1(c), can be derived
from the matrix [4] in (1) as,

8, _+(1-i[,4]”]} ¥)
.

Sy = ;[AE 3)

CER
where S; is the reflection coefficient at the input/output
waveguide port 7, S»; is the isolation of the proposed antenna-
diplexer between waveguide port 2 and port 3, g, is the scaled
external quality factor of resonator 2 and g, is the scaled
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RadialinnA

output
Fig. 3. X-band 5-resonator antenna-filter with top cover removed. a = 22.86,
b =10.16, d; = 10.38, ch= 642, d; = 5.84, d; = 5.84, ds = 6.52, ds = 10.49,
1=20,5,=1713,5L,=18.7, ;= 18.84, I, = 18.7, [s = 16.87, ¢ = 2. Unit: mm.
All the inside vertical edges have the same radius of 1.6 mm.
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Fig. 4. S, response of an X-band 5-resonator antenna-filter from coupling
matrix (dashed lines) and simulation (solid lines).

external quality factor of resonator 3. In the case where one
port is a radiation port, the S, and S;, are related to the
frequency response of the gain but not considered here. A
more generalized equation for three-port network based on
more than 3 resonators is given in [29].

A. X-band 5-resonator antenna-filter

This section presents the design of a 5-resonator aperture
antenna-filter. It has an in-line topology, as illustrated in Fig.
3. The antenna-filter is designed to have a 2% fractional
bandwidth (FBW = 0.02) at the center frequency f, of 10 GHz.
A fifth-order Chebyshev lowpass prototype with a return loss
of 20 dB is chosen. The coupling coefficients, external and
radiation quality factors of the proposed design are calculated
from the normalized conventional design equations in [2], as
M2~ Mys= 0.866, My3= M54~ 0636, o1 =45 = 0.9714.

The proposed waveguide antenna-filter has been designed
based on the X-band waveguide with the inductive iris. The
design of the iris sizes are done by using standard techniques
[2]. The simulated return loss of the antenna-filter compared
with the theoretical response calculated from the coupling
matrix is shown in Fig. 4. They are in good agreement.

Radiation

output 2
Fig. 5. X-band 3-resonator antenna power divider with top cover removed. a
=22.86,b=10.16,d,=1132,d,=d; =94,d,=ds = 11.32,1=20,/, = 15.6,
L =1 =175, t = 2. Unit: mm. All the inside vertical edges have the same
radius of 1.6 mm.
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Fig. 6. Sy, of the X-band 3-resonator antenna power divider derived from the
coupling matrix (dashed lines) and electromagnetic simulation (solid lines).

B. X-band 3-resonator antenna power divider

This section presents the design of a 3" order antenna
power divider. Such a circuit includes power division as well
as basic filtering functionally whilst using two of the three
resonators as radiators. This allows beam forming with
integrated filtering.

The structure of the X-band 3-resonator antenna power
divider is illustrated in Fig. 5, it has one electrical port and
two-apertures separated by Ay/2 (15 mm) forming a simple
array. The waveguide structure shown in Fig. 5 is equivalent
to a coupling topology of the three-resonator power divider, as
discussed in [29]. The design of antenna power divider is to
have 2% fractional bandwidth (FBW = 0.02) at the center
frequency f, of 10 GHz and a passband return loss of 20 dB. A
gradient-based local optimization algorithm [29] has been
utilized here to get the coupling matrix. The optimized
normalized coupling coefficients, external and radiation
quality factors are: m,=m; 3= 1.175, g1 = g2 = q,5 = 0.6648.

The implementation of the antenna power divider has again
been designed based on X-band waveguide with an inductive
iris. The simulated return loss S, for the proposed antenna
power divider has a good agreement with that of the theory, as
shown in Fig. 6. Radiation patterns will be discussed in
section IV.
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Radiation
input 1
Fig. 7. X-band 3-resonator antenna-diplexer with top cover removed. a =
22.80, b= 1016, d, = 9.9, d> = 9.35, ds = 9.39. d, = 11.84, ds = 12.08, / = 20,
5 =16.14, L = 16.84, I; = 17.16, [, = 20.32, = 2. Unit: mm. All the inside
vertical edges have the same radius of 1.6 mm.
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Fig. 8. S-parameter responses of the X-band 3-resonator antenna-diplexer
from coupling matrix (dashed lines) and simulation (solid lines).

C. X-band 3-resonator antenna-diplexer

Both the previous designs operated in a single frequency
band. This work presents an additional new component where
the waveguide aperture antenna is designed to work at two
bands in a similar fashion to a diplexer; we call this an
antenna-diplexer. The proposed design can be employed as a
receiving component for separating two-frequency channels as
would a conventional diplexer circuit placed after the
receiving antenna. The three dimensional structure of the X-
band 3-resonator antenna-diplexer is illustrated in Fig. 7, it is
a three-port component including one antenna port. The
waveguide structure shown in Fig. 7 can be represented with a
coupling matrix with three-resonators and three ports. This
example is designed to be centered at 10 GHz, and the
passband center frequency is 9.93 GHz for channel 1 and
10.07 GHz for channel 2; the bandwidth of each channel is 0.1
GHz. The overall fractional bandwidth (two passbands and an
intervening stop band) is 2.4% (FBW = 0.024). This design
has a return loss of 20 dB with 2 poles for each channel. The
coupling matrix of this antenna-diplexer has been optimized
using the gradient-based local optimization algorithm [29].
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784 95 96 97 98 99 10 104 102 103 10.4 105 10.6
Frequency (GHz)

(b)

Fig. 10. Simulated and measured results of the X-band 5-resonator antenna-
filter. (a) Return loss S, (b) Realized gain.

The optimized results give the normalized coupling
coefficients, external and radiation quality factors of
Mo = 0.446, Msz= -0.446, M= ms3 = 0.835, qn = 1.944,
g = g = 1.468.

The proposed antenna-diplexer has been designed using
inductively coupled waveguide cavity resonators. The
simulated S-parameters for the proposed antenna-diplexer are
compared with the calculated response obtained from the
coupling matrix and have good agreement, as shown in Fig. 8.
It should be noted that the above antenna-diplexer shows poor
isolation performance between two output ports. In this paper
we are aiming to show the principles of the methods and this
isolation can be improved by utilizing more resonators.
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(a) (b)

Fig. 11. Normalized simulated and measured radiation patterns of the
antenna-filter: (a) H-plane co-polarization at 10 GHz (b) E-plane co-
polarization at 10 GHz.

TABLE L.
Summary of the Antenna-Filter Performance

Parameters Frequency 3dB Side lobe Cross-
(GHz) Beamwidth level (dB) polarization

(deg.) level (AB)

Sim.  Mea.  Sim.  Mea,  Sim.  Mea.

H-plane 10 85 72 -8.7 959  -80 -50
E-plane 10 99 96 9.5 -9.95 -81 -49.8

IV. FABRICATION AND MEASUREMENTS

A. X-band 5-resonator antenna-filter

The X-band 5-resonator antenna-filter has been fabricated
from aluminum alloy 5083 (RS components) using a CNC
milling machine. Fig. 9 shows a photograph of the filter. The
simulated and measured return loss of antenna-filter depicted
in Fig. 10(a) shows good agreement. The measurement shows
that the passband has a maximum return loss of 18.6 dB.

The antenna-filter has been measured inside an anechoic
chamber to obtain the realized gain and is plotted and
compared with the simulation results as shown in Fig. 10(b). It
can be seen that the antenna-filter is found to have a passband
gain of about 5.7 dB, and measured stopband rejection is
about 55.7 dB. The simulated and measured radiation patterns
of the antenna-filter are shown in Fig. 11.

It can be seen that the antenna-filter exhibits good
agreement in terms of radiation pattern in H and E plane
orientation. The cross polarization levels in H-plane are below
-50 dB in the measurements and below -80 dB in the
simulations as shown in Table I. The performance of the
antenna-filter is summarized and presented in Table I.

The results show flat response in the passband gain, good
out-of-band rejection and low levels of cross-polarization.

B. X-band 3-resonator antenna power divider

The X-band 3-resonator antenna power divider is also made
from aluminum alloy and a photograph of it is shown in Fig.
12. The simulated and measured return loss is depicted in Fig.
13(a). The measured response is in good agreement with the
simulated response. The measurement shows a maximum
return loss of 21.5 dB with the passband bandwidth of 202
MHz, whereas the expected maximum return loss obtained

Fig. 12. Photograph of the fabricated antenna power divider with top cover
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Fig. 13. Simulated and measured results of the X-band 3-resonator antenna
power divider. (a) Return loss Sy, (b) Realized gain.

from CST simulations is -20 dB with the passband bandwidth
of 200 MHz.

Fig. 13(b) shows the measured realized gain, which exhibits
excellent agreement with the simulation. It can be seen that
a measured passband gain is about 8.9 dB, which is 3.2dB
more than the single aperture antenna-filter device. The
measured stopband rejection is about 14 dB.

The simulated and measured radiation patterns of the
antenna power divider are shown in Fig. 14. It can be seen that
the antenna power divider exhibits good-shaped radiation
pattern in H and E plane orientation. The cross polarization
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(b)

Fig. 14. Normalized simulated and measured radiation patterns of the antenna
power divider: (a) H-plane co-polarization at 10 GHz (b) E-plane co-
polarization at 10 GHz.

TABLEIL
Summary of the Antenna power divider Performance

Parameters  Frequency 3dB Side lobe level Cross-
(GHz) Beamwidth (dB) polarization

(deg.) level (dB)
Sim.  Mea.  Sim. Mea. Sim.  Mea.

H-plane 10 52 51 -144  -1514  -59.7 -49.2
E-plane 10 74.4 68 -10.5  -10.88 -67.9 -48.9

levels are measured in H-plane as -49.2 dB and E-plane is
-48.9 dB, whereas the simulated in H-plane is -59.7 dB and E-
plane is -67.9 dB. The performance of the antenna power
divider is summarized in Table II.

As expected, the antenna power divider has better
performance compared to the 5-resonator aperture antenna-
filter in terms of higher passband gain, and narrower 3dB
beamwidth.

C. X-band 3-resonator antenna-diplexer

The X-band 3-resonator antenna-diplexer is made from
aluminum alloy and is shown in Fig. 15. The simulated and
measured S-parameters of antenna-diplexer are depicted in
Fig. 16(a). The measured response is in excellent agreement
with the simulated response. The measurement shows that the
passband of channel 1 has maximum return loss of 20.1 dB,
whereas for channel 2 it is 21.0 dB. The isolation between the
center frequencies of two bands is measured to be 5.2 dB.

The antenna-diplexer realized gain of each channel is
plotted with the simulation results in Fig. 16(b). The passband
of channel 1 has a measured maximum gain of 6.25 dB at 9.88
GHz, whereas the passband of channel 2 has a measured
maximum gain of 6.1 dB at 10.12 GHz. The stopband
rejection of each channel is measured and is about 21 dB.

It should be noted that the results of Fig. 16 show the 20%
of received energy at the center frequency of the port 2 goes to
the port 3 and vice versa. This paper aims to show the
principle of the method and this leaking received energy
between two output ports can be improved by utilizing more
resonators.

The simulated and measured radiation patterns of the
antenna-diplexer are compared at the center frequencies of
each channel and are shown in Fig. 17. It can be seen that the
antenna-diplexer exhibits good-shaped radiation pattern in H
and E plane orientation.

Fig. 15.
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Fig. 16. Simulated and measured results of the antenna-diplexer. (a) S-

parameters. (b) Realized gain.
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Fig. 17. Normalized simulated and measured radiation patterns of the
antenna-diplexer: (a) H-plane co-polarization at the middle frequency and two
frequencies at the peak gain (b) E-plane co-polarization at the middle
frequency and two frequencies at the peak gain.
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TABLEIIL
Summary of the Antenna-Diplexer Performance

Parameters  Frequency 3dB Side lobe Cross-

(GHz) Beamwidth level (dB) polarization

(deg.) level (dB)
Sim.  Mea.  Sim. Mea.  Sim.  Mea.
9.93 62.7 58 -4.8 -4.64 -722 -46.1
H-plane 10 63.7 60 49 49 729 -496
10.07 64.9 57  -51 446 -749 455
993 66.3 73 -4.1 -4.4 =722 -48.38

E-plane 10 68.5 64 42 <524 73 -51.1
10.07 70.7 70 -43 -467 -748 -488

The radiation pattern level measured at 10 GHz has lower
than the measured maximum level by about 3 dB, as shown in
the gain results depicted in Fig. 16(b). The measured cross
polarization levels are below 49 dB, whereas the simulated
cross polarization levels are below 72 dB. The performance of
the antenna diplexer is summarized and presented in Table III.

V.CONCLUSION

The multiport coupling matrix has been used to demonstrate
three components which utilize the resonant properties of
antennas for filtering. The coupling matrix approach is general
and can be used for any resonant antenna structure; it is not
limited to waveguide aperture antennas. The approach can in
principle encompass a larger number of radiation and/or
filtering elements to configure complex functionality whilst
minimizing the weight and volume of the components.
Although not done here the coupling matrix can also take into
account cross coupling between antenna elements in an array.
The bandwidth of the antenna-filters has a limitation based on
the radiation O of the radiating resonator(s), however this can
be adjusted by altering the aperture size in the examples. A
challenge is to have more of the resonator elements in an
antenna-filter as radiators to control the radiation pattern
whilst still maintaining the required filtering.

The example of the X-band 5 resonator antenna-filter
exhibited the good agreement with the measurement for the
return loss and radiation pattern shapes as expected. The X-
band 3 resonator power-divider is designed for a receiver and
utilized as the frequency splitter with compact size. The
measurement results for this and the antenna-diplexer agree
very well with simulations. The proposed approach can then
be of interest in the use of modern communication systems
due to the reduction of the number of microwave front-end
components.
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