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Abstract

This work covers two aspects of microwave communication technology. The first is the
analysis and design of new wideband high gain microstrip antennas and the second aspect
is the design of compact high performance low-pass and band-pass filters. We have
introduced the resonating coupling slot in the aperture coupled microstrip antenna to
increase its bandwidth. A new method is reported for impedance matching of the antenna
structure with 50-Ohm microstrip feed line. Also we have developed the concept of the
short surface mounted horn to increase the gain without adversely affecting its
bandwidth. By inserting the horn into the substrate, the gain of the patch antenna has been
increased by more than 6 dB. The surface mounted horn has been applied around the four
and eight element arrays. An increase of 3.5 dB in gain has been obtained with the horn
frame around the array elements. For the compact microstrip based filter design we have
adopted the defected ground structure (DGS). We have shown that proper selection of the
shape and position of DGS slot is important for the improved performance of the low-
pass filter in the stop and transition bands. We have also introduced the band-pass

structure in the DGS configuration and used it to design a new compact band-pass filter.
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CHAPTER 1

Introduction

This work presents two aspects of microwave communication technology. The first is the
design of new wideband high gain microstrip antenna and the second is that of compact
high performance low-pass and band-pass filters.

In this brief introduction we describe the basic RF stages of wireless transmitters and
receivers, and provide an introductory discussion of the main RF and microwave
components that are used in these systems. Applications of microwave components such as
microstrip antennas and filters will be considered. In the next chapters we will introduce
the analysis and design of these components in much more detail, so the purpose here is
simply to provide an initial broad view. In this way it will be easy to see the larger context
in which these individual components are used in practical microwave communication
systems. The function of an antenna is to convert an RF signal from a transmitter to a
propagating electromagnetic wave or, conversely, convert a propagating wave to an RF

signal in a receiver as shown in Fig. 1.1.

Antenna
Band-pass Low noise IF IF
Filter amplifier Mixer filter amplifier =~ Demodulator
% % Output data
~Z ™ ~ ”{ >
Local oscillator

Figure 1.1  Block diagram of a basic radio receiver
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One of the antennas that can be used is shown in Fig. 1.2 e.g., Fig. 1.3 shows a metallic
high gain circular Ku-band horn antenna and an equivalent aperture coupled microstrip
antenna (ACMA) with PVC horn. The latter is advantageous, as waveguide technology
elements are typically heavy, bulky, and difficult to integrate with other elements such as

amplifiers.

Patch Patch substrate

Feed line Feed substrate

Microstrip antenna geometry Photograph of a microstrip antenna

Figure 1.2  Single element microstrip antenna

As may be noticed from Fig. 1.3, the ACMA is much more compact despite the fact that
the gain and bandwidth of both antennas are comparable. The ACMA is one of the topics

which will be considered in details in this thesis.

Figure 1.3  Photograph of metallic Ku-band horn and ACMA with PVC horn
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More sophisticated antennas are able to change the direction of their main beam
electronically. Such antennas are called phased arrays, and in the past have generally been
limited to use in military systems because of their high cost. In e.g. mobile communication
phased array antenna beam can be directed towards a given user, while avoiding
interference with other users. Such systems are called adaptive arrays, or sometimes smart
antennas. Fig. 1.4 shows a photograph of a 4x4 element antenna array which can be steered
in this way. Fig. 1.5 shows a patch antenna array on a laptop, which represents another

application of microstrip antennas.

Figure 1.4  Photograph of a 4x4 element microstrip antenna array

Figure 1.5  Microstrip antenna array on a laptop

As an example for antenna array with steerable beams, we consider a mobile satellite
communication system as shown in Figure 1.6. The system consists of a satellite, a gateway
earth station, and various mobile earth stations such as aircraft, ships, land vehicles, and
portable terminals. The communication from the earth to the satellite is called uplink, and
that from a satellite to the earth is called downlink. On the other hand a communication link

between a gateway earth station and a satellite is called a feeder link. Some frequency
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ranges used in mobile satellite communications are C, Ku, Ka-bands with the frequencies
shown in Table 1.1. The vehicular satellite communication and automotive radar
applications require lightweight and low cost antennas with the possibility of conformal
integration. As shown in Fig. 1.6, The microstrip antenna array is a good choice for these

applications.

Satellite

- o208 T information

.\%‘_ 1

G | |
Array

Information i
e

Automative radax array, -

j ._;_-‘\Moving Vehicle
L

Figure 1.6 The concept of mobile satellite communication system

Table 1.1 Broadcast Electromagnetic Spectrum

THE ELECTRO-MAGNETIC SPECTRUM

20,000 MHz
SATELLITE Ka BAND (19-22 GHz)
SATELLITE Ku BAND (10.7-12.75 GH2)

SATELLITE C BAND {3.4-4.8 GH=z)
UHF TV BROADCAST (470-884 WMH=z)

— WHF TV CHANNELS 7-13 {174-210 MHz)
Fiyl RADIO BROADCAST  (88-106 MHz)
YHF TV CHAMNNELS 7-€ [(54-82 MHz)

B RADIO CHANNELS (27 MHz)

AM RADIOC BROADCAST (.5-1.6 MHz)

SHF = SUFER HIGH FREGQUENCY
UHF = ULTRA HIGH FREQUENCY
VYHF = VERY HIGH FREGUENCY
MF = MEDIUM FREQUENCY

LF =LOW FREGQUENCY

YLF =VERY LOW FREQUENCY
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Besides the antenna issue, the filter topic is considered in details in this work. Filters are
used to pass or eliminate specific frequency bands. Filters are classified as low-pass (LP),
high-pass (HP), band-pass (BP), and band-stop (BS). Some applications of filters are:
LPF: are used, e.g.,
at the output of an oscillator to eliminate the harmonics generated by the nonlinearity of
the oscillator;
at the output of a mixer to pass only the intermediate frequency;
at the input of a receiver to reject the unwanted higher frequencies;
in conjunction with a HPF to realize a wideband band-pass filter.

BPF: are used, e.g., at
the output of an oscillator to pass the required frequency band only;

the input of a receiver and the amplifier to pass the required frequency band only.
HPF: are used, e.g., at

the output of a multiplier to eliminate the lower frequencies;

the input of a receiver to reject the unwanted lower frequencies.

BSF: are used, e.g., at
the output of an oscillator to eliminate the harmonic frequencies together with LPF.

Low Noise Block Converter

Figure 1.7 Photograph of Ku-band LNB with microstrip band-pass filter
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As an example for a BPF, Fig. 1.7 shows a low noise block converter (LNB) which is
usually used as a front end in satellite receiver systems. The filter suppress or filter out all
frequencies except the required frequency. Fig. 1.8 shows a photograph of the used C-band
band-pass filter.

Figure 1.8 Photograph of a compact C-band band-pass filter

In the previous brief introduction we described some applications of microstrip antennas

and filters. The following two sections introduce the antennas and filters state of the art.
1.1 Antennas

An antenna serves as the “transition” between the RF front-end circuitry and the radiation
and propagation of electromagnetic waves in free space. Antennas play a critical role in
microwave and other wireless applications systems. Planar oriented antennas, such as
microstrip patch and printed dipole have attracted significant attention among antenna
engineers due to the tremendous benefits they bring to modern wireless systems in
comparison to more conventional designs.

Since the late 1970s, the international antenna community has devoted much effort to the
theoretical and experimental research on the microstrip patch antennas. The microstrip
antenna is probably the simplest yet most popular planar antenna. In its simplest form, the
patch antenna can be realized by etching a rectangular metal pattern on a dielectric
substrate. These antennas are:

e low profile;

e lightweight antennas;

e most suitable for aerospace and mobile applications;
e casily integrated with electronic components;

e casily integrated into arrays.
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Microstrip antennas have matured considerably during the past 25 years. The results of the
research have contributed to overcome many of their limitations and to the success of these
antennas not only in military applications such as aircraft, missiles, and rockets but also in
commercial areas. During the past few years there has been an explosion in commercial
applications involving RF and microwave systems. Industrial applications such as satellite
data transfer, vehicle tracking, and personal paging have been among the first to be
developed. Another early application is the mobile telephone. The future will see even
further penetration of RF and microwave systems into both the workplace and personal
lives. Direct broadcast television (DBS) and digital audio broadcast (DAB) allow reception
of entertainment virtually anywhere. Wireless local area networks (WLANSs) and personal
communications systems (PCS) provide untethered data transfer and communications. The
intelligent vehicle highway of the future will guide us through traffic jams and tell us about
services along the way. Finally, systems using GPS and other techniques not only tell us
where we are going but where we should be going.
Most of these commercial systems must be low-cost, easy to use, small in size, and rugged
to achieve wide acceptance. Low cost demands easily produced components. The drive for
smaller systems pushes not only the integrated circuit technology but also antenna
technology. Small, conformal antennas are aesthetically pleasing and increase product
ruggedness by avoiding antenna breakage. Many applications currently use straightforward
antennas (for example reflectors) partly because they are well understood and relatively
easy to design. Reflector systems have been used in optical devices (telescopes,
microscopes, etc. ) for centuries. They are simple means of generating a large radiating
aperture, which results in a high gain and narrow beamwidth. The most common is the
“satellite dish” a single surface parabolic reflector.
The advantages are:

e Simple

e Broadband (provided that the feed antenna is broadband)

e Very large apertures possible
The disadvantages are:

e Slow beam scanning

e Mechanical limitations (wind resistance, gravitational deformation, etc.)
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e Surface roughness must be controlled

e Limited control of aperture illumination
As customers demand smarter, smaller lower cost products, more innovative antennas will
be required. Microstrip antennas are ideal for these applications. They are very thin. They
are compatible with IC technology in the sense that they readily interface with IC
interconnects. They can even be made part of the chip. Most importantly, microstrip
antennas are manufactured with printed circuit techniques and, therefore, are very low in
cost.
Two parameters usually come first in relation with the design and analysis of any antenna
structure. The first is its radiation patterns, which essentially determine how the radiated
electromagnetic fields can be controlled by antenna. Other important parameters to describe
the antenna radiation properties include directivity, gain, radiation efficiency, front-to-back
ratio, cross polarization level, axial ratio (for circularly polarized antenna), as well as side
lobes for the case of an array antenna.
The other important parameter in antenna analysis is the input impedance, or equivalently
the input return loss, which describes how well the antenna, is matched with its feeding
network. The impedance bandwidth is another important parameter. As wireless
communication applications require more and more bandwidth such as high data rate
communication systems, the demand for wideband antenna increases as well. One of the
major disadvantages of microstrip antennas is their inherent narrow bandwidth. The narrow
impedance bandwidth is ultimately a consequence of its electrically thin ground- plane-
backed dielectric substrate, which leads to a high-resonance behavior. Bandwidth improves
as the substrate thickness is increased. A thick substrate will support surface waves, which
will deteriorate the radiation patterns as well as reduce the radiation efficiency. Also
problems with the feeding technique of the antenna appear. The impedance bandwidth of a
typical microstrip patch radiator is less than 1% to several percent for substrates satisfying
the criteria h/A(<0.023 for & =10.2 to h/A<0.07 for & =2.3, where h is the substrate
thickness, ¢, is the relative substrate permittivity, and A is the free space wave length [1].
The variety of methods proposed for impedance bandwidth enhancement may be
categorized according to the following three approaches [2]:

e Multiple resonances (Stacked patch configuration)
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This approach has been applied to various shapes of microstrip antennas. Some of the
implementations of these techniques employ two or more resonant elements, with slightly
different resonant frequencies, proximity coupled to each other. Coupling is controlled to
increase the bandwidth. Usually only one element (a driven element) is fed directly, with
the other elements (parasitic elements) being coupled by proximity effects. The parasitic
elements can be disposed in the same level as a driven element [3]-[4] or in different levels
(parasitic stacked elements). Impedance bandwidths of 18 % to 67 % have been achieved
with aperture-coupled stacked patches [5]-[12]. It is possible to excite two independent
modes in the same patch or in the patch and the feed network. A nearly square patch has
been used to obtain almost three times the bandwidth by exciting two modes with
orthogonal polarizations [13]. To excite both the modes, the feed in this case, is located
along the diagonal. Other configuration consists of a rectangular patch with a U slot
embedded in it [14]-[17]. The patch and the slot are designed to produce resonances close
to each other. Utilizing a foam substrate of thickness 16.5 mm a 10-dB return loss
bandwidth of about 32 % near 1.5 GHz is achieved. Dubost [18] also has developed a
wideband patch loaded with an H-shaped slot.
e Impedance matching
The second method is by means of a wideband matching network. This is the most
common and direct technique to influence the impedance behavior in a frequency range.
The matching devices must be mounted as close as possible to the radiating patch to
increase the total antenna efficiency. A bandwidth of about 10 % to 12 % is obtained by
Pues and Van Capelle [19] using a passive coplanar matching network. Similar techniques
by Paschen [20] produce a bandwidth of more than 25 %. Using a 3-D tapered transition
between a probe feed and a suspended rectangular patch an impedance bandwidth of about
90 % is obtained [21].
e The use of lossy materials

It is possible to increase an impedance bandwidth by introducing loss into antenna system,
but at the expense of decrease in radiation efficiency [2]. The losses can be in the form of
lossy substrate materials, layer of lossy film, or a discrete chip resistor. For instance, a 1
ohm chip resistor mounted at the edge of the patch increases the bandwidth by 4.9 times

[22]. The reduction in antenna gain due to resistive loading is estimated to be about 2 dB.
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By introducing losses into the antenna system, the bandwidth can be increased but the
efficiency will also reduce.

The patch antenna can be fed either by a coaxial cable from the backside, or by a microstrip
line fabricated on the same side of the substrate [23]. The patch antenna can also be fed
through a coupling aperture using a multi-layer substrate configuration. This type of feed
arrangement allows physical separation of the two functions and the use of optimal
substrates for the radiator and transmission line. The characteristics of the microstrip
antennas can be significantly improved by using multi-layered structures with thick
substrates and low-permittivity materials, which usually leads to a significant increase in its
frequency bandwidth [24]. By using a more complex structures, a bandwidth in excess of
20 % can be achieved [25]-[26]. These antennas use the SSFIP (Strip-Slot-Foam-Inverted-
Patch) principle and have a complex configuration and deterioration of characteristics, such

as size, high and radiation patterns.

In [27] we introduced a wide bandwidth aperture coupled microstrip antenna. By
choosing the suitable substrates relative permittivity and thickness, a bandwidth of 12.4 %
has been obtained from a simple aperture coupled microstrip antenna. This bandwidth is the

maximum that one can get from the non multilayer structures.

For many applications such as satellite communications and mobile radio, for which
printed antennas are otherwise well-suited, low gain may be a serious disadvantage.
The electromagnetically coupled stacked patch antenna has been investigated to improve
the gain and bandwidth the microstrip antenna. An experimental study of a two layer
electromagnetically coupled rectangular patch antenna excited in the TMy; mode has been
reported in [28]. The two layers are separated by a distance, s. Depending on the spacing s,
the characteristics of the antenna can be divided into three regions. The first one occurring
when s is between 0 and 0.14 Ay, the radiation patterns have good broadside features and the
beams are not symmetrical in E and H-planes. The bandwidth rises to 13 % at s =0.017 4
and the gain is about 7 dB. The second one occurring when s is between 0.158 4) and
0.2966 Ay, the E-plane patterns show a dip at broadside and the bandwidth is less than 2 %.
Little advantage is gained in operating the antenna in this region. The third region which
begins at 0.31 Ay, the patterns return to the normal shape and the gain increased to 8.9 dB

and the bandwidth is about 1.3 %. In conclusion, the electromagnetically coupled

10



CHAPTER 1. INTRODUCTION

rectangular patch antenna structure can be optimized either for the gain or for the
bandwidth but not for both. A method that improves gain significantly for printed antennas
is discussed in [29], [30]. This method involves the addition of a superstrate or cover layer
over the substrate. It is referred to as the resonance gain method, and it utilizes a superstrate
with either ¢ >>1 or u >>1. By choosing the layer thickness and patch position properly, a
very large gain may be realized at any desired angle 0. The gain varies proportionally to
either ¢ or u, depending on the configuration. However, the bandwidth is seen to vary
inversely to gain so that a reasonable gain limit is actually established for practical antenna
operation. A theoretical investigation of the resonance gain conditions has been done in
[31]. To achieve directive gain of about 20 dB, impractical superstrate permittivity and or
permeability values are needed. An extension of the results found in [31] has been done in
[32] so that a practical low loss material can be implemented using multiple superstrates.
The narrow-bandwidth resonance gain phenomenon is shown to be attributable to the
excitation of weakly attenuated leaky waves on the structure [33].

More efforts have been made to increase both the gain and bandwidth with the help of
stacked parasitic patch. However, this structure can be optimised either for the gain or for
the bandwidth. Likewise, the cavity backed microstrip antenna with multiple layers of
dielectric can improve the gain, however the bandwidth is very limited [34]. There is need
to increase the gain of radiating patch element without sacrificing the bandwidth.

We have introduced in this thesis the resonating coupling slot for the aperture coupled
microstrip antenna to increase the bandwidth and the short surface mounted horn to
increase the gain of the patch antenna [35]. This new combination of the aperture coupled
microstrip antenna and the quasi-planar surface mounted short horn is demonstrated to
increase the gain of the patch antenna by 4.2 dB. The structure has a fractional bandwidth
of 12.4 % at a center frequency of 11.8 GHz. The horn improves the gain without
adversely affecting the bandwidth. The presence of the quasi-planar surface mounted horn
has improved the back-lobe level by 5.4 dB.

The vehicular satellite communication and automotive radar applications require
lightweight, compact, and low cost antennas with possibility of conformal integration. As
we know, the microstrip antenna is a good choice. However, they have typical gain of about

6dBi only. Thus high gain array requires more number of elements. The losses associated

11
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with the feed network will increase by increasing the array elements. The measured gain of
single element aperture coupled microstrip antenna is around 6 dB. In case of four element,
the theoretical gain will be 6 dB+6 dB =12 dBi. The measured gain of the four elements is
10.5 dBi. Le. 1.5 dB has been lost. The surface mounted horn has been applied around the
four element linear array. 3.5 dB more gain has been obtained with the horn frame around

the array elements [36].

1.2 Filters

Filters play important roles in many RF/microwave applications. They are used to separate
or combine different frequencies. The electromagnetic spectrum is limited and has to be
shared; filters are used to select or confine the RF/microwave signals within assigned
spectral limits. Emerging applications such as wireless communications continue to
challenge RF/microwave filters with ever more stringent requirements higher performance,
smaller size, lighter weight, and lower cost. Depending on the requirements and
specifications, RF/microwave filters may be designed as lumped element or distributed
element circuits; they may be realized in various transmission line structures, such as
waveguide, coaxial line, and microstrip.

The recent advance of novel materials and fabrication technologies, including MMIC and
MEMS has stimulated the rapid development of new microstrip and other filters. In the
meantime, advances in computer-aided design (CAD) tools such as full-wave
electromagnetic (EM) simulators have revolutionized filter design. Many microstrip filters
with advanced filtering characteristics have been appeared.

The lumped-element filter design generally works well at low frequencies, but two
problems arise at microwave frequencies. First, lumped elements such as inductors and
capacitors are generally available only for a limited range of values and are difficult to
implement at microwave frequencies, but must be approximated with distributed
components. In addition, at microwave frequencies the distances between filter components
is not negligible.

The lumped-element filter design can be approximated with the transmission line structure.
However, agreement of filter response is only in the pass band. In the stop band the
transmission line based LPF departs from the response of the lumped element LPF and the

stop bands response of the transmission line based LPF degrades. A quasi-lumped element

12
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based on the photonic band gap (PBG) ground plane and the defected ground structures
(DGS) have been proposed to improve the stop band characteristics of the low-pass filter
[37]-[44].

Several compact and high performance components have been reported by using the
generic structure called the defected ground structure (DGS) for the microstrip line.
Another type of structures, known as electromagnetic bandgap (EBG) or alternatively
called photonic band gap (PBG) structures have periodic structure are also reported in the
literature. These structures are etched as the defects in metallic ground plane of the
microstrip line. Recently, there has been an increasing interest in microwave and millimeter
wave applications of PBG in antennas, filters, and other devices [45]-[54]. Not only the
PBG structures, which have a periodic structure [46], [50], [55]-[57], have been known as
providing rejection of certain frequency bands but also non periodic structures have been
suggested. Since DGS cells have inherently resonant property, many of them have been
applied to filter circuits [37], [42], [58], [59], [60]. So, various shapes of DGS structures,
such as rectangular [37], [58]-[59], square [61]-[62], circular [46], modified dumbbell [37],
[43], [63], and combined structures [46], [62]-[64] have been appeared in the literature.
However, it is difficult to use a PBG structure for the design of the microwave or
millimeter wave components due to the difficulties of the modeling. There are many design
parameters, which have an affect on the bandgap property, such as the number of lattice,
lattice shapes, lattice spacing, and relative volume fraction. Another difficulty in using the
PBG circuit is caused by the radiation from the periodic etched defects.

Many etched shapes for the microstrip could be used as a unit DGS. An etched defect in
ground plane disturbs the shield current distribution in the ground plane. This disturbance
can change the characteristics of the microstrip transmission line by modifying the line
capacitance and inductance. Thus an LC equivalent circuit can represent the unit DGS
circuit. The physical dimensions of the DGS unit affect the equivalent circuit parameters. It
is one the purposes of this thesis to study different DGS slots and the effect of its shape on
the equivalent circuit parameters and the response of the circuits. To design a circuit with
DGS section, the equivalent circuit and parameters of the DGS section should be extracted.
Using the 3D-EM Simulator derives the equivalent circuit of the DGS section. The

equivalent circuit parameters are extracted from the response of the EM Simulator. A DGS
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section can be used as a series element of a low-pass filter. The shunt capacitance can be

implemented either by stub or low-characteristic impedance section [65].

The low-pass filter using the DGS slot in the ground plane has a number of attractive
features that include the following:

e The structure is very simple and compact.

e The stopband is very wide and the rejection is better than that of a conventional

low-pass filter.

e The insertion loss is low.
The researchers have commented that for the equal area of slot head, any shape of slot can
be used [37]. However, equal area only ensures equal equivalent inductance at the cutoff
frequency and not the identical response of the DGS circuit elements. Also a particular
shape of the slot in the ground plane could be more appropriate to design a complete circuit
on the same substrate. The shape, size and orientation of a slot can have influence on
performance of the circuit. In this thesis, the response of four shapes of the DGS slot like
rectangular, dumb-bell, square head slot and arrow head slot will be studied and parameters
are defined to characterize them. A method to design low-pass filters using DGS on
microstrip substrate has been proposed already by [37]. In this thesis the DGS will be used
to improve the stop band characteristics of the stepped impedance microstrip LPF. By
controlling the separation between the slots, we can improve the stop band characteristics.
Thus a judicious choice of the separation between slots and offset of the slot head can
improve the performance of the LPF with DGS [66], [ 67].
The exiting DGS configuration provides only the band-reject (band-stop) characteristic. In
this thesis, a new DGS based band-pass configuration in a microstrip line will be
introduced. Not only an etched lattice shape can achieve this new band-pass DGS unit
element ground plane of the microstrip but also by providing a gap in the microstrip line.
The characterization of a gap in a microstrip is useful in the design of dc blocks; end
coupled filters, and coupling elements to resonators. The microstrip band-pass filter can be
designed by the use of a cascade of half-wave resonators or by using the parallel coupled

microstrip lines [68]-[80]. However, due to the periodicity of the distributed microstrip
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lines with respect to frequency, these filters suffer from the spurious response in not desired
passbands, as well as narrow bandwidth and radiation losses in the pass band [81].

The defected ground plane structures (DGS) have been proposed for suppression of
spurious response in the LPF [37], [82] as well as in the coupled microstrip line band-pass
filters [83], [84]. The new DGS unit section with cutting gap in the 50 Q line has been used
to design a band-pass filter [85]. This band-pass filter is based on creation of a series-
resonance in the main 50€2 microstrip line and creation of attenuation pole in the shunt arm.

A compact BPF based on this concept is reported in this thesis
1.3 Organization of the Thesis:

Chapter 1 gives an introduction and describes the associated problems with the microstrip
antenna and also the associated problems with the microstrip filters. It presents a general
review for the previous work and states the suggested new methods to overcome these

associated problems.

Chapter2 presents a quick review of microstrip antenna feed structure and a summary of
design equations. A wide band aperture coupled microstrip antenna is designed, simulated
and measured in the Ku-band. We achieved wide band by a resonating slot in the common
ground plane and a new method is reported for impedance match of the antenna structure
with 50-Ohm microstrip feed line. The design is achieved by systematic application of the

3D EM-Simulator, Microwave studio.

Chapter 3 concentrates on basic limitations of classical microstrip line based low-pass and
band-pass filters and way to improve the design by using the defected ground plane
structures. New investigations are presented on the choice of geometrical shapes for the
DGS structure as an element for the LPF. We have also introduced the new band-pass

structure in DGS and used it for the development of a new compact BPF.

Chapter 4 introduces the surface mounted short horn with wideband aperture coupled
microstrip antenna of chapter two in order to improve the gain by 4.5 dB without degrading
the bandwidth and the return loss. It also presents the inserted horn, which improves the

gain by 5.5 dB in case of thick substrate.
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Chapter 5 gives an extension of the application of the surface mounted horn to 4x1 element
linear array, 2x2 element planar array, and 4x2 element planar array to improve the gain of

the array by 3.5 dB.

In chapter 6, summary and suggestions for future work are presented.

16



CHAPTER 2

Single Element Aperture Coupled Microstrip

Antenna

This chapter presents a quick review of microstrip antenna feed structure and a summary
of design equations. A wide band aperture coupled microstrip antenna is designed,
simulated and measured in the Ku-band. The wide bands is achieved by a resonating slot in
the common ground plane and a new method is reported for impedance match of the
antenna structure with 50 Ohm microstrip feed line. The design is achieved by systematic

application of the 3D EM-Simulator, Microwave studio.

2.1 Introduction

The demand for applications of the microstrip antenna has been increasing rapidly since its
invention in 1953 [86],[87]. Because of their extremely thin profile (0.01 to 0.05 free-space
wavelength), printed antennas have found main applications in military aircraft, missiles,
rockets, and satellites. In the commercial sector, the adoption of the microstrip antenna has
not been as rapid, primarily due to the cost of the substrate material, design, and
manufacturing processes. In addition, the earlier popular terrestrial communication
system’s configuration and environment did not warrant the use of the Microstrip antenna.
During the last decade, however, the cost to develop and manufacture the microstrip
antenna has dropped significantly, because of the reduction in cost of substrate material and
manufacturing process, and the simplified design process using newly developed computer
aided design (CAD) tools. At present the CAD tools can help the designer to complete a
microstrip element or array design in short time, while the old “cut and try” method may
take several weeks to arrive the required characteristics. Furthermore, the current satellite
communication applications benefit from the small size and low profile of the microstrip

antenna. In the UHF cellular terrestrial communication system, with large amount of RF
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power, the mobile unit can perform adequately with a very simple low-gain monopole
antenna. However such monopole in L-band mobile satellite communications is not suitable
because of the limited spacecraft solar-battery power and spacecraft antenna size. In this
case, the mobile vehicle terminal requires a higher gain antenna, on the order of 10 dBi, to
ensure an adequate system link margin. An antenna such as horn, helix or monopole array
will be too bulky to cover a wide elevation angular region from 20 degrees to 60 degrees
above the horizon with such a gain. However a low-profile printed microstrip array is
suitable for such application.

Rectangular Substrate

Circular

Ground plane

Figure 2.1  Exploded view of microstrip patch antenna

Fig. 2.1 shows several kind of microstrip patch antenna printed on a thin sheet of low-loss
insulating dielectric substrate. It is completely covered with metal on one side, called the
ground plane. The patch can be made into different shapes, however, rectangular and
circular patches are popular. The relative permittivity and thickness of the substrate
determine the electrical characteristics of the antenna. Low dielectric constant substrate

enhances the radiation efficiency of the antenna and thicker substrate gives more

bandwidth.

2.2 Microstrip antenna feeds

A single microstrip patch element can be excited in many ways. The more popular feed

networks are summarized below:
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A. Microstrip line feed

The simplest way to feed a microstrip patch is to connect a microstrip line directly to the
edge of the patch. In this case both the patch and lines are located on the same substrate.
The matching between the characteristic impedance of the microstrip feed line and the
patch can be done by selecting the right depth of the inset as shown in Fig. 2.2.a. [88]. A
microstrip structure with the line and patch on the same level cannot be optimized
simultaneously as an antenna or as a transmission line because the specific requirements for
both are contradictory. A low dielectric constant is needed for the efficient radiation from
the patch. However, it will result in spurious radiation from line and the step

discontinuities.

Figure 2.2.a Patch antenna with microstrip line feed

This spurious radiation increases both the sidelobe level and the cross-polarization. The
patch behaves like a cavity due to the accumulated reactive power below it. To reduce the
radiation from the microstrip line if we use high dielectric constant substrate, it will

degrade the radiation efficiency of the patch and increase the surface wave loss.
B. Coaxial feed

The coaxial feed is the simplest feed structure for the microstrip antennas and remains
among the most popular one. It is a quite different way to feed a patch by means of a
coaxial line that is set perpendicular to the ground plane as shown in Fig. 2.2.b. In this case
the inner conductor of the coaxial line is attached to the radiating patch while the outer

conductor is connected to the ground plane. The input impedance depends on the position
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of the feed so that the patch can be matched to the coaxial line by properly positioning the
feed. It has low spurious radiation because the radiating and feeding systems are disposed
on the two sides of the ground plane and shielded from each other. However, it is not

suitable for antenna array applications.

/ KTeflon

Inner conductor

Figure 2.2.b  Patch antenna with coaxial line feed

C. Proximity coupling

Proximity coupling of the patch to the feed line is obtained by placing the patch and the
feed at different levels as shown in Fig. 2.2.c. Using this feed, the frequency bandwidth of
batch resonator could be significantly widened (around 13%) and it gives low spurious
radiation [89]. Using a thin substrate of high relative permittivity can considerably reduce
the radiation from the feed. The upper dielectric layer is thicker and has a low relative
permittivity, so that the radiation of the patch is enhanced. However, the feed line is no
longer located on an open surface, so there is no direct access to it and one can not easily

connect components within the feeding circuit.

D. Aperture coupling feed

The further step is to achieve the complete separation of the radiation and guided
transmission functions. This separation can be achieved by placing the ground plane
between the radiating patch and the feed system as shown in Fig. 22.d. Coupling between

the microstrip feed line and the radiating patch is provided by a slot (aperture) in the ground
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Patch substrate
Feed line
e

Ground plane

Figure 2.2.c Patch antenna with proximity coupling feed

plane between the radiating patch and the feed system as shown in Fig. 22.d. Coupling
between the microstrip feed line and the radiating patch is provided by a slot (aperture) in
the ground plane. Radiation from the open end feed line does not interfere with the
radiation pattern of the patch because of the shielding effect of the ground plane. Possible
radiation from the feed line can be completely avoided by enclosing the bottom part within
a shielded enclosure. The aperture coupling is not so simple to fabricate. However, it is
preferred in our investigation because of its high performance in antenna array applications
[25]. There is no need to drill holes in the substrate to connect the feed to the patches. The
aperture coupling feed method has the advantages that one can easily integrate active

components in the feed structure.

2.3 Aperture Coupled Microstrip Antennas

“The demand is the mother of invention”, let me start with this sentence and give the
history of the aperture coupled microstrip antenna. The aperture coupled microstrip antenna
(ACMSA) was proposed by Pozar for its application the integrated phased array systems
[90]. Several major drawbacks are found in the direct application of a microstrip antenna to
integrated phased array systems. Firstly, there is generally not enough space on a single
layer to hold antenna elements, and other components such as active phase shifters,
amplifiers, bias lines, and RF feed lines. Secondly, the high permittivity of a semiconductor

substrate such as GaAs is a poor choice for antenna bandwidth, since the bandwidth of a
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microstrip antenna is best for low dielectric constant substrates. If we increase the substrate
thickness to improve bandwidth, the spurious feed radiation increases and also power loss
in the surface wave increases. This leads to scan blindness, where the antenna is unable to
receive or transmit at a particular scan angle. Because of these and another issues, the
aperture coupled microstrip antenna configuration was proposed. It consists of two different
layers separated by a common ground plane. A slot is used to couple a microstrip feed line

to a resonant microstrip patch antenna as shown in Fig. 2.2.d.

slot /'\l‘0undplane

feedline —— ™ feedsubstrate

Figure 2.2.d Exploded view of aperture coupling feed

2.3.1 Linearly polarized microstrip antenna

In this section an aperture coupled single element Microstrip antenna is designed,
simulated, fabricated and measured. It is used as an element of an antenna array. We have
focused our attention to obtain a large bandwidth [27]. The major advantages of the
aperture coupling feed technique is that it allows an independent optimization of both
radiating patch and feed line of the microstrip antenna. The bandwidth of the linearly
polarized antenna is widened by selection of substrates and combination of two resonances.
One resonance is due to the patch and the other resonance results from the slot and its
combination with the patch.

The main starting data for the design of a single element microstrip antenna are shown in

Table 2.1. These requirements are suitable to the Eurobird ™ satellite [91].
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Table 2.1 Main Starting data for design of a single element microstrip antenna
No. Characteristic Data
1. Polarization Linear
2. Frequency range fyin /fmar, GHz 11.2-11.7
3. Central frequency f,, GHz 11.45
4. Central wavelength A,, mm 26.201
5. Fractional bandwidth bw, % 4.4

In this work, substrates produced by Rogers Corporation are used. Some of their properties

are given in Table 2.2 [92].

2.3.1.1 Antenna Design

Fig. 2.3 shows the geometry of the linearly polarized aperture coupled microstrip antenna.
The following items are chosen to obtain the maximum bandwidth:
e Aperture coupling feed technique.

e Low permittivity of the patch substrate.

Thick patch substrate.
Thin feed substrate.

e Resonant slot.

(i) Substrate Choice:

We have selected RT/Duroid 5880 substrate as for the patch antenna and RT/Duriod 6006
for the microstrip feed line. Their characteristics are given in Table 2.2.

(ii) Design Frequency:

The patch dimensions are found using a CAD programme called PATCHO [93]. The effect
of the aperture (slot) in the ground plane of the patch substrate is to reduce its resonance
frequency. For thin substrates (4, = 0.014,— 0.024,) this reduction is between 2 % to 4 %.
For patch substrate thickness 4, =0.06 4, , the optimum design frequency is found by some
iterations for different values of the ratio (patch resonance frequency/Antenna resonance

frequency)
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Op =fop/fo=1+Nop/fo

The results are given in Table 2.3 for values of Op, 1 to 1.5.

2.1)

Table 2.2. Properties of high frequency circuit materials produced by Rogers Corporation

@ 10 GHz.
Product Composition |Dielectric Constant| Tand, Standard Thickness
() in (mm)
RT/duroid | PTFE Glass 0.127 0.787
233 + 0.020 0.0012 |94 1.575
5870 Fiber : : : 0.381 3.175
0.508
RT/duroid | PTFE Glass 0.127 0.787
2.20 + 0.020 0.0009 |24 1.575
5880 Fiber : : : 0.381 3.175
0.508
ULTRALAM| PTFE Woven 2.40 - 2.60 0.101 0.482
00010 |0:256 0.762
2000 Glass +0.020 : 0373 1.524
. 0.127 0.762
RT/duroid | prpp ceramic | 2.94 + 0.040 0.0012 |0 254 1504
6002 0.508 3.048
. 0.254 1.905
RT/duroid | prpp ceramic | 6.15 4 0.150 0.0019 |0.635 2540
6006 1.270
. 0.203 0.813
+
RO4003C | PTFE /Ceramic 3384 0.05 0.0027 |02 oy
(iii) Dominant Mode :

The TM o is chosen as a dominant mode ( /4, « Wp, Lp> Wp > h, ) with resonant frequency
given by
150

Jop=Uop)100 = Lpeg o

, GHz (2.2)
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(iv) Aspect-Ratio (Patch width/patch length)

qp =WP/L1D (2.3)
The aspect ratio affects the bandwidth of the patch. For high polarization purity, the value
of gpshould be in the range from 0.750 to 0.875 [93]. A value of 0.8125 is chosen in this

work.

) Patch length:

The patch length determines the resonance frequency of the patch and the antenna. It is

given by
LP:LPeﬁ_ZALP (2.4)
where,
150
L = mm (2.5)
Pe ’
T fop (GHz] e, posr
is the effective patch length [94],
€ 056 +14_ P! (2.6)
rPeff = °°| €rP :
2 (+12h, W
is the effective dielectric constant, and
(grPeﬁ +0.3)Wp /hp +0.264)
ALp :0.412hP @ 2.7)

rPe 0258 p [hp +0.8)

is the fringing patch length [95].

The replacement of (2.5) — (2.7) into (2.4) produces
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where,

(6. 2 +03)BpLp+0.264)
Lp=— 10 _0824h), (grpeﬂ 5 258)?3 PL 09 (2.8)
9pf \Erpeff rpeff pPEp
B Erp -1
Bplp

The patch length is defined by equation 2.8, and the results are shown in Table 2.3.

Table 2.3. Dimensions and Characteristics of a Linearly Polarized Microstrip Patch

Antenna
Op Lp Wp Epefy ALp Lpygy W peoss (foP)o10

(mm) (mm) (mm) (mm) (mm) (GHz)
1.00 7.949 6.459 1.9028 0.774 9.497 7.849 13.855
1.01 7.860 6.386 1.9015 0.773 9.406 7.776 13.989
1.02 7.772 6.315 1.9003 0.772 9.316 7.705 14.123
1.03 7.686 6.245 1.8990 0.772 9.230 7.635 14.257
1.04 7.602 6.176 1.8978 0.771 9.144 7.566 14.390
1.05 7.519 6.109 1.8965 0.770 9.059 7.499 14.524
1.06 7.438 6.044 1.8953 0.770 8.978 7.434 14.657
1.07 7.360 5.980 1.8941 0.769 8.898 7.370 14.789
1.08 7.280 5.915 1.8929 0.768 8.816 7.305 14.924
1.09 7.204 5.853 1.8918 0.767 8.738 7.243 15.057
1.1 7.129 5.792 1.8906 0.766 8.661 7.182 15.189
1.11 7.055 5.732 1.8894 0.766 8.587 7.122 15.322
1.12 6.982 5.673 1.8883 0.765 8.512 7.063 15.455
1.13 6.911 5.615 1.8872 0.764 8.439 7.005 15.587
1.14 6.841 5.558 1.8860 0.763 8.367 6.948 15.720
1.15 6.772 5.502 1.8849 0.763 8.298 6.892 15.852
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Figure 2.3 Linearly polarized aperture—coupled microstrip antenna geometry
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i) Patch width:
Once length of the patch is known, its width is obtained by equation 2.3.

(vii) Effective dielectric constant:

The effective dielectric constant is obtained by equation-2.9 and it is given in Table 2.3.

(viii)  Effective Patch width:
WPeff =Wp +2AWP, (2.11)

Where the fringing width AW p is given by [96]
AW p ~ (In 4/7r)hP , (=0.695 mm for hP =1.575 mm) (2.12)

The values of the effective patch width are indicated in Table 2.3.
(viii)  Resonant frequency of TMy;9 mode:

Since L p> WP >L P /2>h p the next higher order mode is the TMy;p whose resonance

frequency is

150
(fOP)OIO: , GHz (2.13)
Wpeﬁp [mm] ,grpeff
and it is indicated in Table 2.3.
x) Patch bandwidth:
The bandwidth of the patch is given in [97], [1] by
hp W
pw=| 282 L PP c k100, % (2.14)
32 1p &p Ay Lp
Where,
P, P, 1

(2.15)

77 — r ~ =
P Py +Fe+P;+Psy Pr+Psy 1+0.757Zk0hP(1—1/8rp)3/C1

is the radiation efficiency of the patch, ko = 27r/ /10
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016605 > 0.02283 4 )
= 1= 210002 (e )2 + 2228 (g w5)* -0.009142(0k L ) (2.16)
C=1-——+ 0'42 2.17)

Erp (&rp)

The values of the patch radiation efficiency and the bandwidth of the central frequency are
shown in Table 2.4. One expects that the patch bandwidth will increase by the aperture

coupling feed technique.

Table 2.4 Radiation Efficiency and Bandwidth of the Patch Antenna

Op fo,GHz ¢, hp, mm Lp, mm Wp, mm |np o bwp o
1.0 11.45 2.20 1.575 7.949 6.459 81.30 6.13
(xi) Dimension of the ground plane:

The dimension of the ground plane must be chosen enough large to replace entirely the
infinite ground plane. In practice these dimensions are in order of some wavelengths. Finite
ground plane gives rise to diffraction of radiation from the edges of the ground plane
resulting in changes in radiation patter, radiation conductance, and resonance frequency [1].
The experimental investigations on the resonant frequency of a rectangular patch as a
function of the size of the ground plane show that the influence on the resonance frequency
is negligible if the ground plane size exceeds the patch sizes with about Ay/2 from all sides
[98]. A theoretical study shows that the influence on the radiation pattern can be neglected
if the size of the ground plane exceeds two-wave length [99]. According to the above
recommendations, dimensions of the ground plane of the linearly polarized Microstrip
antenna are chosen as follows

a=b~2/10, (a=b=53mm) (2.18)
(xii) Patch position:
To obtain maximum magnetic coupling, the patch is placed at the center of the antenna.

The coupling slot is also located at the center. The center of the patch is the center of the

square patch substrate (26.5mm, 26.5mm)
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(xiii)  Feed microstrip line
The general structure of a microstrip is illustrated in Fig. 2.4. A microstrip line is used to
feed the aperture coupled microstrip antenna. Basic concepts and design equations for

microstrip lines are briefly described.

Conducting strip (microstrip line)

Dielectric substrate

Ground plane

Figure 2.4  Microstrip feed structure

(xiv)  Substrate choice:

According to the recommendations in the top of this section and the available data in Table
2.2, the substrate RT/duroid 6006 with relative permittivity €., = 6.15 £+ 0.15, tand, =
0.0019, substrate thickness 4y = 0.635 mm (0.024% ) and copper layer thickness 7, = #
=17.5 pm has been chosen as a feed substrate. The dimension of the 50 Q2 microstrip line is

taken suitable for fabrication .It is around 1mm at 11.45 GHz.

(xv) Waves in microstrips:

The fields in the microstrip extend within two media, air above and dielectric below. Thus,
the structure is inhomogeneous. Due to this inhomogeneous nature, the microstrip does not
support a pure TEM wave. This is because that a pure TEM wave has only transverse
components, and its propagation velocity depends only on the material properties, namely
the permittivity ¢ and the permeability 4. However, with the presence of the two guided-

wave media (the dielectric substrate and the air), the waves in a microstrip line will have no
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vanished longitudinal components of electric and magnetic fields, and their propagation
velocities will depend not only on the material properties, but also on the physical

dimensions of the microstrip.

Quasi-TEM approximation:

When the longitudinal components of the fields for the dominant mode of a microstrip line
remain very much smaller than the transverse components, they may be neglected. In this
case, the dominant mode then behaves like a TEM mode, and the TEM transmission line
theory is applicable for the microstrip line as well. This is called the quasi-TEM

approximation and it is valid over most of the operating frequency ranges of microstrip.

Quasi-Static values of the effective dielectric constant

In the quasi-TEM approximation, a homogeneous dielectric material with an effective
dielectric permittivity replaces the inhomogeneous dielectric-air media of microstrip.
Transmission characteristics of microstrips are described by two parameters, namely, the
effective dielectric constant &, and characteristic impedance Z,, which may then be

obtained by quasi-static analysis and closed form expression [93]-[94], [100]

_ Well €y —Dif
€ fof V=05 €0 +1+(, 0 ~DF i —4.6\/% (2.19)
where,
-0.5 2
w h /4 /4
s Z[MW_fJ +o.04[1_h_fJ for ot <1 220
f f f f
-0.5
w h w
F h—f =[1+12W—fJ forh—fZI 2.21)
f f f

The values of the feed line characteristics and dimensions are shown in Table 2.5.
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Table 2.5. Dimensions and Characteristics of Antenna Feed Line
Input data
Jfo Ao Zy(f) Ef hy tan o¢ tr |t (um) or )
(GHz) | (mm) Q (mm) (pm) (S/m) (mm)
11.45 [26.201| 50 6.15 | 0.635 | 0.0019 | 17.5 | 17.5 |5.813x10"| 26.5
Output data
Srfeﬁ(o) Zo(o) 8,feﬁ(f) Wf A I’Vf I’erﬁ" ag a. a al
Q (mm) | (mm) | (mm) | (dB/mm) | (dB/mm) | (dB/mm) | (dB)
4.415 |48.27| 4.622 10.970]0.018 [ 1.006 | 0.0040 0.0032 0.0072 | 0.191
(xvi)  Effective feed line width:
= +2A 3.22
Wier = +247y 3-22)
where the fringing width AW f is given by [95], [101]
4zw
AW _Mt 1+t —L || for i1 (2.23)
S S t t, 2r&
A /
2h
AW _@z 110 —L || for —f > 1 (2.24)
S S Ly tp 2w

(xvii)  Quasi-Static values of the characteristic impedance:

The closed-form expressions that provide an accuracy better than one percent are given by
[95, 101] as follows:

8h W
Zy(0)=——2 ln{Wf +0.25 }{eﬂ } for h_fs (2.25)
VErferr © |7 et f f
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_1
w w W
200 =227 _in) S 1 303066710 L 11444)l  for L =1 (226)

/erﬁgﬁpm) hf hf hf

(xviii)  Dispersion in microstrip:

Generally, there is dispersion in microstrips. This means that its phase velocity is not a
constant but depends on frequency. It follows that its effective dielectric constant €,ris a
function of frequency and can in general be defined as the frequency dependent effective
dielectric constant €.(f). An empirical expression is proposed in [102]. It gives an upper

frequency, which above the quasi-static formulas are no longer accurate which is

0.04Z,(0)

ft t= 5
std h ¢ mm /erfeﬁ(O)

The value of this frequency for the selected feed substrate is fg;,; ~1.5GHz . At this

GHz (2.27)

frequency the dispersion is negligible. Above about 8 GHz, when the dispersion can not be
ignored, the design accuracy may be improved using full-wave analysis. A full wave
solutions for electromagnetic fields on a microstrip line as a function of frequency are fitted

to empirical frequency-dependent expressions [93]-[103].

The frequency-dependent effective dielectric constant value is given by [104] as,

E —E& (0)
g D=8y i (2.28)
where,
1.5763
p= Plpz[(o.1844+P3P4)1o folGHzh [cm]} (2.29)
w

P =027488+—L| 0.6315+ 0.525 (2.30)

hy (1+0.157f0[GHz]hf[cm])20
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P, :0.33622{1—exp(—0.034428 rf)} 2.31)
497
w fo [GHz . [em]
Py =0.0363 exp| —4.6 —— |1 —exp| — (2.32)
h 3.87
f

P, =142.7511—exp - 8 (2.33)

47T P 15916 '

The frequency-dependent characteristic impedance is given by [105] as,

Zo(f)=Zy(O0)(R;5 / R, 4)R17 (2.34)
1.4
3 :0.0389(5 rfj (2.35)
W
Ry =0.267 h—f (2.36)
S
0.641
Ry =4.766exp[—3.228{W 1/ fj ] 2.37)
4.524
R, :0.016+(0.0514erfj (2.38)
12
Rs :[ folGHz - lmm] /28.843} (2.39)
1.92
Wy
Rg =222 (2.40)

f

R; =1206-0.3144 exp(—Rl)[l—exp(—Rz ) (2.41)
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R8 =1+1 .257{1—exp

2.745
~0.004625R (¢ rf)1~674( FolGHzp - mm] 8.365) B (2.42)

5.086RRs (e, ¢ ~1)% exp(-Ry)

Ry = (2.43)
(0.3838+0.386R4)(l+1.2992R5)[l+10(8rf —1)6}
Ry =0.00044(e #)2-136 +0.0184 (2.44)
Ry =(fo[GHz} o] / 19.47)6 / {1 +0.0962(f,[GHzh 1 ] / I 9.47)6} (2.45)
Ry :1/ [1+o.00245(W f / h f)ﬂ (2.46)
R
Ry3 :0.9408[3 o f)} —0.9603 (2.47)
Ry =(0.9408—R9)[8 rfeﬁp(O)}Rzg —0.9603 (2.48)
Ry 5 =0.707R, (1, [GHz] lmm) /12.3)1 097
Ry :1+o.0503(grf)2Rl1{1—EXP[—(Wf/hf)6}} (2.49)

Rj5 =R, {1—1.1241(R12/R16)exp[—0.026(fo (GHzW - lmm] 115656 —Rls}} (2.50)

(xix)  Feed line width:

The width of the feed line can be calculated from expressions 2.28 — 2.50 using some
iteration with a programme Micro [93]. By adjusting the feed line width W , the
characteristic impedance Z(f) of the microstrip line at the central frequency can be set to 50
Q.

The loss components of a single microstrip line include conductor loss ¢, and dielectric

loss o d’ while the magnetic loss plays a role only for magnetic substrates such as ferrites.

The propagation constant on a lossy transmission line is complex; namely, y=a+ jf,

where the real part ¢ in nepers per unit length is the attenuation constant, which is the sum
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of the attenuation constants arising from each effect. The attenuation constants are given in

decibels per unit length by [106]

£ £ (f)-1| tano
| Trfelf S
a, =8.6867z[ L J { } 2.51)
grf 1 1/€Ife]j’(f) AO
G2=W . [h )2 w
o =1384 §S(f) feﬁ/ f S| for h_fs1 (2.52)
20 (32+erﬁ,/hf) f

RSZ()(f)S,,feﬂ )

Wy
e =6.1x107° p for—2L->1 (2.53)

hf hf (erﬁp/hf)+1.444 hf
where,

h 27w w

Af:1+Wf {1#'2511{ t f} for_fszi (2.54)
rer | " s 5
h 2h w

Af:1+Wf {1+1'251n( th} forh—fzzl (2.55)

e | TS ro

R § =1 /@i is the surface conductor impedance, and (2.56)
c

Oc=0 f is the copper conductivity.
All feed line losses are o, dl , where /=26.5 mm = length of the feed line from the

connector reference plane to the antenna centre as shown in Fig. 2.3. The length, L;is called

the stub length and it will be investigated with the slot (aperture).

(xx) Coupling aperture

In order to investigate the frequency characteristics of the aperture (slot) in the contribution
in the equivalent circuit model of the aperture coupled microstrip antenna, the structure
shown in Fig. 2.5 has been simulated. The substrate RT/duroid 6006 with relative
permittivity €,,= 6.15 £ 0.15, tand, = 0.0019, substrate thickness 4, = 0.635 mm (0.024X, )
and copper layer thickness 7, = #,=17.5 um has been used. A 50 Q microstrip line has been
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etched on one of the substrate sides. On the other side, a slot with length 4.45 mm and
width 0.44 mm has been removed from the copper layer. The simulation results is modeled
by a parallel LC resonant circuit [66]. The capacitance C,, in picofarads and the inductance

L, in nanohenrys are given by [66] as

5/e
Cop=—LC—— pF (2.56)
1§12
250
Lgp=——""—— nH (2.57a)
YV Capafy)?

where f., in gigahertz, is the cutoff frequency of the slot response at 3 dB and foo in
gigahertz is its pole (resonance). At any frequency f < f(y, the parallel circuit behaves as
an inductor and its value in nanohenrys is given by [85] as

P oy (2.57b)
[1—({))2]

Lge =

it

_
-

Figure 2.5 50 Q microstrip line feed slot (DGS)

—p |[—
3

4
"":T

The equivalent circuit of the aperture coupled microstrip antenna is shown in Fig 2.6. L, is
the equivalent inductance associated with the below resonance aperture (slot). The patch is

the parallel R,L,Cp circuit. The stub is an open circuited transmission line with the same
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characteristic impedance as the feed line. The stub compensates for the inductance of the

slot and the patch to create a real input impedance for the antenna at resonance frequency.

C

p
( Aperture ) ( Patch ) (Stub )
@ | | @

Figure 2.6  Linearly polarized aperture coupled microstrip antenna equivalent

circuit

a. Position of the coupling aperture:
For maximum coupling, the slot is placed below the patch centre. Where the magnetic field

1s maximum. The feed line is positioned at right angle to the centre of the slot.

b. Slot length:
The slot length affects the coupling level and the back radiation level. Based on the results
in [107], [108], the slot length should be chosen to be about

Ly~ (0.1—0.2)2.0 (2.58)

In practice, this value is chosen between 2.5 mm to 5 mm (0.0954y to 0.190¢). Using
commercial software package Micro Wave Studio [109], several iterations have been
carried out for different values of the patch and slot dimensions to obtain an optimum
antenna performance (minimum return loss, maximum bandwidth, and acceptable level of
the back radiation due to the slot). The optimum values of L,, W,, and Lg in this design are

given in Table 2.6.
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c Slot width:
It is chosen as tenth of the slot length
W,=0.10L, (2.59)

Table 2.6. Aperture and Stub Dimensions of A Linearly Polarized Microstrip Antenna

Input data
fo(GHz) &rf hy (mm) Wy (mm) eferr(f)
11.45 6.15 0.635 0.970 4.622
Output data
L, (mm) W, (mm) Lg (mm) ALg (mm) Lo (mm)
4.450 0.440 1.600 0.2274 1.8274

d. Effective stub length:

The stub length Ly is adjusted until the input impedance at the design frequency becomes
purely real

Zy =Ry, +jX;, =R+ jX=jZ, cot(27z‘LSeﬁ,//1f) (2.60)
where R is the real part, and X is the imaginary part of the input impedance without stub.
The effective stub length can be defined by (2.60) for X, =0

A X
L = 0 arctan 2 (2.61)
Seff "~ on ,'srfeﬁ” (f) [ZO J

e. Stub length:

The stub length is given by

Lg=Lgyr~ALg (2.62)

where the fringing stub length can be calculated by the following expressions [1], [110]

ALS:hfg1g2g3g5/g4 (2.63)
0.81
0.8544
g, =0.434907 [grfeﬁ (f)} il il / ") 023 (2.64)
1 0.81 w /h )0-8544 (g7
[grfeﬁ’(f)} —o.189\ /iy
o, /hf)o.371
gy =1+ 23586, +1 (2.65)
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0.5274arctan| 0.084( , / h f)1'9413/g2}
g3=1+ TS (2.66)
e )]
g, =1+0.0377 arctan[0.067(W . /h f)1-456}{6—5exp[0.o36(1—g rf)}} (2.67)
g5 =1-0218exp(=7.507  [h ) (2.68)

For frequencies up to about 10 GHz, the quasi-static approach gives also reasonably good

results [1]. For this ase the quasi-static approach gives AL ¢ =0.2287 mm (a difference of

1.3 pm, or an error of 0.57 % ).
Table 2.7. Dimensions and Properties of the Designed Linearly Polarized Aperture
Coupled Microstrip Antenna

Antenna element Dimensions/parameters
Antenna Length a = 53 mm, width & = 53 mm
Patch Length Lp =7.42 mm, width Wp = 6.029 mm

thickness £, = 17.5 pm

Patch substrate Thickness h, = 1.575 mm (0.0261,),
(RT/duroid 5880) relative dielectric constant ¢,, = 2.20,
loss tangent tand, = 0.0009

Ground Thickness #, = 17.5 pm

Aperture Length L, = 3.49 mm, width W, = 0.35 mm

Feed substrate Thickness /y=0.635 mm (0.025,),
(RT/duroid 6006) relative dielectric constant &= 6.15,

loss tangent tand,= 0.0019

Microstrip feed line | Length / = 26.5 mm, width W= 0.972 mm, stub length Ls= 1.6

mm, thickness #r=17.5 um
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The dimensions of the complete antenna according to the previous design investigation are
shown in Table 2.7. A bandwidth of 12.2 % in the frequency range from 11.06 GHz to 12.5
GHz is obtained.

2.3.2. Analysis and simulation

Simulation is an important step, which saves time and money before fabrication. It is an
intermediate step between design and fabrication. To use a simulator, it is very important to
test your knowledge with it. Simulating a test structure and then measuring it can improve
the design. There may be a difference between simulated and measured results. One of the
error sources is the accuracy of fabrication and it is another domain. Thus, to remove the
doubt one must measure the actual dimensions after the fabrication process and re-simulate
the structure with this new dimensions. The result will be your experience and knowledge
with the simulator. Any antenna structure is characterized by its matching and far-field

characteristics .

2.3.2.1. Matching characteristics

The analysis and simulation of the designed antenna in this work is carried out using the
available commercial software package MicroWave Studio [109]. It is a general-purpose
electromagnetic simulator based on the Finite Integral Technique (FIT), first proposed by
weiland in 1976-1977 [111]. In addition a Perfect Boundary Approximation (BPA)
technique, particularly extended by the thin sheet technique is used. In this way the
software package ensures a good geometry approximation and high simulation speed. It is
suitable for accurate modelling of curved and complex 3D structures.

The simulated impedance locus of the designed linearly polarized aperture coupled
microstrip antenna is shown in Fig. 2.10 (dashed line). The resonance at the lower
frequency is due to the patch, and the resonance at the higher frequency is due to the slot.
These two resonant frequencies can be seen also in Fig. 2.10 which indicates the return loss
versus frequency. Due to the magnetic coupling between the patch and the slot, the
resonance frequency of the antenna has been shifted. It is clear from data of Tables 2.7 and
2.3. The optimum dimensions of the patch obtained from the design procedure are Lp=6.91

mm, and Wp =5.6 mm. According to table 2.3, the resonance frequency belongs to these
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dimensions of the patch is fyp =12.938 GHz. At the same time, the patch resonance
frequency of the coupled structure is fj, as shown in Fig. 2.10. The resonance frequency of
the slot having length of 4.45 mm and width of 0.443 is 20.84 GHz and it is very far from
any one of the two resonances shown in Fig. 2.10. Thus, the resulting first frequency is due
to the inductance of the slot combined with the capacitance due to the stub and the coupling
action with the patch which introduces the matching at this resonance.

The simulated results are:

S i =11-060 GHz, fmax =12.5GHz, f, =11.78 GHz, BW =1440 MHz,and bw=12.2 %.
The central frequency fy =11.78 GHz is not the designed central frequency f, =11.78 GHz
but the required bandwidth (11.2 — 11.7 GHz) is within the achieved bandwidth (11.06 —

12.5 GHz).

2.3.2.2. Far-field characteristics
The radiation patterns of the antenna can be defined according to the model based on a two

slot array [1] by

—jk 1

0
E 9 @)=—- jko VO Wp © P Fr (t9)F1 (8) for the E-plane (2.69)

- jkor
Egp(0)=— jkOVOWP € T Fr (0)F2 (@) for the H-plane (2.70)

where,

F(0)=sinclkyh p sin(6/2) [coslk L p sin(6/2)] (2.71)
F7(6) =sin clky W p sin(6/2)]cos 6 (2.72)

2cos9,/€rp —sin2 6
F )= (2.73)
w/.9,79 —sin2 @ —J€rp cochot[kothlerp —sin? HJ
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2cos@

cos@—j [¢ 2 cot[kohp,lerp—sinZGJ
rp—sin” 0

Fy 0)= (2.74)

Vo is the voltage across either radiating slot. Similar expressions are given in [93].
Unfortunately, they are very approximate for the aperture coupled microstrip antenna
because in this theory the ground is assumed to be infinite. By this assumption, the back
radiation from the antenna has not been taken into account. The simulated radiation patterns
in both E and H-plane are shown in Fig. 2.11 and Fig. 2.12 (dashed lines). The 3 dB beam
widths in the E and H-planes are 96° and 88° respectively. The simulated back radiation of
the antenna is shown in Fig. 2.9. It varies from —8 dB to —11 dB in the frequency

bandwidth.

2.3.3 Practical Implementation

The dimensions of the antenna will be small at high frequency (Ku-band). Thus, the
fabrication accuracy becomes the main requirement in practical implementation of the
designed antenna. If the achieved accuracy in the antenna implementation is not enough, all
the design will be for nothing. It is seen from Table 2.3 that a variation about 80 um of the
patch length Lp shifts the resonant frequency of the patch fyp with approximately 1%. The
study indicated that the companies known to us in Germany, which work in the field of
printed circuit technology, could ensure a tolerance of + 10 um for substrates with metal
thickness of 17.5 um, and £ 20 um for metal thickness of 35 um in the photo etching
process. Three samples were fabricated by S & H Electronic Leiterplatten GmbH
(Werigerode, Sachsen Anhalt) according to the dimensions of the designed antenna in
Table 2.7. Dimension measurements have been accomplished by the Laboratory of high
accuracy measurements at the Magdeburg University. The average margin tolerance of the
three antenna dimensions are shown in Table 2.8. It is seen that the maximum margin
tolerance has a value of 75 pm. The matching characteristics of the antennas have been

measured using the vector network analyser as shown in Fig. 2.8.
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Figure 2.7

Frequency, GHz

Measured Return Loss of Three Antenna Samples

The resonance frequencies are listed in Table 2.8. It is noticed that the maximum difference

between the values of the central frequencies is

Momax =03 = fo1 =128MHz (~1% shift)

(2.69)

Table 2.8. Average Margin Tolerances and Central Frequencies of Three Antennas
Antenna Antenna | Antenna | Antenna | Average
Parameter No. 1 No. 2 No. 3 value
Patch length change ‘AL P‘avg , 1Um 30 23 63 39
Patch width change ‘AWP‘avg , m 22 52 75 50
Slot length change |ALg|,,, g Hm 12 2 12 9
Slot width change [AW,| ., g MM 13 13 16 14
Feed line width change (AW ;| um 12 3 4 6
avg
Central frequency Jo» GHz 11.805 11.766 11.933 -
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In the second implementation, the accuracy has been improved and a maximum change
from the designed dimensions in the order of 30 — 40 um has been achieved. Within these
implementation conditions, the designed antenna has been fabricated. Fig. 2.9 shows the

photograph of the fabricated antenna.

—=—= Simulation

—  Measurement 41

Figure 2.8  Impedance locus of a linearly polarized microstrip antenna

!l '_!Ilii'.f|||||1i 1l

Figure 2.9  Photograph of a linearly polarized microstrip antenna
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Figure 2.10 Return loss of a linearly polarized microstrip antenna

2.3.4. Experimental Results
The Performance of the antenna has been characterized using the following input and

radiation characteristics of the antenna.

2.3.4.1 Measured Matching characteristics

The input characteristics of the fabricated aperture coupled microstrip antenna have been
measured using a Wiltron 37347A Vector Network Analyser. The measured impedance
locus of the antenna as a function of frequency is displayed in Fig. 2.8 where it can be
compared with the simulated behaviour. It is seen from the figure that both the simulated
and measured impedance locus have a similar behaviour in the frequency band width. The
measured return loss is shown in Fig.2.10. A good agreement is indicated. A 10 dB return
loss bandwidth of 12.4% (11.08 -12.55 GHz) with a center frequency f, = 11.815 GHz is
obtained. The difference between the computed and measured central frequencies is only
0.3 % (35 MHz). The fractional bandwidth of 12.4% represents a very good result for this
antenna construction. In fact, it is known, that there is similar aperture coupled microstrip
antennas with larger bandwidth from 20 % to 70 % [7]-[8], [112] but these antennas have a

complex configuration, using stacked elements and foam material. Our is the maximum
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bandwidth reported for the simple aperture coupled microstrip antenna on the thin

substrate.

---- Simulation 180
Measurement

Figure 2.11 Radiation pattern of a linearly polarized microstrip antenna in E-plane

300/

240

210

---- Simulation
—— Measurement

180

Figure 2.12  Radiation pattern of a linearly polarized microstrip antenna in H-plane
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2.3.4.2 Measured Radiation characteristics
The radiation characteristics of the antenna are measured in the fare-zone in an anechoic
chamber, using a HP 53152A receiver. Solid lines of Fig. 2.11 and Fig. 2.12 show the
measured E- and H-plane radiation patterns of the antenna at frequency 11.8 GHz. The 3-
dB beamwidth is equal to 93° in E-plane, and 83° in H-plane. The measured back radiation
is — 9.1 dB. It is seen a good agreement between the computed and the measured E- and H-
plane radiation patterns. The asymmetry in the E-plane diagrams is caused by the presence
of a connector.
The measured back radiation of the antenna versus frequency is shown in Fig. 2.13. It
remains between — 8 and — 20 dB over the interested bandwidth of the antenna and is in
relatively good agreement with the simulation results.

The directivity of the antenna calculated by an integration of the E-plane and H-

plane radiation patterns is D = 6.4 dB.

Table 2.9. Comparison of Simulated and Measured Characteristics of A Linearly
Polarized Microstrip Antenna
Characteristic _fo fmin/fmax BW bw (203dB)E (203(13)[.1 BRL
GHz GHz MHz % degree | degree dB
Simulation | 11.780|11.06/12.50| 1440 12.2 96 88 -7.5
Measurement | 11.815|11.08/12.55| 1470 12.4 93 83 -9.1

The gain of the antenna measured by the gain-comparison method is shown in Fig. 2.13. It
is higher than 5.9 dB over a 12.4% bandwidth. The radiation efficiency at f= 11.8 GHz (G
= 5.9 dB) is 5. = 89 %. The loss of 0.5 dB includes both the surface wave loss and the feed
loss. The radiation efficiency increases with the frequency. The measured efficiency at the
maximum frequency of the bandwidth /= 12.55 GHz is . = 94% (G = 6.84 dB, D = 7.1
dB). Fig. 2.14 shows also measured VSWR of the antenna. The excellent symmetry of the

VSWR behaviour as a function of frequency widens also the antenna bandwidth.
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Table 2.10. Measured Characteristics of A Linearly Polarized Microstrip Antenna

Char.| f Smi/fmax | BW | bw |(203qp)e |(203ap)u|BRL | G | D | 1.

GHz GHz MHz | % | degree | degree | dB dB | dB %

Value | 11.815|11.08/12.55| 1470 | 12.4 93 83 9.1 ] 56 | 64 | 89

24 Impedance Matching Improvement for a Class of Wideband Antennas

The narrow impedance bandwidth is the most serious limitation factor of the linearly
polarized antennas. One of the possible solutions of the impedance bandwidth problem
consists of introducing dual (or multiple) resonances in the impedance characteristic.
Typical examples of this bandwidth enhancement technique are aperture-coupled
microstrip antennas with a resonant slot [26], stacked antennas [7], backfire antennas [113],
and other types of antennas with similar impedance characteristics.

The basic problem in this class of antennas is the high value of the return loss within the
antenna bandwidth. In addition, in antennas with an even number of resonances, the
impedance matching is the worst at the design (operating) frequency. The use, in this case,
of a usual (classic) quarter-wavelength transformer improves the impedance matching at
the mid-frequency, but unfortunately decreases the bandwidth (with more than 30% for an
antenna with two resonances).

In this section, a simple and efficient technique for impedance matching improvement
within the antenna bandwidth has been proposed. These antennas have two resonances.

The quarter-wavelength transformer will be used to match the antenna to the feed line.

2.4.1 Description of The Proposed Solution

The proposed solution has been applied to the wideband aperture-coupled microstrip
antenna having a resonating slot. This resonating slot has the effect of approximately
doubles the antenna bandwidth, but decreases the impedance matching within the antenna
bandwidth [27]. The return loss of the antenna is shown in Fig. 2.16 (solid line). The patch
is responsible for the low frequency resonance f; and the aperture (the slot) is responsible
for the high frequency resonance f,. In fact, these two resonances involve also the mutual

influence between the patch and the slot.
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Fig. 2.15 shows the microstrip feed line and its equivalent circuit. We assume that the
origin of the coordinate system is at point (z*=(0) on the line below the patch and slot

centre. If the input to the line is at z* =/,

z* Vif |<¢_>|
D ETTESE e —— = -
L. Ic | 4 1
™~ “Twr J-Lj‘g.l
a z7=
. Y gy
: Zo : : % 7L
7% -l - -
7%=1 o T2
*=()

Figure 2.15. Microstrip feed line (a) and its equivalent circuit (b).
the normalized input impedance (z = r + jx = Z/Zy = R/Zy + jX/Zy ) is [114]

Zr +tanh(y/)

=L = 7 2.75
1+Z; tan(y/) 2.75)

where,
zp = rp + jx; is the normalized load impedance (the antenna impedance at point (z*=0) );
zr =2Z1/2y, v = Ri/Zy, and x; = Xi/Z,

Zy 1s the characteristic impedance of the feed line,
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Return loss [S11], dB

i i i i i i i
11 M2 114 116 118 12 122 124 126
Frequency, GHz

o5l

Figure 2.16. Return loss of aperture-coupled microstrip antenna:
without matching (—); (b) with matching (----).

v = a + jB is the complex propagation constant, where a is the attenuation constant, and f3 is
the phase constant,
[ is the length of the feed line.

The expression (2.75) can also be written as follows:

|y M +sinh 20 1)|Q+[x; M +sin(231)|U
" 0202 ’
(2.76)
o be; M+sin (281)| 0~y M +sinh e 1)JU

Q2+U2 ’

where,

M =cosh 2al)+cos 281),
O=M+ry sinh2al)-x, sin(2A1)
U=ry sin 2p l)+xL sinh (2x 1),

If the return loss Sji(f) or the normalized input impedance z(f) at z* = [ are known (by

simulation or measurement), the normalized load impedance in (2.75) can be expressed as:
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. [r M —sinh(2 0)|4—[xM —sin 281)|B
L A2 +82

b

(2.77)
_[xM —sin 2B1)|4+|rM —sinh 2 c1)|B
L A2+ B2

>

where,

A =M —rsinh(2al) + x sin(2p]),

B =rsin(2pI) + x sinh(2al).

The quarter-wavelength transformer must be placed a distance /, away from the load at
point (z*=()), where the input impedance toward the load at z* = J, is real. The distance /,
can be found from equation (2.76)

x(lp)=0 (2.78)
The same result, but in a closed-form expression may be obtained in the case of lossless

feed line (a = 0):

g (oo

l arctan
bl2™ o 2

, (2.79)

where,

Ly=1p, x10>0,and [, = lpp, x;0< 0

A is the wavelength in the feed line, and the index 0 denotes the mid-frequency f; of the
operating frequency range.
The expression used to calculate the characteristic impedance of the quarter-wavelength

transformer at z* =/, and f'=f is

Zor =ZoRpg - (2.80)

where Ry is the impedance (real, Zyy = Rpo, Xpo = 0) of the load seen at 7 =0.
Accordingly the impedance matching at f = fy improves. On the other hand, it leads to a
matching degradation at both f'= £ and f;.
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If the value of the A/4 transformer characteristic impedance lies between the values of Z
(no transformer) and Zy7 (transformer in (2.80), the difference between the matching at f =
fo and both f = fi, f will decrease. Thus, the choice of Zy to lie in this range would
improve the impedance matching within the antenna bandwidth. The antenna-matching
enhancement would as well, lead to an increase of the antenna gain and efficiency.

We propose to use the following expression to calculate the transformer characteristic

impedance value

a2
Zor _é\t/ZORbO Ry Ry, 2.81)

where Ry, and Ry, are the impedances of the feed line at z* = [, at f' = £ and f; respectively.
One may see that in the case where f; = 2 = fy and Rp; = Rpy = Rpo the expression (2.81)
reduces to (2.80).

2.4.2 Results

In order to verify the validity of the proposed solution, we have applied it to the wideband
aperture-coupled microstrip antenna [27] in the Ku — band. The following parameters are
used (Fig. 2.15): length of the feed line / = 26.5 mm, width of the feed line wy = 0.972 mm,
stub length /;, = 1.6 mm, feed substrate RT/duroid 6006 with substrate thickness 4, = 0.635
mm, metal thickness #r = ¢, = 0.0175 mm, relative dielectric constant &, = 6.15, and loss
tangent tan J; = 0.0019, characteristic impedance of the feed line Z, = 50 €, mid-
frequency f, = 11.822 GHz, patch resonance frequency f; = 11.330 GHz, slot resonance
frequency f, = 12.315 GHz, bandwidth BW = 1.470 GHz (11.08 to 12.55 GHz), and
fractional impedance bandwidth bw = 12.4 %.

Fig. 2.16 (solid line) shows the measured return loss of the antenna at the connector section
(z* = I). The application of expression (2.77) gives the normalized load impedance z.(f) =
ri(f) + jxi(f). The distance /, is given by (2.79) for ro= 1.316 and xz90 = - 0.665; [, = [;p =
2.152 mm. The value of the transformer characteristic impedance is calculated using (2.81).
Its value 1s Zyr = 42.477 Q. for Ryo=26.631 Q, R, = 46.738 Q, and Ry, = 51.156 Q.

Using [93] one determines the transformer length /7 = 2.901 mm, and width wr = 1.296

mm. Using expression (2.76), the values of the normalized impedance at / = /;, /7, and /. (I,
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= 21.447 mm) were calculated taking z; =z, z;, and z. as the load impedance respectively
in Fig. 2.15. Finally, the normalized input impedance of the matched antenna z(f) = (f') +
Jx(f) is given by its value at z* = /..

The return loss is calculated by the well known expression in [115]

7’—12+x2
(r=1)

B 2.82
. (282)

‘511‘:2010g (r+1)2 +x

and is shown in Fig. 2.16 (dashed line).

Fig. 2.17 shows the voltage standing wave ratio VSWR of the antenna without matching
(solid line) and with the proposed matching (dashed line).

Table 2.11 shows the comparison between the antenna bandwidth values with and without
matching conditions. It has been observed that the bandwidth of the matched antenna
decreases from 12.4 % to 10.5 % (a 15 % decrease), but the bandwidth for VSWR < 1.35
increases more than twice the value (2.22 times). The bandwidth bw; 35 presents 76 % of
the whole bandwidth bw,, in case of matching. This is considered a substantial
improvement compared with the unmatched case (29 %).

Finally, the designed antenna with the proposed transformer was fabricated and tested with
a Hewlett Packard 8722D Network Analyzer (50 MHz — 40 GHz). Fig. 2.18 shows graph of
the voltage standing wave ratio VSWR of the antenna, both measured (solid line) and
calculated (dashed line). These comparison curves confirm that there is a good agreement

between the measured and the theoretical values.

Table 2.11.  Comparison Values of The Antenna Bandwidths with and Without
Matching

Type of the feed line VSWR <2 (bW2.0) VSWR < 1.35 (bW1,35) bwi35/bwag

Feed line without 12.4 % 3.6 % 29 %
matching
Feed line with proposed 10.5 % 8 % 76 %
transformer
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Figure 2.17. VSWR of aperture-coupled microstrip antenna:
(a) without matching (—); (b) with matching (----).
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Figure 2.18. Comparison of aperture-coupled microstrip antenna bandwidth with
the proposed matching: (a) measurement (—); (b) theory (----).

This approach can be carried out by Microwave Office [116], Mathcad, Matlab, or even by

a programmable handheld calculator. Therefore, it is useful for a practical antenna

designer.
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CHAPTER 3

Defected Ground Structure Low-pass and

Band-pass Filters

This chapter concentrates on basic limitations of classical microstrip line based low-pass
and band-pass filters and way to improve the design by using the defected ground plane
structures. New investigations are presented on the choice of geometrical shapes for the
DGS structure as an element for the LPF. We have also introduced the band accept (band

pass) structure in DGS and used it for the development of a new compact BPF.

3.1 Introduction

Several compact and high performance components have been reported by using the
generic structure called the defected ground structure (DGS) for the microstrip line.
Another type of structures, known as electromagnetic bandgap (EBG) or alternatively
called photonic band gap (PBG)structures have periodic structure. These structures have
been attractive to obtain the function of unwanted frequency rejection and circuit size
reduction. Researches on the PBG had been originally carried out in the optical frequency.
Recently, there has been an increasing interest in microwave and millimeter wave
applications of PBG circuits. Various shapes of DGS structures have been appeared. Since
DGS cells have inherently resonant property, many of them have applied to filter circuits.
However, it is difficult to use a PBG structure for the design of the microwave or
millimeter wave components due to the difficulties of the modeling. There are many design
parameters, which have an effect on the bandgap property, such as the number of lattices,
lattice shape and lattice spacing. Another difficulty in using the PBG circuit is caused by
the radiation from the periodic etched defects.

Many etched shapes for the microstrip could be used as a unit DGS. An LC equivalent

circuit can represent the unit DGS circuit. The physical dimensions of the DGS affect the

57



CHAPTER 3. DGS LOW-PASS AND BAND-PASS FILTERS

equivalent circuit parameters. It is one of the purposes of this chapter to study different
DGS slots. To design a circuit with DGS section, the equivalent circuit and parameters of
the DGS section should be extracted. Using the 3D-EM Simulator, one can derive the
equivalent circuit of the DGS section.

The stepped impedance low-pass filter response can be improved by using the DGS. Also,
the filter structure will be very simple and compact.

It has been commented that for the equal area of slot head, any shape of slot can be used
[37]. However, equal area only ensures equal equivalent inductance at the cutoff frequency
and not the identical response. Also a particular shape of the slot in the ground plane could
be more appropriate to design a complete circuit on the same substrate. The shape, size and
orientation of a slot can have influence on performance of the circuit. In this chapter, the
response of four shapes of the DGS slot like rectangular, dumb-bell, square head slot and
arrow head slot will be investigated. A method to design low pass filters using DGS on
microstrip substrate has been proposed already by [37]. In this chapter the DGS will be
used to control and improve the stopband characteristics of the stepped impedance
microstrip LPF.

The DGS configuration provides only the band-reject (band stop) characteristic [37]. In this
chapter, a new DGS based band accept (band pass) configuration in a microstrip line will
be introduced. Not only an etched lattice shape can achieve this new band-accept DGS unit
element ground plane of the microstrip but also by providing a gap in the microstrip line.
The characterization of a gap in a microstrip is useful in the design of dc blocks; end
coupled filters, and coupling elements to resonators. A microstrip gap is modeled by a
series capacitance to the microstrip line and two shunt capacitances from the edges of the
microstrip line to the ground plane. The etched defect in ground plane and a gap in the
microstrip line disturb the current distribution in the ground plane. This disturbance can
change characteristics of the transmission line such as line capacitance and inductance. The
return loss response of this new configuration indicates two poles and one zero. The first
pole comes from the series capacitance of the gap in the microstrip line, the zero can only
come from series resonance behaviour and the second pole arises from a parallel LC
resonance circuit. Thus, a series capacitance followed by a parallel LC circuit can represent

the new DGS configuration. The DGS with and without gap in the microstrip line
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configurations will apply to practical filter circuits. The equivalent circuit of the new DGS
based band accepts configuration is derived by using the 3D-EM Simulator.

The microstrip band-pass filter can be designed by the use of a cascade of half-wave
resonators or by using the parallel coupled microstrip lines. The defected ground plane
structures (DGS) have been proposed for suppression of spurious response in the coupled
microstrip line band-pass filters. In this chapter, the new DGS with gap in the 50 Q.
microstrip line configuration will be used to get both series and parallel resonance behavior
simultaneously. By this new combination, a compact band pass filter has been designed

using the DGS.

3.2  Filter implementation
This section will review the overall design strategy which may be followed for any

microstrip filter.

Table 3.1 Microstrip filter design strategy

Select prototype for desired response
characteristic (always yields
normalized values and low-pass
network)

:

Transform for desired frequency
band and characteristic impedance
(yields lumped network)

v

Realize result of previous step in
suitable microstrips form

Low-pass design * +

High-pass or band-stop

Band-pass design

1-Conventional microstrip filters

2-DGS microstrip filters

1-Conventional microstrip filters

2-DGS microstrip filters
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Table 3.1 shows the typical sequence which starts with a prototype specification (by
insertion-loss approach) and finishes with a practical, fully dimensioned, microstrip circuit.
The lumped-element filter design generally works well at low frequencies, but two
problems arise at microwave frequencies. First, lumped elements such as inductors and
capacitors are generally available only for a limited range of values and are difficult to
implement at microwave frequencies, but must be approximated with distributed
components. In addition, at microwave frequencies the distances between filter components
is not negligible. Richard’s transformation is used to convert lumped elements to
transmission line sections, while Kuroda’s identities can be used to separate filter elements
by using transmission line sections. Because such additional transmission line sections do
not affect the filter response, this type of design is called redundant filter synthesis. It is
possible to design microwave filters that take advantage of these sections to improve the

filter response.

3.2.1 [Illustration example
We present the design procedure for the conventional stub type three-pole low-pass filter.
This example shows the problem associated with such LPF . Later on we will discuss
the improvement achieved with the DGS patterns. The specifications for the filter under
consideration are:
Cutoff frequency f.= 4 GHz.
Passband ripple 0.1 dB (or return loss <-16.42 dB) and source/load impedance Z, = 50 Q
The normalized low-pass prototype with Chebyshev response is chosen, whose element
values are
go=gi=1,
g =g3=3.3487 = L; = L3,
2=0.7117 = C;
with the lumped-element circuit shown in Fig. 3.1. Its microstrip realization, using the stub
is shown in Fig. 3.2. Finally, we impedance and frequency scale the circuit, which simply
involves multiplying the normalized characteristic impedance by 50 Q and choosing the

line and stub lengths to be A/8 at 4 GHz. The final microstrip layout is shown in Fig. 3.2.
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1 L;=3.3487 L,=3.3487
— C;=0.7117 1
' X ®

Figure 3.1 3 - pole proto type LPF
50 Q

50Q

Figure 3.2 Microstrip final filter

1 1 1 [
1
H — Lumped elements
i i - === Distributed elements
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Frequency, GHz

Figure 3.3  Amplitude response of lumped and distributed-element low-pass filter
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The amplitude response of the low-pass filter is shown in Fig. 3.3 , along with the lumped
element response using the electromagnetic and circuit simulator Microwave office. From
the response, we note that the pass-band characteristics are very similar up to 4 GHz, but
the distributed-element filter has a response, which repeats every 16 GHz, as a result of the
periodic nature of Richard’s transformation. Thus the stop band response of microstrip LPF
is not satisfactory. Moreover the characteristic impedance values shown in Fig.3.2 cannot

be realized in the microstrip structure.

33 Defected ground structure filters

In the previous section the lumped-element filter design has been approximated with the
transmission line structure. Agreement of filter response is only in the pass band. In the
stop band the transmission line based LPF departs from the response of the lumped element
LPF and the stop bands response of the transmission line based LPF degrades. A quasi-
lumped element based on the defected ground structures (DGS) has been proposed to

improve the stop band characteristics of the low-pass filter

3.3.1 Frequency characteristics of DGS unit section

Fig. 3.4 shows the etched dumb-bell slot shape of the DGS section, which is located on the
backside metallic ground plane. The DGS unit section can provide cutoff frequency and
attenuation pole in some frequency without any periodicity of DGS. In order to investigate
the frequency characteristics of the DGS section, the DGS unit section has been simulated

by the 3-D EM-Simulator Microwave Studio.
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unit section unit section

The simulation results show that one-pole low-pass filter characteristics. The presence of
the DGS section operating at below its pole frequency increases the effective inductance of
a microstrip line. The cutoff frequency is mainly dependent on the etched slot head area in
the ground plane. There is also attenuation pole location, which is due to the etched slot
width of the slot. Actually, it is well known that an attenuation pole can be generated by
combination of the inductance and capacitance elements. Thus, the DGS section is fully
described by the etched slot width, length and head area in case of slots with certain head
shape.

3.3.2 Modeling and parameter extraction

A parallel LC circuit can represent the equivalent circuit of the DGS as shown from its
response. From the application point of view, the DGS section can serve as replacement for
a parallel LC resonator circuit in many applications. To apply the DGS section to a
practical circuit design example, it is necessary to extract the equivalent circuit parameters.
As an example of the parameter extraction procedure, Fig. 3.4 shows a 50 Q microstrip line
feeding the dumb-bell slot in the ground plane.

The dimensions of the DGS section shown in Fig. 3.4 are d, r, s and w have been chosen to
be 6, 2, 0.6 and 1.9 mm respectively. The substrate RO4003C with 0.813 mm thick and a
dielectric constant g, of 3.38 has been chosen for this study. The simulation result is shown
in Fig. 3.5. There is an attenuation pole at 10.5 GHz. In order to explain the cutoff and
attenuation pole characteristic of the DGS section simultaneously, the equivalent circuit
should exhibit performances low-pass and band-stop filter at the same time. At frequency
less than the resonance frequency, the circuit behaves like an inductor.

The circuit parameters for the equivalent circuit can be extracted from the simulation or
from the measured results. The simulation result of the DGS section can be matched to the
one pole maximally flat low pass response, which has 3-dB cutoff frequency at 6.25 GHz.
The equivalent inductive reactance can be easily calculated by using the prototype element
value of the one-pole response. The parallel capacitance value for the given DGS section
can be extracted from the attenuation pole location frequency.

The equivalent reactance value of the DGS unit can be expressed as follows:
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) JoCp JOLp
JXpe=- T3, . (3.1
JoLp+— & 0 Lptp
P
2 1
0} ~I,Cp (3.2)
X L (3.3)
LC~ o :
n) C{O_a)J
o
w a)o

Using the prototype element value of the one-pole response network shown in Fig. 3.7, the

parallel capacitance value for the DGS is given by

pf (3.4)

250

L, = nH (3.5)
P ( )i
CP ﬂfo

Where, f., in GHz is the cut-off frequency of the band-reject response of the slot at 3 dB
and fj, in GHz is its pole frequency. For the dumb-bell structure they are shown in Fig. 3.5.
The Fig. 3.5 shows response of the circuit model obtained by feeding the model to the
circuit simulator, Microwave Office [116]. The model follows results of the EM-simulator
faithfully. The pole magnitude of the circuit simulator becomes infinite as the circuit model
does not account for the losses in the DGS slot. At any frequency /< f the parallel circuit

behaves as an inductor and its equivalent inductance in nH is obtained from,

Leg=—-L— 1H (3.6)
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Thus the slot in ground plane excited by the microstrip line behaves as parallel resonance.

JXic

Figure 3.6 Equivalent circuit of the DGS circuit, where the dotted box shows the DGS
Section

Figure 3.7  One-pole prototype low pass filter circuit
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3.4  Study of different DGS slots configuration
One question arises. Does the shape of the slot affect the response of the DGS unit section?.
To answer this question, we divided the slots into two categories. The first one is the
rectangular slot Fig. 3.8.a, which has no head. The second category is the rectangular slots
with different heads like circle, square, and arrow as shown in Fig. 3.8.b to Fig. 3.8.d
respectively. At first, we selected three types of slots,

e Square head slot

e Arrow head slot

e Circular head slot or dumb-bell slot.

X
_ >
r : va\
v
A A A
S S S S
a1 ™ d d d -
A \ v
Rl
A y
(@) (b) (c) (d

Figure 3.8  Shapes of DGS slots

We fixed the slot width, s = 600 um and the slot lengths, d = 1.9 mm and also maintained
the area of the slot heads constant and equal to 0.64 cm”. We selected the square head
dimension a = 0.8 cm, the radius of the dumb-bell slot circular head r = 0.4514 cm, and x =
1.2157 cm for the equilateral triangle which form the arrowhead. The response is shown in
Fig. 3.9.a where, they have different response especially in the transition region. Fig. 3.9.b
shows another comparison between the same square head with a = 0.8 cm and a triangular
head with x = 1.4 cm, h = 0.9143 cm to keep the heads area at 0.64 cm®. So, the shape of

the DGS slot has an influence on the steepness of transition and stop-band rejection.
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Another numerical experimentation has been done to understand the save in the length.
Two different slots have been chosen, the rectangular and the arrow head slots. The
response is shown in Fig. 3.9.c. For the same resonance frequency, the rectangular slot has
35 % more length than that of the arrow head slot. Fig. 3.9.d shows the comparison of

dimensions.

25 "“ """" """" ' e Square head slot [

===+ Circle head slot

! ' ! ! ! i Arrow head slot : : ' : : : : H H
a0 i | i i i f I T 35 L i L L i i L L i
0

1 2 3 4 5 B % g 9 10 o 1 2 3 4 5 B 7 a8 9 10
Frequency, GHz Frequency, GHz
a. Square head, arrow head and dumb-bell b. Square head and arrow head slots
slots

A
X
‘ ‘
S
dy dy «
v
A
.......................... h
Yy

rrowhead slot : : _—
— Rectangular slot H H H H . .
i

35 i i i I i
1}

1 2 3 4 =1 B 7 g 9 10 (d2+2h) = 0.65 dl
Frequency GHz
c¢. Comparison of rectangular and arrow head d. Comparison of rectangular and arrow

slots response head slots

Figure 3.9  Comparison of DGS slots response

Thus, we decided to make more investigation for all four slot types parameters.
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3.4.1 Rectangular slot
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Figure 3.10.a  3-D view of the Figure 3.10.b Wire frame view of the
rectangular DGS slot rectangular DGS slot

A. Influence of the Slot Width

The influence of the etched slot width of the rectangular slot shown in Fig. 3.10 on the
response will be examined. The slot length, d were kept constant to 10 mm for all the cases
and the etched slot width, s was varied. The simulation results are shown in Fig. 3.11. The
table 3.2 shows the variation in f. fy and extracted C, and L, of the rectangular slot respect
to the change in the slot width, s. The nature of change in the f; and f; are opposite to each

other and f. is more influenced by the increase in the gap as compared to fy So is the case

for C,.

Table 3.2 Rectangular slot characteristics for different slot widths S

S fe fo Cr Lp
0.2 mm 8.64 GHz 11.21 GHz 0.2696 pf 0.748 nH
0.4 mm 8.23 GHz 11.41 GHz 0.209 pf 0.928 nH
0.6 mm 8 GHz 11.62 GHz 0.179 pf 1.047 nh
0.8 mm 7.8 GHz 11.83 GHz 0.1569 pf 1.153 nH

1 mm 7.62 GHz 12 GHz 0.141 pf 1.247 nH
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Frequency, GHz Frequency, GHz

a. Transmission loss St, b. Reflection loss Si;

Figure 3.11 Simulated S-parameters for rectangular slot for different slot widths S

B. Influence of the Slot Length

We extend our study to the influence of the slot length, d. The slot width, s was kept
constant to 0.6 mm for all the cases and the slot etched length, d was varied. . The substrate
with 0.813 mm thick and a dielectric constant of 3.38 was used for all simulations. The
simulation results are illustrated in Fig. 3.12. The calculated capacitances and inductances
are given in Table 3.3. From Fig. 3.12, by increasing the etched slot length, the series

inductance will increase.

Table 3.3 Rectangular slot characteristics for different slot lengths d

d f. fo Cp Lp
1 cm 8.02 GHz 11.59 GHz 0.182 pf 1.034 nH
1.5 cm 5.51 GHz 7.77 GHz 0.292 pf 1.436 nH
2 cm 3.1 GHz 5.85 GHz 0.375 pf 1.975 nh
2.5 cm 3.18 GHz 3.69 GHz 0.426 pf 2.7 nH
3cm 2.62 GHz 3.92 GHz 0.49 pf 3.36 nH
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This effective series inductance introduces the cutoff characteristic at certain frequency. As
the etched slot length d is increased, the effective series inductance increases, and

increasing the series inductance gives a lower cutoff frequency, as seen in Fig. 3.12.

O 0O O O O
o omnn

-20 ——————————————————— r ************** 1 —=- d=15¢cm
: Vol e d=2cm
vy === d=28cm
‘: ‘-1 — d=3cm
15 g 5 10 15
Frequency, GHz Frequency, GHz
a. Transmission loss Sy, b. Reflection loss Sy

Figure 3.12 Simulated S-parameters for rectangular slot for different slot lengths d

3.4.2 Dumb-bell slot

Figure 3.13.a 3-D view of the Figure 3.13.b Wire frame view of the
Dumb-bell DGS slot dumb-bell DGS slot

A. Influence of the Dumb-bell Slot Head Dimension

The line width was chosen to be the characteristic impedance of the 50 € microstrip line

for simulations. Five DGS unit circuits were simulated with different dimensions. In order
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to investigate the influence of the dumb-bell slot head dimension, the etched slot width and
the length were kept constant to 0.6 mm and 2 mm respectively for all five cases and the
etched dumb-bell head was varied. The substrate with 0.813 mm thick and a dielectric
constant of

3.38 was used for all simulations. The simulation results are illustrated in Fig. 3.14. The
calculated capacitances and inductances are given in Table 3.4. From Fig. 3.14, one clearly
observes that employing the etched dumb-bell slot head area increases the series inductance
to the microstrip line. As the neck gap is kept constant so C, does not change much.

This effective series inductance introduces the cut-off characteristic at certain frequency.
As the etched area of the dumb-bell slot head is increased, the effective series inductance
increases, and increasing the series inductance gives rise to a lower cut-off frequency, as
seen in Fig. 3.14. There are attenuation poles in simulation results on the etched dumb-bell
slot head area. These attenuation poles in simulation results can be explained by parallel

capacitance with the series inductance, as indicated in the previous section.

mm
mm
mim
Imim

.25 3 . a i

0 5 0 A 5 4 .
Frequency, GHz Freguency, GHz
a. Transmission loss St b. Reflection loss Si;

Figure 3.14 Simulated S-parameters for Dumb-bell slot for different slot radiuses r

This capacitance depends on the etched gap below the conductor line, which is noted as s in
Fig 3.13.b. The capacitance values are identical for all cases due to the identical slot width.
However, the attenuation pole location, which corresponds to the resonance frequency of
the parallel LC circuit, also becomes lower because as the series inductance increases, the

resonance frequency of the equivalent parallel LC circuit decreases.
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Table 3.4 Dumb-bell slot characteristics for different slot head radiuses r
r Je Jo Cp Lp
2 mm 5.63 GHz 10.1 GHz 0.127 pf 1.949 nH
3 mm 3.25 GHz 7.31 GHz 0.121 pf 3.93 nh
4 mm 2.25 GHz 5.81 GHz 0.1248 pf 6.013 nH
5 mm 2.62 GHz 3.83 GHz 0.1245 pf 8.72 nH

B. Influence of the Slot Width

An investigation on the influence of the etched slot width will be employed. The dumb-bell
slot head radius, r and slot length, d were kept constant to 2 mm and 6 mm respectively for
all the cases and the etched slot width, s was varied. The simulation results are shown in
Fig. 3.15. Due to the constant dumb-bell slot head dimensions, we can expect that the
effective series inductances are also constant for all cases. Unlike the influence of the head
dimension, there is no change in the cutoff frequency despite the variation of the slot width.
This means that the slot width does not affect the effective series inductance of a
microstrip. Variation of the effective capacitance only affects the attenuation pole location.
As the etched slot width increases, the effective capacitance decreases so that the
attenuation pole location moves up to higher frequency. The calculated capacitances and

inductances are given in Table 3.5.

Table 3.5 Dumb-bell slot characteristics for different slot widths S

S Je Jo Ce Lp
0.6 mm 3.02 GHz 6.41 GHz 0.2567 pf 2.4019 nH
0.7 mm 3.02 GHz 6.61 GHz 0.232 pf 2.495nH
0.8 mm 3.02 GHz 6.77 GHz 0.2156 pf 2.563 nh
0.9 mm 3.02 GHz 6.88 GHz 0.2052 pf 2.607 nH
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Figure 3.15 Simulated S-parameters for dumb-bell slot for different slot widths S

C. Influence of the Slot Length

We extend our study to the influence of the slot length, d. The dumb-bell head radius, r and
the slot gap s, were kept constant to 2 mm and 0.6 mm respectively for all the cases and the
slot etched length, d was varied. The substrate with 0.813 mm thick and a dielectric
constant of 3.38 was used for all simulations. The simulation results are illustrated in Fig.
3.16. The calculated capacitances and inductances are given in Table 3.6. From Fig. 3.16,
the slot-head separation d has almost identical effect on the cutoff frequency and the
attenuation pole frequency. Where, increasing the etched slot length increases the series

inductance to the microstrip line.

Table 3.6 Rectangular slot characteristics for different slot lengths d

d Je Jo Ce Lp
0.25 cm 5.42 GHz 9.27 GHz 0.153 pf 1.933 nH
0.5 cm 3.32 GHz 6.98 GHz 0.229 pf 2.273 nH
0.75 cm 3.62 GHz 5.78 GHz 0.284 pf 2.67 nH

I cm 3.18 GHz 5.00 GHz 0.340 pf 2.98 nh
1.25 cm 2.84 GHz 3.45 GHz 0.385 pf 3.322nH
1.5cm 2.58 GHz 1.01 GHz 0.4357 pf 3.615 nH
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This effective series inductance introduces the cutoff characteristic at certain frequency. As

the etched slot-head separation d is increased, the effective series inductance increases, and

increasing the series inductance gives a lower cutoff frequency, as seen in Fig. 3.16.

3.4.3 Square head slot

Figure 3.17.a

A. Influence of the Square Head Dimension

=

3-D view of the
Square head DGS slot

Figure 3.17.b

Wire frame view of the
square head DGS slot

The line width was chosen to be the characteristic impedance of the 50 € microstrip line

for simulations. Five DGS unit circuits were simulated with different dimensions. In order

to investigate the influence of the square head dimension a, the etched slot width and the
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length were kept constant to 0.6 mm and 4 mm respectively for all five cases and the etched
square head was varied. The substrate with 0.813 mm thick and a dielectric constant of
3.38 was used for all simulations.

The simulation results are illustrated in Fig. 3.18. The calculated capacitances and
inductances are given in Table 3.7. From Fig. 3.18, one clearly observes that employing the
etched square head area increases the series inductance to the microstrip line. This effective
series inductance introduces the cutoff characteristic at certain frequency. As the etched
area of the square head is increased, the effective series inductance increases, and
increasing the series inductance gives a lower cutoff frequency, as seen in Fig. 3.18. There

are attenuation poles in simulation results on the etched square head area.
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Figure 3.18 Simulated S-parameters of square head slot for different head lengths a

Table 3.7 Square head slot characteristics for different slot head lengths a

a Je Jo Cp Ly
0.4 cm 3.98 GHz 6.80 GHz 0.208 pf 2.629 nH
0.6 cm 2.74 GHz 5.06 GHz 0.241 pf 3.105 nH
0.8 cm 1.98 GHz 3.98 GHz 0.264 pf 6.05 nH

1 cm 1.56 GHz 3.53 GHz 0.248 pf 8.209 nh
1.2 cm 1.24 GHz 3.07 GHz 0.250 pf 10.74 nH
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These attenuation poles in simulation results can be explained by parallel capacitance with
the series inductance, as indicated in the previous section. This capacitance depends on the
etched gap below the conductor line, which is noted as s in Fig. 3.18. The capacitance
values are identical for all cases due to the identical slot width. However, the attenuation
pole location, which corresponds to the resonance frequency of the parallel LC circuit, also
becomes lower because as the series inductance increases, the resonance frequency of the

equivalent parallel LC circuit decreases.

B. Influence of the Slot Width
An investigation on the influence of the etched slot width will be employed. The square

head dimension a and slot length d were kept constant to 5.099 mm and 6 mm respectively
for all the cases and the etched slot width s was varied. The simulation results are shown in
Fig. 3.19. Due to the constant square head dimensions, we can expect that the effective
series inductances are also constant for all cases. Unlike the influence of the head
dimension, there is no change in the cutoff frequency despite the variation of the slot width.
This means that the slot width does not affect the effective series inductance of a
microstrip. Variation of the effective capacitance only affects the attenuation pole location.
As the etched slot width increases, the effective capacitance decreases so that the
attenuation pole location moves up to higher frequency. The calculated capacitances and

inductances are given in Table 3.18.

Table 3.8 Square head slot characteristics for different slot widths d

S Je Jo Ce Lp
0.6 mm 2.89 GHz 3.86 GHz 0.301 pf 3.56 nH
0.7 mm 2.89 GHz 5 GHz 0.276 pf 3.67 nH
0.8 mm 2.89 GHz 5.11 GHz 0.259 pf 3.75nh
0.9 mm 2.89 GHz 5.22 GHz 0.243 pf 3.819 nH

76



CHAPTER 3. DGS LOW-PASS AND BAND-PASS FILTERS

——————————————————————————————————————————————————

— S=08mm

0 B T | ol o
' ' ' ' [HR e s=0&mm || e S=08mm
' ! ! ! ! v - s=08mm || v b e S=08mm
30 i i i i i i I I I 25
0 1 2 3 4 5 5 7 5 9 10 0 1 2 3 4 5 = 7 8 9 10
Frequency, GHz Frequency, GHz
a. Transmission loss S;; b. Reflection loss Sy,

Figure 3.19 Simulated S-parameters for square head slot for different slot widths S

C. Influence of the Slot Length

We extend our study to the influence of the slot length d. The square head dimension a and
the slot width s were kept constant to 5.099 mm and 0.6 mm respectively for all the cases
and the slot etched length d was varied. . The substrate with 0.813 mm thick and a dielectric
constant of 3.38 was used for all simulations. The simulation results are illustrated in Fig.
3.20. The calculated capacitances and inductances are given in Table 3.9. From Fig. 3.20,
the slot-head separation d has almost identical effect on the cutoff frequency and the
attenuation pole frequency. Where, increasing the etched slot length increases the series
inductance to the microstrip line. This effective series inductance introduces the cutoff

characteristic at certain frequency.

Table 3.9 Square head slot characteristics for different slot lengths d

d fe fo Ce Lp
0.2 cm 3.63 GHz 7.47 GHz 0.135 pf 3.35 nH
0.4 cm 3.21 GHz 5.66 GHz 0.2351 pf 3.36 nH
0.6 cm 2.93 GHz 3.85 GHz 0.3122 pf 3.449 nH
0.8 cm 2.69 GHz 3.34 GHz 0.369 pf 3.64 nh

1 cm 2.5 GHz 3.94 GHz 0.429 pf 3.80 nH
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Figure 3.20 Simulated S-parameters for square head slot for different slot lengths d

As the etched the slot-head separation d is increased, the effective series inductance
increases, and increasing the series inductance gives rise to a lower cut off frequency, as

seen in Fig. 3.20.

3.4.4 Arrow head slot
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Figure 3.21.a 3-D view of the Figure 3.21.b Wire frame view of the
Arrow head DGS slot Arrow head DGS slot

A. Influence of the Arrow Head Dimension
The equilateral triangle forms an arrow head of the DGS slot. The line width was chosen to

be the characteristic impedance of the 50 2 microstrip line for simulations. Four DGS unit
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circuits were simulated with different dimensions. In order to investigate the influence of
the arrow head dimension x, the etched slot width and the length were kept constant to 0.6
mm and 4 mm respectively for all four cases and the etched arrow head was varied. The
substrate with 0.813 mm thick and a dielectric constant of 3.38 was used for all
simulations.

The simulation results are illustrated in Fig. 3.22. The calculated capacitances and
inductances are given in Table 3.10. From Fig. 3.22, one clearly observes that employing
the etched arrow head area increases the series inductance to the microstrip line. This
effective series inductance introduces the cutoff characteristic at certain frequency. As the
etched area of the square head is increased, the effective series inductance increases, and

increasing the series inductance gives a lower cutoff frequency, as seen in Fig. 3.22.
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Figure 3.22 Simulated S-parameters for different head lengths x

There are attenuation poles in simulation results on the etched arrow head area. These
attenuation poles in simulation results can be explained by parallel capacitance with the
series inductance, as indicated in the previous section. This capacitance depends on the
etched gap below the conductor line, which is noted as s in Fig. 3.21. The capacitance

values are identical for all cases due to the identical slot width. However, the attenuation
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pole location, which corresponds to the resonance frequency of the parallel LC circuit, also
becomes lower because as the series inductance increases, the resonance frequency of the

equivalent parallel LC circuit decreases.

Table 3.10  Arrow head slot characteristics for different head lengths x

X Je Jo Ce Lp
0.4 cm 5.66 GHz 9.34 GHz 0.1632 pf 1.779 nH
0.6 cm 3.94 GHz 6.85 GHz 0.199 pf 2.703 nH
0.8 cm 3.02 GHz 5.45 GHz 0.2335 pf 3.652 nH

1 cm 2.34 GHz 3.66 GHz 0.229 pf 5.087 nh

B. Influence of the Slot Width

An investigation on the influence of the etched slot width will be employed. The arrow
head dimension x and slot length, d were kept constant to 10 mm and 6 mm respectively for
all the cases and the etched slot width s was varied. The simulation results are shown in
Fig. 3.23. Due to the constant arrow head dimensions, we can expect that the effective
series inductances are also constant for all cases. Unlike the influence of the head
dimension, there is no change in the cutoff frequency despite the variation of the slot width.
This means that the slot width does not affect the effective series inductance of a
microstrip. Variation of the effective capacitance only affects the attenuation pole location.
As the etched slot width increases, the effective capacitance decreases so that the
attenuation pole location moves up to higher frequency. The calculated capacitances and

inductances are given in Table 3.11.

Table 3.11 Arrow head slot characteristics for different slot widths S

S fe fo Cp Lp
0.6 mm 2.1 GHz 3.09 GHz 0.271 pf 5.581 nH
0.7 mm 2.1 GHz 3.19 GHz 0.254 pf 5.675 nH
0.8 mm 2.1 GHz 3.29 GHz 0.2388 pf 5.763 nh
0.9 mm 2.1 GHz 3.37 GHz 0.228 pf 5.829 nH
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Figure 3.23  Simulated S-parameters of arrow head slot for different slot widths S

C. Influence of the Slot Length

We extend our study to the influence of the slot length d. The arrow head dimension x and
the slot width s were kept constant to 10 mm and 0.6 mm respectively for all the cases and
the slot etched length d was varied. The substrate with 0.813 mm thick and a dielectric
constant of 3.38 was used for all simulations. The simulation results are illustrated in Fig.
3.24. The calculated capacitances and inductances are given in Table 3.12. From Fig. 3.24,
the slot-head separation d has almost identical effect on the cutoff frequency and the

attenuation pole frequency.

Table 3.12  Arrow head slot characteristics for different slot lengths d

d fe fo Cp Lp
0.2 cm 2.77 GHz 5.67 GHz 0.180 pf 3.374 nH
0.4 cm 2.46 GHz 3.68 GHz 0.247 pf 3.682 nH
0.6 cm 2.23 GHz 3.09 GHz 0.302 pf 5.015 nH
0.8 cm 2.08 GHz 3.67 GHz 0.3621 pf 5.194 nh

1 cm 1.94 GHz 3.35 GHz 0.410 pf 5.453 nH
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Figure 3.24 Simulated S-parameters of arrow head slot for different slot lengths d

Where, increasing the etched slot length increases the series inductance to the microstrip
line. This effective series inductance introduces the cutoff characteristic at certain
frequency. As the etched slot-head separation d is increased, the effective series inductance
increases, and increasing the series inductance gives a lower cutoff frequency, as seen in

Fig. 3.24.

Summary of the slots investigation
We have selected the following parameters to characterize band-stop performance of the
DGS slots of four simple geometrical shapes which are rectangular, dumb-bell, square head
and arrow head slots:

(1) Linear dimension of the slot

(i)  Area of slot-head

(ii1))  Relative control of cut-off frequency f; and attenuation pole frequency f; by

changing dimension of slot

(iv)  Sharpness factor fy/f..
The slot in the ground plane for the DGS element may occupy inconveniently large linear
space that can cause disturbance to other circuit elements located on the same substrate.
Thus we have to look for smaller linear length of the DGS slot. It is achieved by creating

the slot-head at the ends of a rectangular slot. Creation of such slot-heads provide to some
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extent independent control of capacitance and inductance of the equivalent circuit. The slot-
head area basically controls the inductance whereas the width (s) of connecting rectangular
slot controls the capacitance [37]. However, effect of separating distance (d) of the slot is
not discussed in the literature. Various dimensions involved information of a DGS slot have
different degree of control on the 3 dB cut-off frequency f, and the attenuation pole
frequency fj of the band-reject response. Thus comparison of performance of the slots with
respect to this parameter could be useful in selection of type of slots in various applications.
The sharpness factor fyo/f, determines the sharpness of transition from the band-pass region
to the band-stop region. The sharpest theoretical transition is obtained for fo/f, =1. Lager the
value of fy/f. -ratio poorer is its sharpness of the transition from the passband to the
stopband.

To understand performance of the DGS slot we have generated a large amount of data on
cut-off frequency f., attenuation pole frequency fo, capacitance C and inductance L of the
circuit model for four slots using the substrate with € = 3.38 and h = 0.0813 cm. The
general behavior of the slots is summarized in Table 3.13. The dimensions of slots are
varied up to five times from their initial dimension. However, the slot width is varied 1.5
times of the initial value. The extent of variations in fc, f;, C and L over five times
dimensional change are shown in the Table 3.13. The Table 3.13 also shows average
variation in the sharpness factor fy/f; for each slot over five times dimensional change in the
slot. The study is conducted for the cut-off frequency f; in the range 2 GHz-8 GHz and the
attenuation pole frequency fj in the range 3 GHz — 12 GHz.

We have the following general observations:

e Rectangular slot:

The change in length, as compared to change in the slot width, is more effective way to
control f;, fy, C and L. For five times change in length or in width both C and L change
almost in same magnitude. However, the change in length has a little more influence on the
inductance L. Whereas, the change in width has a little more influence on the capacitance
C.

e Dumb-bell slot:

The change in radius (r) has stronger influence on the inductance L and the cut-off

frequency f, as compared to its influence on the capacitance C and the attenuation pole
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frequency fy. Thus the inductance can be changed without incurring much change in the
attenuation pole frequency. Table 3.13 shows that the order of change in the inductance L is
almost same as the order of change in L of the rectangular slot with respect to the slot
length. At fy = 5.8 GHz the rectangular slot has length d = 2 cm and width s = 600 um. At
fo = 5.8 GHz the dumb-bell slot has radius r = 0.3 cm and separation d = 0.19 cm i.e. its
total linear dimension is 1.39 cm. Thus for the identical attenuation pole frequency the
dumb-bell shape has 30% less linear length as compared to length of the rectangular slot.
Table 3.13 shows that the slot-head separation d has almost identical effect on the cut-off
frequency f. and the attenuation pole frequency fy. It has a little more influence on
inductance L than on capacitance C. The increase in separation of slot-head brings f, and f;
closer, thereby improving sharpness of transition.

e  Square head slot:

Table 3.13 shows that the square-head slot gives maximum change in inductance L for five
times change in the side of square arm. It also gives maximum change in capacitance C for
five times change in the separation of the slot heads. However, to get large control of the
inductance we have to tolerate more variation in the frequency of attenuation pole and also
in the cut-off frequency.

In summary we can say that we have to use the headed slot in the ground plane in order to
reduce the linear dimension of the DGS slot. Both the inductance L and the capacitance C
increase with increase in size of the slot head. However, increase in the inductance is more
significant than increase in the capacitance. The sharpness factor is better for smaller size
of the slot head. The separation of slot heads d increases both L and C. However, increase
in C is more significant than increase in L. Finally both dimension of slot heads and their
separation can be adjusted to get proper value of DGS components. They should be
selected for better sharpness factor also. While selecting type of slot we should also keep
in mind its influence on other circuit elements on the same substrate.

e Arrow head slot:

The equilateral triangle forms the arrowhead of the DGS slot. Table 3.13 shows that its side
length, as compared to radius r of the dumb-bell slot, has less influence on cut-off
frequency f; and attenuation pole frequency f,, inductance L and capacitance C. However,

the separation of heads d has more influence on C as compared to separation of heads d for
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the dumb-bell slot. The sharpness factor fy/ f. of the arrowhead slot is better than the
sharpness factor of the dumb-bell slot. To get inductance L about 3.8 nH, linear length of
dumb-bell slot is 1 cm (r = 0.2cm), for the arrowhead slot it is 3.17 cm (a = 1.6 cm) and for
the rectangular slot it is 3.5 cm (width = 600 wm). From point of view of linear dimension
the dumb-bell slot is more compact. However from the point of view of the sharpness
factor, the arrowhead is a better slot. It is noted by Ahn et al. [37] that identical area of the
slot-head provides identical inductance. However, we will see in the next section that for
equal area of the slot-head, the triangular slot provides better sharpness of cut-off with
improved stopband response. Moreover, we will also see in the next section that the shape

of the slot head has influence on the design of the filter.

Table 3.13  Comparison of characteristics of different DGS Slots

Slot Dimensional | Variation | Variation | Variation | Variation | Average
variation in f in f, in C inL f, /f.
(Initial: Final)
Rectangle Length 5.23 3.95 3.56 5.37 1.44
lem: 5cm
Width 1.38 1.31 2.11 1.91 1.20
0.02cm:0.1cm
Dumb-bell Radius 3.24 2.59 1.26 5.46 2.40
0.1cm: 0.5cm
Separation 1.98 1.94 1.82 2.03 1.65
0.25cm:1.25cm
Slot width 1.00 1.07 0.84 1.05 2.06
0.06cm:0.09cm
Arrow-head | Side of triangle 2.37 2.01 1.46 2.75 1.80
0.4cm:2.0cm
Separation 1.38 1.70 2.45 1.60 1.69
0.2cm: 1.0cm
Slot width 1.00 1.07 0.80 1.08 1.69
0.06cm:0.09cm
Square Side of square 5.89 3.69 1.69 7.51 2.12
0.4cm: 2.0cm
Separation 1.45 1.90 3.15 1.15 1.78
0.4cm: 1.0cm
Slot width 1.00 1.07 0.81 1.08 1.66
0.06cm:0.09cm
(Slot width variation is 1.5 times from initial to final. Other dimensions have variation 5 times
initial to final)
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3.5 Stepped-Impedance Low-Pass Filter

The microwave low-pass filter (LPF) is a common circuit element in the development of
mixer, oscillators etc. to suppress the harmonics, noise and other undesired signals. Usually
the LPF is implemented either by all shunt stubs or by the series connected high-low (Hi-
Lo) stepped-impedance microstrip line sections.

A relatively easy way to implement low-pass filters in Microstrip or stripline is to
use alternating sections of very high and very low characteristic impedance lines. Such
filters are usually referred to as stepped-impedance, or hi-Z, low-Z filters, and are popular
because they are easier to design and take up less space than a similar low-pass filter using
stubs. Because of approximations involved, however, their electrical performance is not as
good, so the use of such filters is usually limited to applications where a sharp cut-off is not
required.

In order to illustrate the design procedure for this type of filter, the design of a three-pole
low-pass filter is described in follows.

The specifications for the filter under consideration are:

Cutoff frequency f.=1.3 GHz

Passband ripple 0.1 dB (or return loss <-16.42 dB)

Source/load impedance Z, = 50 Q

A low-pass prototype with Chebyshev response is chosen, whose element values are

Zo=g=1
g =g3=1.0316
2 =1.1474
for the normalized cutoff €. = 1.0. Using the element transformations, we have
g _[Zo | Q¢ _ -9
LI_L3 _[go J[27§chgl =6.3148x10"" H 3.7
Q _
c, =£g—0j( ¢ jgz ~2.8092x10712 F (3.8)
Zo \21f¢

The fabricated filter is shown in Fig. 3.25. The filter has been fabricated on a substrate with
a relative dielectric constant of 3.38 and a thickness of 0.813 mm. Following the above-
mentioned considerations, the characteristic impedances of the high- and low- impedance

lines are chosen as Z,. = 93 ohms and Z,c = 24 ohms. The relevant design parameters of
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Microstrip lines, which are determined using the formulas given in [78], are listed in Table
3.14, where the guided wavelengths are calculated at the cutoff frequency f. = 1.3 GHz. The
measured response of the conventional stepped-impedance low-pass filter is shown in Fig.

3.25.
Table 3.14  Physical and Normalized Dimension of 3-pole LPF Conventional

Dimensions WL W Lc Ly W
Physical 0.5mm 5.2mm 15.3mm 16.9mm 1.9mm
Normalized | 0.0051 A, 0.0529 A, 0.1556 A, 0.1719 A, 0.0193 A,

Figure 3.25 conventional microstrip stepped-impedance low-pass filter

§12,dB

0] i i i i i 40

Frequency, GHz Frequency, GHz

a. Transmission loss Sq2 b. Reflection loss S11

Figure 3.26 Measured S-parameters of conventional stepped-impedance low-pass filter
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3.6 Stepped impedance low-pass filter using DGS slots

The conventional stepped-impedance low-pass filter has the following disadvantages:

1- The transition and stopband response are not so good.

2- To implement the high impedance inductance with conventional Microstrip, the
conductor width becomes narrow. This is a limitation to use a Microstrip low-pass filter
configuration for high power applications. Also, it needs high accuracy for fabrication.

Due to these disadvantages, we intended to apply the DGS slots to implement the
inductances for this type of the filter.

By employing the DGS sections, extremely small element values for implementation of a
low-pass filter can be realized. Furthermore, the high impedance inductance sections were
realized by using DGS sections with a conductor width corresponding to a 50  Microstrip
so that it can be expected that for DGS low-pass filters improve the power handling

capability.

3.6.1 Study of DGS slot position on 3-pole Hi-Lo LPF
Fig. 3.27 shows realization of a 3-pole Hi-Lo LPF with the DGS slots. The slot head could
be the dumb-bell, the arrowhead or the square. The DGS slots could be located either

outside of the patch capacitor or inside the patch capacitor.
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Figure 3.27.a 3-D view of the Hi-Lo LPF  Figure 3.27.b Wire frame of the Hi- Lo LPF
with arrow head DGS slots with arrow head DGS slots
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The performance of the LPF can be examined with respect to separation X between two
slot heads. The area and other dimensions of three types of slot are kept same. The LPF is
designed on the substrate having €, = 3.38 and h = 0.813 mm. The 50 Q microstrip line has
width w= 1.9 mm and the patch capacitor has width w, = 0.52 cm and length L.=1.53 cm.
Fig. 3.28, Fig. 3.30. and Fig. 3.32 show the effect of separation X on the scattering

parameter, S, for the arrowhead, dumb-bell, and square DGS slots respectively.

Frequency, GHz
Transmission loss S,

Figure 3.28 Effect of separation (X) of DGS arrow head slot on S |, of the LPF
O O
\I_ I, \I_ I,
1 - | T
- ~4\

Figure 3.29.a 3-D view of the Hi-Lo LPF  Figure 3.29.b Wire frame of the Hi- Lo LPF
with dumb-bell DGS slots with dumb-bell DGS slots
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It is interesting to note that the LPF is obtained with more suppressed response in the
stopband when the DGS slots are located inside the patch capacitor. With decrease in the
separation X inside the patch capacitor, suppression of response in the stopband improves
both in magnitude and in extension of its frequency band. The cut-frequency does not
change much during this process.

There is a small decrease in it with decrease in the separation X. For the slots inside the
patch capacitor, performance of these slots is not much different in the passband. However,

the arrowhead slot provides better sharpness and better stopband response.

V|- #=1.36 em
I #=1.12 em
I

0 1 2 3 4 5 B 7 g 9 10
Frequency, GHz
Transmission loss S,

Figure 3.30  Effect of separation (X) of DGS dumb-bell slot on S , of the LPF

=
<>

Figure 3.31.a 3-D view of the Hi-Lo LPF  Figure 3.31.b Wire frame of the Hi- Lo LPF
with square head DGS slots with square head DGS slots
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Figure 3.32  Effect of separation (X) of DGS square head slot on S |, of the LPF

The separation of the DGS slots outside the patch capacitor provides broadband stopband
characteristics. The sharpness and bandwidth of the stopband is better for the arrowhead
DGS slots. At this stage we note that even with identical area of the slot head, the band-stop
responses are not identical. This section is concerned with Hi-Lo LPF; therefore we will not
discuss further on the stopband filter design. This work will be examined in future and

reported separately.

3.6.2 Fabrication and measurement of 3-pole Hi-Lo LPF
We have fabricated the following 3-pole microstrip LPF to compare their performance:
1) Conventional microstrip Hi-Lo LPF;
2) microstrip LPF with large dumb-bell DGS slots;
3) microstrip LPF with small dumb-bell DGS;
4) microstrip LPF with arrowhead DGS slots.
The structural details with physical dimension and normalized dimension of the fabricated

3-pole Hi-Lo LPF are shown in Table 3.15. The normalization is done with respect to the

A
guided wavelength A, = —=. Where A. is the wavelength at the cut-off frequency of the

e

LPF. The normalized dimension can be used to design the 3-pole LPF at any other cut-off

frequency on other substrate. After initial design improvement in performance of the LPF
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can be obtained on the EM-simulator. Fig. 3.33 shows the photograph of the four fabricated

low-pass filters.

Figure 3.33  Fabricated conventional and DGS Hi-Lo LPF

These are fabricated on the milling machine. It shows DSG with arrowhead and dumb-bell
shapes. Fig. 3.33 also shows the fabricated conventional 3-pole Hi-Lo microstrip LPF on
the same substrate. The significant reduction in dimension of the LPF with DGS as
compared to the conventional design is obvious from it.

Fig. 3.34 shows experimental study of effect of changing the slot-head size of the dumb-
bell slot on the cut-off frequency of the LPF. For the large slot area the cut-off frequency is
reduced due to increase of equivalent inductance. However, as discussed previously the
small slot provides better sharpness factor ( fy/f.) and also improvement in stopband
rejection. Fig. 3.34 shows that cut-off frequency and the attenuation pole frequency for r =
3mm slot are 1.66 GHz and 2.86 GHz respectively. They increase to 2.31 GHz and 3.63
GHz for the r = 1.5 mm slot. Thus while keeping all dimensions of the LPF unchanged, it is
possible to control the bandwidth of the LPF by changing the radius of the dumb-bell slot.
The dumb-bell slot of r = 1.5 mm has sharpness factor 1.57 as compared to 1.77 for r = 3.0

mm slot. It has also 5 dB more stopband rejection.

92



CHAPTER 3. DGS LOW-PASS AND BAND-PASS FILTERS

511, dB

Frequenz [GHz) 0 1 2 3 4 5 g

.. Frequency, GHz
a. Transmission loss S;, b. Reflection loss S

Figure 3.34 LPF response with large and small size of dumb-bell slot head

Table 3.15  Physical and normalized dimensions of 3-pole LPF

Item Dimensions

Conventional wr = 0.5mm 0.0051 A,
we = 5.2mm 0.0529 A,
Lc =15.3mm 0.1556 A
L. =16.9mm 0.1719 A,

w=1.9mm 0.0193 A,
h=52mm 0.0529 A,
DGS Arrow head | w=19mm 0.0193 A,
s =0.6 mm 0.0061 A,

d=169mm | 17193,

DGS dumb-bell r=3 mm 0.0305 A,
head w= 1.9 mm 0.0193 A,
s =0.6 mm 0.0061 A

d=16.9 mm 0.1719 }\’g

DGS square head | a=5.32 mm 0.0541 A,
w=1.9 mm 0.0193 A,

s =0.6 mm 0.0061 A,
d=16.9 mm 0.1719 A,

X=1l2mm | 0.1139),

The investigators [37] have noted that for equal area of the slot, the shape of slot has no
influence on the performance of the LPF. However, we noted on the 3D EM-Simulator,

Microwave studio that this conclusion is valid only for the cut-off frequency not for the
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complete performance of the LPF. To check the performance experimentally we fabricated
two LPF with the arrowhead and the dumb-bell DGS slots. The area of the slot head was
kept same i.e. 28.27 sq. mm for both kind of slot heads. During fabrication equal area of the
slot-heads could not be maintained. The comparison of performance is shown in Fig. 3.35.

The cut-off frequency- for the dumb-bell is 1.66 GHz and for the arrowhead it is 1.55 GHz.
Likewise, we get attenuation pole frequency at 2.86GHz and 2.04 GHz respectively for
dumb-bell and arrowhead slots. The cut-off frequency and the pole frequency for both
kinds of slot-heads could be kept constant due unequal area of slot-heads during
fabrication. The fabrication is done on the milling machine. However, the sharpness factor
for the arrowhead is 1.32 and for the dumb-bell it is 1.73. Thus as noted earlier the
arrowhead slot provides better sharpness of transition. Likewise, it provides 3 dB more

stopband rejection.

S11,dB

Frequency, GHz 0 1 2 3 4 5 &
Frequency, GHz

a. Transmission loss S;, b. Reflection loss S11

Figure 3.35 comparison of measured performance the 3-pole Hi-Lo LPF with arrowhead

and dumb-bell slots.

Finally Fig.3.36 compares the experimental performance of the 3-pole arrowhead LPF with
3-pole conventional Hi-Lo LPF. The superior performance of DGS Hi-Lo LPF is obvious-
there is no spurious passband, 10 dB improved stopband rejection, sharpness of the
transition looks like 5-pole LPF and 15 dB rejection up to three times of the cut-off
frequency. Fig.3.36 also compares the simulated and measured performance of the DGS

Hi-Lo LPF with satisfactory agreement. Fig. 3.36 also shows that we can further improve

94



CHAPTER 3. DGS LOW-PASS AND BAND-PASS FILTERS

the sharpness of transition and stopband rejection in certain frequency by using another

ground plane facing the DGS slots.
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Figure 3.36 Comparison of performance of 3-pole Hi-Lo LPF with DGS against

conventional 3-pole Hi-Lo microstrip LPF

3.7 Frequency characteristics of DGS unit section with cutting gap in the 50 € line

Fig. 3.37 shows the etched dumb-bell slot shape of the DGS section, which is located on
the backside metallic ground plane. A cut in the 50 Q microstrip line with g mm width has
been done The DGS unit section can provide not only an attenuation pole but also a
transmission zero in some frequency without any periodicity of DGS. In order to
investigate the frequency characteristics of the DGS section, the DGS unit section with cut
in the 50 Q Microstrip line has been simulated by the 3-D EM-Simulator Microwave
Studio.

The simulation results show that two poles and one zero in the S;, response as shown in
Fig. 3.38. Existing of a pole at the dc means the existence of a series capacitance. There is
also a transmission zero which indicates the existence of a series resonance. Another
attenuation pole location, which is nearly at the same place of the same structure without
the cutting in the 50 Q Microstrip line which has been modeled as a parallel resonance. due

to the etched slot width of the slot. Thus, to model the frequency characteristic of the DGS
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section with cut in the 50 Q Microstrip line, the presence of two capacitances factor should
be needed. The etched gap area, which is placed under the 50 Q line as in Fig. 3.37,

provides the parallel capacitance with effective line inductance and the cut in the 50 Q line

will provide the series capacitance.

R
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—— Circuit model 512
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Frequency, GHz

Figure 3.37 3-D view of the GDS with Figure 3.38 Simulated S-parameters for the
with gap in the 50 Q line GDS with gap in the 50 Q line

3.7.1 Modeling of DGS Based Band- Reject and Band- Accept Components

The band-reject (band stop) DGS with its parallel resonance equivalent circuit is given in
the previous section. It behaves as a lumped inductor at frequency below the parallel
resonance frequency. The proposed band-accept (band pass) DGS configuration, shown in
Fig. 3.39.a is created by a coupling gap (g) in the 502 microstrip line just above the neck of
a dumb-bell type of defect (slot) in the ground plane. The band-accept configuration shows
both the series and parallel resonance. The series- parallel combined circuit shown in Fig.
3.39.b can model such a response.

At frequency below the series resonance, the band-accept DGS configuration behaves as a
capacitor. Fig. 3.38 shows the response of band-accept DGS element.

By following section 3.3.2, we can obtain the capacitance Cp in pF and the inductance Lp

in nH of the equivalent circuit of a band reject (band stop) DGS shown in Fig. 3.39.b.

96



CHAPTER 3. DGS LOW-PASS AND BAND-PASS FILTERS

I, - \\ CS Lp
N ||
T w [ —@
Beltull |
~+—\
Vi \
NI /) Cp
Figure 3.39.a Band-accept DGS element  Figure 3.39.b Equivalent circuit of a

band-accept DGS element

5fe
Cp=—>JC _ pF (3.9)
m fp-12]
250
L,=—="__ H (3.10)
P, mp)?

Where f is cut-off frequency in GHz of a band reject (band stop) response at 3 dB and f; is
its pole frequency in GHz. At any frequency {< f;, the parallel resonance circuit behaves as
an inductor. Its equivalent inductance in nH is obtained from
Leg = L—p nH (3.11)
1=/
P
In case of a band- accept DGS configuration, the equivalent inductance L.q and coupling
capacitance Cs form a series resonance circuit. However, when the dumb-bell structure is
used in the band-accept mode, its pole frequency f, is changed by a small amount. We
assume that its 3dB cut-off frequency is same as in case of a band-reject DGS. The
response obtained by the EM simulator provides the series resonance frequency fs. The
coupling capacitance Cin pF is obtained from
25.33

CS = 2
Lequ

pF (3.12)
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At any frequency f< f<f,, the band-accept DGS element acts as a lumped equivalent

capacitor. It is computed from

Ce :m pF (3.13)
fs

Accuracy of the extracted parameters of a circuit model is checked by comparing the
response obtained from the circuit model and also from the EM- Simulator. The simulated
structures are made on RT- Duriod 6006 having €= 6.15, tand = 0.0019 and h = 0.635mm.
The 50 Q microstrip line has width W = 0.97 mm. The dumb-bell slot has radius r =
1.4mm, separation d = 2 mm and slot-gap s = 600 um. For the band-accept case, gap in the
microstrip line g is 100um. The band-reject structure has 3dB cut-off frequency f. = 6.12
GHz and parallel resonance frequency f, = 10.504 GHz. The circuit model of a band-reject
configuration has C, = 0.1337 pF and L, = 1.7178 nH. The band-accept structure has series
resonance f; = 7.4433 GHz and parallel resonance f, = 10.768 GHz. They provided C, =
0.1241 pF, L, = 1.7605 nH and Cs = 0.1356 pF for the circuit model. The circuit parameters
are extracted as discussed above. We have assumed that the 3-dB cut-off frequency f; for
the band-accept case is also 6.12 GHz. Fig. 3.38 shows satisfactory agreement of response

of circuit model with response of the EM Simulator.

3.7.2 The 3-Pole Band-Pass Filter

Our band-pass filter is based on creation of a series-resonance in the main 502 microstrip
line and creation of attenuation pole in the shunt arm. A compact BPF based on this
concept is shown in Fig. 3.40. To arrive at this structure, at first we used a dumb-bell type
band accept (band pass) DGS in series with main line and on both side of it we used stub
type band reject (band stop) dumb-bell shape DGS. However, in order to make the BPF
compact, we combined all three numbers of dumb-bell structures located in the central
region of two stubs. The centre frequency of passband is determined by the band-accept
(band pass) circuit. For a fixed size of the dumb-bell slot, the passband frequency f; is
adjusted by the coupling gap g. The lower attenuation pole of a band-pass filter is
determined by band-reject behaviour of the band-reject (band stop) element in the shunt

arm. The dimension of shunt arm and position of a DGS dumb-bell structure decide the
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lower frequency of attenuation pole. The upper frequency of attenuation pole of the BPF
comes from a parallel resonance of the band-accept series circuit element. However,
separation X between the stubs also influence it.

Under these broad guidelines and observations, at first we developed a BPF at 7.63 GHz by
using 3 numbers of independent DGS elements. The BPF having bandwidth 35% and
return-loss better than —18 dB was developed on the 3D- EM simulator, Microwave-Studio.
However, when three numbers of DGS elements were combined together to get a compact
BPF shown in Fig.3.40, we obtained the decreased centre frequency 4.3 GHz. In terms of
wavelength, it resulted in about 77% reduction in dimension of the filter. A few more

iterations were needed before arriving at final dimension of the BPF.

3.7.3 Fabrication and experimental results
A prototype 3-pole BPF at 4.3 GHz was fabricated by using a milling machining. The
fabrication was done on RT-Duroid 6006 having € = 6.15 and thickness 0.0635 cm. Its

physical dimension and normalized dimension in term of guided wavelength are shown in

Table 3.16. The guided wavelength is A, = %8—, where A is wavelength at the centre

frequency f;. € is relative permittivity of the substrate.
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Figure 3.40.a 3-D view of of compact Figure 3.40.b Wire frame view of compact
band-pass filter using the band-reject band-pass filter using the band-reject and
and band-accept DGS elements band-accept DGS elements



CHAPTER 3. DGS LOW-PASS AND BAND-PASS FILTERS
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Front view of the fabricated filter Back view of the fabricated filter

showing the DGS element configuration
Figure 3.40.c Fabricated compact band-pass filter
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Figure 3.41 Experimental and simulation results of compact BPF

Fig.3.41 shows the simulated and measured response of the BPF. The measured centre
frequency, bandwidth and insertion loss (IL) are 3.2 GHz, 38%, and 0.6 dB respectively.
The rejection in the stopband, up to 12 GHz is better than 25 dB. It is about three times of
centre frequency of the BPF. The rejection in the lower stopband is better than 30 dB.
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Table 3.16 Structural Details of BPF

Dimension cm Ao
I 0.140 0.0486
r> 0.125 0.0434
g 0.010 0.0035

S 0.060 0.0200
4 0.097 0.0337
) 0.180 0.0625

1 0.450 0.1563
d; 0.240 0.0833
d; 0.235 0.0816

X 0.500 0.1736

c 0.240 0.0833
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Figure 3.42 Post fabrication tuning of response of BPF

The simulated centre frequency, bandwidth and insertion loss is 3.32 GHz, 32%, and 0.3
dB respectively. Variation in the measured performance is mainly due to imprecise
fabrication by a milling machine. Fig.3.42 shows an asymmetrical band-pass response.

We have experimentally examined that the asymmetry can be improved by using a
dielectric cover of € = 3.38 and thickness 0.0813cm on the DGS slots. The results are

shown in Fig.3.42. The use of dielectric sheet on the DGS slot decreases the centre
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frequency and the bandwidth to 3.0 GHz and 32.9% respectively. However, it also
increases the band-stop response at 7.8 GHz to —12 dB. Finally the filter has to be put in a
metallic enclosure for packaging. We have examined experimentally that nearby metal
enclosure (separate ground plane) has strong adverse influence on performance of the filter.
Fig.3.42 also shows that metal enclosure must be kept at least a distance more than 4mm
from the DGS slot in order to avoid its influence. This information is useful for packaging
the BPF.

Finally we have compared the present BPF against other microstrip type BPF. Matthaei et
al. have designed an 8-pole BPF, using A, /2 open-circuit stub to get 30 % bandwidth [68].
This filter has spurious passband at f = 0 and f = 2f;. The 3-pole BPF using the DGS with
coupled microstrip line has bandwidth 10 %, insertion-loss IL = 1.5 dB and return loss 20
dB [83]. Another 3-pole BPF using the PBG with coupled microstrip line has bandwidth 9
%, IL = 1.6 dB and 20 dB-25 dB rejection in the stopband [84]. Thus, the present BPF is
more compact and has better performance both in the passband and stopband as compared

to these filters.
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CHAPTER 4

Microstrip Antenna Gain Enhancement
Technique Using Quasi-Planar Surface
Mounted Horn

In chapter two we presented the design of large bandwidth aperture coupled microstrip
antenna using the resonant slot coupling structure in the ground plane. In this chapter we
introduce the surface mounted short horn with the patch antenna in order to improve the

gain by 4.5 dB without degrading the bandwidth and the return loss.

4.1 Introduction

Last three decades have seen the tremendous growth and application of the microstrip
antenna, which offers several well-known features. The results of the research have
contributed to the success of these antennas not only in military applications such as
aircraft, missiles, and rockets but also in commercial areas such as mobile satellite
communications, the direct broadcast satellite (DBS) system, global positioning system
(GPS), remote sensing, wireless local area networks (WLANSs), and intelligent vehicle
highway system (IVHS). However the microstrip antennas also have drawbacks of limited
impedance bandwidth around 1.5-2.5 %. Their gain thin substrate is also limited between 6
dBi — 8 dBi.

Several methods have been adopted to increase the bandwidth of the microstrip antenna.
We have carried out the bandwidth improvement of the aperture coupled microstrip antenna
by using the resonating coupling slot in the ground plane. The details have already been
discussed in the previous chapter. We achieve the bandwidth of 12.4% (11.06 — 12.50 GHz)

at the center frequency. By using more complex structures, a bandwidth in excess of 20 %
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can be achieved. The improvement of the microstrip antenna gain is the subject of this
chapter.

An experimental study of a two layer electromagnetically coupled rectangular patch
antenna excited in the TM,; mode has been reported in [28]. By choosing the layer
thickness and patch position properly, a very large gain may be realized. The gain varies
proportionally to either ¢ or x, depending on the configuration. However, the bandwidth is
seen to vary inversely to gain so that a reasonable gain limit is actually established for
practical antenna operation. To achieve directive gain of about 20 dB, impractical
superstrate permitivity and or permeability values are needed.

Thus we see that both the gain and bandwidth can be improved with the help of stacked
parasitic patch. However, this structure can be optimised either for the gain or for the
bandwidth. Likewise, the cavity backed microstrip antenna with multiple layers of
dielectric can improve the gain, however the bandwidth is very limited [34]. There is need

to increase the gain of radiating patch element without sacrificing the bandwidth.

In this chapter, we introduce a new gain enhancement technique by using the surface
mounted short horn. This new gain enhancement technique has been applied to aperture
coupled microstrip antenna in [35] and also to probe feed microstrip antenna [117], [118]. A
compact aperture coupled microstrip antenna with quasi-planar surface mounted horn of the
slant-length, 1&= A,/4 has been investigated using the full wave 3-D Microwave Studio. The
antenna It is developed in the Ku-band i.e. 11.08 GHz — 12.5 GHz. The structure has
bandwidth 12.4% and has gain 10 0.4 dB over the full bandwidth. This method provides
improvement of both the bandwidth and gain. We could introduce the surface mounted horn
as a gain improvement process through experimental investigations. A probe fed microstrip
antenna was initially fabricated for measurement on the power meter. As the gain of the
patch antenna was not enough our measurement was not satisfactory. At this moment, we
thought about collection of more power around the patch using manually fabricated small
copper horn. This arrangement provided 3 dB improvements in gain. Subsequently more
investigations and optimization have been carried out through numerical investigations on

the 3D-EM Simulator, Microwave studio.
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4.2 Aperture coupled microstrip antenna with quasi-planar Surface Mounted Horn

4.2.1 Numerical Experimentation

The cross-section of the proposed structure is shown in Fig.4.1. We have generated the
design information of the surface mounted horn with help of the 3D-EM Simulator,
Microwave Studio [109]. In the present arrangement, the aperture coupled rectangular patch
is not the main radiating element. It is a feed to the short surface mounted horn antenna. The
horn is excited mainly by the direct aperture field of the patch and also by some of the

surface wave mode supported by the substrate.

Inner wall
Patch substrate silver epoxy painted

\S.Iot F ubstrate

Microstrip line

Figure 4.1  Aperture- coupled Microstrip antenna with a surface mounted horn

Fortunately the aperture coupled microstrip patch antenna and the surface mounted short
horn can be designed separately. The optimised distance ‘d’ between edge of the patch and
the horn does not have noticeable influence on the resonance frequency, return loss and
input impedance of the aperture coupled microstrip antenna. However, some small
adjustment in the feeding slot can improve the design. The design of the aperture coupled
microstrip antenna is given in previous chapter. Thus we concentrate on the design of the
surface mounted horn. Certain dimensions of slot, stub and rectangular microstrip antenna
have been selected in order to get larger bandwidth by bringing the resonance frequency of
the patch and that due to the coupling aperture and stub closer. This is achieved by the

numerical experimentation with the help of 3D-EM Simulator.
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In this study we have selected a short horn of slant length, 1; = A¢/4 as we are interested in
the quasi-planar antenna suitable to development of the high gain planar array antenna.

The maximum directive gain depends on the relative permittivity and thickness of substrate
of the patch, operating frequency, separation distance, d of the horn from the edge of the
patch and the slant — angle, 6 of the horn. Using a longer horn can also increase the gain.
However, the structure will not be quasi-planar. The rectangular patch feeding the horn is
designed on the substrate having relative permittivity €,=2.2, , h,=1.575 (0.062 Ao) at 11.78
GHz. The 50 Q microstrip line feeding to the coupling aperture in the ground plane is
designed on the substrate, €,=6.15. We have examined the variation in the directive gain

with respect to slant-angle, 6, for d= A,/8, A,/4, and A./2.
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Figure 4.2  Variation in gain with respect position of horn and its slant- angle

The results of numerical experimentation conducted on the Microwave Studio are shown in
Fig. 4.2.

Thus we can achieve 10.1 dBi directive gain for d= A,/4 and 6,=45°. For d= A,/8 and 6,~60°
we can achieve 8.6 dBi directive gain. The A,/8 separation is more suitable for the array

application. The design details of the aperture coupled microstrip patch antenna are shown
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in the Table 4.1. The aperture efficiency of the horn-patch combined structure is 64.3%,
whereas the waveguide fed optimum pyramidal horn has 50% aperture efficiency.

The simulated radiation patterns in both the E-plane and the in the H-plane for the aperture
coupled Microstrip antenna, the waveguide fed pyramidal horn and the horn- patch

combination are shown in Fig.4.3 and Fig.4.4 respectively.

Table 4.1 Structural Details of Antenna

Structure Antenna element Dimension / Parameters

Aperture-Coupled Patch substrate RT/duroid 5880

Microstrip antenna € = 2.20, tand, = 0.0009
h, =1.575 mm (0.0622,),
th= 35 pm

Antenna dimensions | Substrate length = 53 mm
Substrate width= 53 mm

Patch Length, 2L, = 6.91 mm,
dimensions Width, 2Wp =5.60 mm
Ground-Plane Thickness, t, = 17.5 pm
Coupling aperture Length L, =4.43 mm,
width W, = 0.43 mm
Feed substrate RT/duroid 6006

&1 = 6.15, tand; = 0.0019
h; = 0.635 mm (0.025L,)

50 Q Microstrip Lepgth, 1f=26.5 mm,
feed line Width, we= 0.96 mm,

stub-length, Ly = 1.6 mm,
thickness, t; = 17.5 uym

Horn Horn dimension Square base horn 2(Lp+d)=
1.962 cm, Lg=A/4,

Slant angle 6s=45°

Square radiating aperture,

area =2.698x2.698 cm’

Full structure Total height H=7 mm
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The radiation patterns of the horn —patch combined antenna structure is closer to the
radiation patterns of the short pyramidal horn. However, the aperture-coupled microstrip
antenna feed influences the side lobe level and radiation pattern symmetry of the proposed
horn-patch combined structure in the E-plane. The E-plane radiation pattern of the simple
aperture coupled microstrip antenna is itself disturbed by the coupling slot in the ground
plane and the stub fringing fields. Thus for the horn-patch combined structure the E-plane
has side-lobe of level —7.9 dB and the H-plane radiation pattern has no side- lobe. It has
large back-lobe level —12 dB, which is in between the back-lobe level, -15.1 dB of only
short horn and back-lobe level, -7.9 dB of the aperture-coupled microstrip antenna. Thus the
surface mounted short horn improves not only the gain of the proposed antenna structure by
4 dB, it also improves the back- lobe level at least by 4 dB. However, the back lobe level

can be improved further by using another reflecting patch behind the microstrip line [119].

Relative Amplitude (dB)
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Figure 4.3  Simulated E-plane radiation patterns
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Figure 4.4  Simulated H-plane radiation patterns

4.2.2 Fabrication and Measurement

The photograph of the fabricated horn-patch structure is shown in Fig.4.5.

The horn is cut in a PVC sheet and is mounted on the surface of the substrate of the aperture
coupled patch antenna feeding the horn. The inner surface of the horn is painted with the
conductive silver epoxy.

The Fig. 4.6 shows the measured return loss of the aperture coupled microstrip antenna
with and without horn.

It is obvious that the horn does not influence input parameters of the patch antenna. The
Fig. 47 and Fig. 4.8 show the measured E-plane and H-plane radiation patterns
respectively for the aperture coupled patch antenna, with and without horn. The horn
improves the gain by 4.2 dB as shown in Fig. 4.9. The back- lobe level of the patch antenna
is improved by 5.4 dB due to the horn. However, the simulator predicts only 4 dB
improvement for both the gain and the back-lobe level. We have further carried out the
calibrated measurement with the VNA for the gain, the back lobe level and the cross-

polarization level of the aperture-couple microstrip antenna, with and without horn over
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whole of the bandwidth between 11.06 GHz — 12.5 GHz. The Table 4.2 summarizes the

performance of the aperture coupled microstrip antenna and the aperture coupled microstrip

antenna with the quasi-planar horn.
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270

Figure 4.7 Measured E-plane radiation pattern of patch (—)
and horn with patch(-----)

270

Figure 4.8 Measured H-Plane Radiation Pattern of Patch (—)
and Horn with Patch(----- )
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Table 4.2 Experimental and Simulated Performance of Aperture-Coupled Microstrip

Antenna with and without Horn

Parameter With Horn Without Horn
Exp. Simu. Exp. Simu.
Reso. Freq. GHz 11.82 |11.8 11.815 11.78
S11(dB) -11 -10.5 -10.5 -10.7
Bandwidth % 12.4 12.2 12.4 12.2
H-plane 3dB-Beamwidth |52° 51.7° 86° 86°
E-plane 3dB-Beamwidth |41° 40° 93° 101°
Gain (dBi) 9.8 10.1 5.6 59
Front—to—back ratio (dB ) | 14.4 12 8 7.6
Cross-polarization (dB) |[-30.3 — -34.8 —
15 r
------- W ith Horn

—— Without Horn

Gain, dB

Frequency, GHz

Figure 4.9 Measured Gain of Patch (—) and Horn with Patch(-----)
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4.3 Aperture Coupled Microstrip Antenna with Quasi-Planar Conical Surface

Mounted Horn

To test the validity of the numerical experimentation and the idea of the gain enhancement,
an aperture coupled microstrip antenna with quasi-planar conical surface mounted horn has

been designed and fabricated.

The photograph of the structure is shown in Fig. 4.10. The horn is cut in a PVC sheet and is
mounted on the substrate surface of the aperture coupled patch antenna. The inner surface
of the conical horn is painted with a conductive silver epoxy. The design details of the
aperture coupled microstrip patch antenna are shown in the Table 4.3. The measured
antenna input characteristics (return loss and input impedance with and without horn) are
shown in Fig. 4.11 and Fig. 4.12 respectively. It is obvious that the horn has a neglected
effect on the patch antenna input parameters. The measured E-plane and H-plane radiation
patterns for the aperture coupled patch antenna, with and without conical horn, are depicted

in Fig. 4.13 and Fig. 4.14 respectively.

Figure 4.10  Photograph of Conical Horn-Patch Structure
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Figure 4.11 Return loss

Figure 4.12 Normalized impedance of patch (— ) and horn with patch(----)
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Table 4.3 Structural Details of Antenna with Quasi-Surface Mounted Conical Horn
Structure Antenna element Dimension / Parameters
Aperture Patch substrate €n = 2.20, tand, = 0.0009
Coupled h, = 1.575 mm (0.062),),
microstrip t; =35 um
antenna Substrate length = 53 mm

Substrate width= 53 mm

Patch dimensions | Length, 2L, = 6.91 mm, Width, 2W, = 5.60 mm

Ground-Plane Thickness, t, = 17.5 um
Coupling aperture | Length L, = 4.43 mm, width W, = 0.43 mm
Feed substrate &1 = 6.15, tand, = 0.0019, h; = 0.635 mm (0.025X)
50 Q Microstrip Length, l¢=26.5 mm, Width, w¢=0.96 mm,
feed line stub-length, Ly = 1.6 mm, thickness, t; = 17.5 um
Conical horn Bottom diameter 2(Lp+d)= 1.962 cm,
dimension Ls= A/4,
Horn Slant angle 0s=45°

Top diameter=3 cm ,

area = 7.0686 cm?
Full structure Total height H=6.6750 mm

The conical horn improves the gain of the aperture coupled microstrip antenna by only 4 dB.
The gain of the antenna with the surface mounted pyramidal horn is greater than that with
the surface mounted conical horn by 0.5 dB. The aperture area of the pyramidal horn is more
than that of the conical horn. As a result, a reasonable gain enhancement can be obtained
using horn with slant length of 4, /4, slant angle of 45°, and base horn diameter of (2Lp +d).
Where, 2Lp is the patch length and 2d is equal to 4,/2.
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Figure 4.13 Measured E-plane radiation pattern of patch (—)
and horn with patch(----- )

27a

180

Figure 4.14 Measured H-plane radiation pattern of patch (—)
and horn with patch(-----)
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4.4 High Gain Wideband Probe Feed Compact Microstrip Antenna With Quasi-

Planar Surface Mounted Horn

Another frequency, feed and substrate are used to examine the validity of the new gain
enhancement technique.
This section introduces a new probe fed microstrip antenna element with the quasi-planar
surface mount short horn. The slant length of the horn is only A,/4 to achieve high gain i.e.
11 dBi. Bandwidth of 9.0 % has been obtained for the structure which can be further
increased by use of thicker substrate [120]. A systematic numerical experimentation on a 3-
D EM simulator [109] is presented to achieve high directivity. The microstrip antenna with
a surface mounted horn is fabricated with plastic sheet. The horn surface is silver epoxy
painted. Two element array has been fabricated and tested. An improvement of 10 dB
isolation between the elements; as compared to the array without horn, is achieved by use

of the surface mounted quasi-planar horn.

4.4.1 Numerical Experimentation

The proposed new structure is shown in Fig. 4.15. At first, we have attempted to optimize

size of a quasi-planar short horn and its placement with respect to the patch in order to
obtain the maximum possible gain for the compact structure. A probe-fed square microstrip
antenna, with dimension, 0.857cmx0.857cm is designed on a square dielectric substrate of
size, 8.0 cm x 8.0 cm x 0.081cm and relative dielectric constant €,=4.38. The patch antenna
resonates at 8.77 GHz. A short horn of slant length, Ly = A,/4 = 0.875 cm is selected in this
work. A, is the wavelength at the resonance frequency.
The total distance between center of the patch and inner edge of the horn is, D=L,+d .
Where 2L, is the dimension of square patch and d is the distance between edge of the patch
and inner edge of the horn. The patch has 6.27 dBi directivity without horn. The slant
length of horn makes 0 ° angle with respect to the vertical axis to the patch. Through
numerical experimentation we optimize horn position, d and slant angle 6 ° to achieve the
maximum gain. For several horn position, d between A,/16 to A,, we compute broadside
directivity of the patch radiator at slant angles between 0 © =0 ° and 90 ° with help the 3D-
EM simulator [109].
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h

Figure 4.15  Microstrip patch antenna with quasi-planar surface mounted horn
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Figure 4.16 Position of Horn for Maximum Directivity at Different Slant Angle (0) of

Horn.
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The final results for horn of the slant length Ls =A./4 is presented in the Fig. 4.16. The 0 for
maximum directivity is shown in the figure and the corresponding position, d in wavelength
is also shown. Thus we can achieve the high directivity at the horn position, d =A,/8 and
A4 for the horn slant angle, 6= 60 ° and 45°. While maintaining nearly high gain, distance,
d and slant angle, 6 can be adjusted to meet requirement of an array arrangement.

A microstrip antenna on the thin substrate provides narrow bandwidth, typically about 2%.

Therefore, we examined the microstrip antenna with and without horn on the thick

substrates also.

The numerical investigation is carried out for the qusi-planar horn of slant length, Ly = A./4,

slant angle, ® = 60 ° and horn position, d =A,/8 and A,/4. The thickness of substrate, h is

0.081 cm and thick substrates are taken in multiple of this basic thickness. The results of
numerical investigation is shown in Table 4.4. The table shows that for the horn position, d

=A\o/8, directivity of the antenna with horn decreases from 10.7 dBi to 7.8 dBi with the

increase in the substrate thickness from h to 4h. There is only a marginal increase in

directivity of the simple patch from 6.23 dBi to 6.9 dBi for 4h thick substrate. The

degradation in directivity of the patch antenna with horn is due to leakage of power from

the thick radiating aperture of the patch. The leaked power does not reach to the horn for

sufficient radiation. Table 4.4 further shows that for the horn position, d =A./4 the

directivity is increased to 11 dBi. The enlarged dimension, d of base of the horn helps to

collect more power to the horn. This makes size of the radiating element large and may not

be suitable for an array application. Therefore, for an array application we can restrict

ourselves for 3h thick substrate  and accept 9.7 dBi directivity with some reduced

bandwidth around 7.82 %.

Table 4.4 further shows that with increase in thickness of the substrate from h to 4h, the

bandwidth of the patch radiator increases from 2.67 % to 11.8%. For the horn placed at d

=\o/8, the bandwidth is reduced a little. However, it increases from 2.30 % to 11.6 % with

increase in substrate thickness from h to 4h.The bandwidth shows improvement for the

horn position, d =A,/4. Table 4.4 shows that the feed position for the proper matching
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changes with thickness of the substrate and also by presence of the horn. This should be

taken care of to design the microstrip antenna with surface mounted qausi-planar horn.

Table 4.4 Simulated results for slant angle 6 = 60° and L= A,/4

= = =
" el = = = = = = b g
Z = 5 = 5 s |3 g |2 E
28 | & S~ =~ |5 = = x = =
) S S8 | €L |2 = = z = =
£2 |22 |E= |§= |7 =2 1253 |28 |23
°2 |24 |Z= |22 |£ =7 |sf |€5|EF€ |ET
g |2° |EL|EL |8 s [Es |[BF|E% |E=
2& |2 sl (gL (7 = = g |8 2
2< | € 2T 8" |z < < < |5 -
3] =
= g = = = = = g |3 g
= /a / == 2 2 = 2 2
1 6.27 | 10.7 | 101 | 267% | 2.3% | 2.63% | 0.12 | 0.105 | 0.115
2 6.47 | 105 | 11.0 | 6.58% |4.48% | 558% | 0.17 | 0.14 | 0.150
3 670 | 9.70 | 11.0 | 105% |7.82% | 92% | 027 | 023 | 0.250
4 690 | 7.80 | 10.7 | 11.8% | 11.6% | 10.93% | 0.40 | 0.39 | 0.400

4.4.2 Fabrication and Experimental Results

The patch antenna and patch antenna with gausi-planar short horn is fabricated for the
experimental investigation. One set of patch antenna is fabricated on the thin substrate, h =
0.081 cm, & = 3.38 and the square patch length 2L, = 0.857 cm to resonate at f, = 8.77
GHz. The horn has a slant angle 6 = 30 ° and slant length, Ly =0.875 cm. Length of square
base of the horn is 2.2 cm. Another set of square patch antenna is fabricated on the thick
substrate, 3h = 0.243 cm, €, = 4.38 and the square patch length L, = 8.44 cm to resonate at
f. = 9.2 GHz. The horn has slant angle 6 = 60 ° and slant length, Ls =A /4. The slant angle is
changed to confirm high gain obtained through simulation for 6 between 30 ° and 60 °. The
horn is placed at d=A¢ /4. For light weight antenna structure, the short quasi-planar horn
structure is fabricated from a thick sheet of PVC. The total thickness of the antenna structure

with horn (H) is only 6.94mm. The conducting surface of the horn is painted with silver
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epoxy paint. An array of two elements on the thin substrate is also fabricated to test the
radiation property, bandwidth and isolation between the radiating elements for large array
application. The fabricated patch element and two element array with the surface mounted
plastic horn is shown in Fig.4.17. We note that for the array both horns are made in one
plastic block. For a large array also the horns could be cut in one plastic sheet and inner

surfaces could be properly metalized to achieve high gain.

Boo

Figure 4.17 Fabricated Patch with Surface Mount Quasi-Planar

Fig. 4.18 and Fig. 4.19 show radiation patterns of the patch antenna in the E-plane and H-
plane respectively for the patch with horn on the thin substrate, h= 0.081 cm. The
experimental results validates the simulation. The deviation in the back-lobe is due to
measurement condition, and point to point manual measurement.

We make a detail comparison between the measured performance and the simulation of the
patch antenna, with and without horn in the Table 4.5. We obtain 9.0 dBi gain as compared
to the standard horn. We get 9.2 dBi directivity from the measured beam-widths. The
Table 4.5 also shows an improvement of 3.5 dB gain by use of the quasi-planar horn. As
shown in Fig. 4.20, the horn reduces the bandwidth slightly, from 2.4% to 2.3%.However,

it has improved the return loss from —22 dB to —35 dB. Similar results are obtained for the
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patch on thicker substrate, h=0.243 cm. For this case we obtained 11.0 dBi gain with 9.0%

bandwidth.

Simulated

Simulated

===- Measured

—===- Measured

-100 -50 0
Angle degree

-150

(ap) spnyidwy aAnejoy

Figure 4.18 Measured and simulated E-plane field with horn
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Figure 4.19 Measured and simulated H-plane field with horn
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Table 4.5 Experimental and Simulated Performance of Probe-fed Microstrip
Antenna with and without Horn
Parameter With horn Without horn
Experiment | Simulation| Experiment | Simulation
S11(dB) -35 -40 -22 -25
Bandwidth 2.3% 2.3% 2.4% 2.67%
Resonance 885 GHz | 8.77 GHz 8.832 GHz 8.75 GHz
frequency
Beamwidth 55° 44 5° 135° 120°
E-plane
Beamwidth 57° 55.3° 74° 71°
H-plane
Gain 9dB 10 dB 5.5dB 6 dB

Fig. 4.21 shows the measured radiation patterns in the E-plane for a two element array with
and without horn. The horn improves the gain of two element array by 3 dB. There is also
a significant improvement in the side lobe level due to presence of the horn. We obtained
11.5 dBi gain of the two element array with horn and 8.5 dBi gain of the array without horn
with the help of a standard horn. Fig.4.22 shows the measured isolation between the
patches of two element array. The center to center distance between two patches is 0.82A, .

The horn improves the isolation nearly by 10 dB.

$11 (dB)

[
| |
l l
-t i
| | |
| | |
| | | | | |
-35 : : ——— - + - - e ——
— without Horn I I I I
---- with Horn | | | |
-40 L 1 1 1 1 1
8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6
Frequency GHz

Figure 4.20 Measurement of return-loss with and without horn
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Figure 4.22 Measured coupling between two radiating elements with and without horn
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4.4.3 Gain Behavior of Inserted Horn

At certain substrate thickness, the surface mounted horn can not improve the gain much
more as discussed in section 4.4.1 and Table 4.4.

By increasing the substrate thickness, the surface mounted horn is not able to trap the total
power. Some of the power leaks through the substrate as a surface waves. To trap and guide
this leaked power to the broadside direction, the horn has to be inserted into the substrate
thickness till the ground plane. By inserting the horn into the substrate, the gain will
increase by more than 1.5 dB as indicated in Table 4.6.

Two different substrates have been used to investigate the effect of the relative permittivity
and the thickness on the behavior of the surface mounted and inserted horn. Less gain has
been obtained in case of high relative permittivity materials due to the small dimension of

the microstrip antenna as shown in Table 4.6.

Table 4.6 Performance of Probe-fed Microstrip Antenna with Inserted and Surface
Mounted Horn for Practical Substrates having Different Thickness and
Relative Permittivity
Substrate RT/duroid 6006
hy &r | tands | fr(um) Broadside Gain (dB)
Patch without horn| Patch with surface| Patch with inside
mounted horn mounted horn
0.0157 Ag 6.15| 0.0019| 17.5 5.1 10.1 10.49
0.0313 A9 6.15| 0.0019| 17.5 5.3 10.3 10.89
0.0627 Ay 6.15| 0.0019| 17.5 5.9 9.7 11.18
Substrate RT/duroid 5880
hy & | tandy | tr(um) Broadside gain (dB)
Patch without horn| Patch with surface| Patch with inside
mounted horn mounted horn
0.0203 29 2.2| 0.0009| 35 6.7 10.9 11.4
0.0407 9 2.2| 0.0009| 35 6.57 10.6 11.7
0.082%| 2.2 | 0.0009| 35 6.57 10.16 12.00
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_______________________________________
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Figure 4.23  Simulated H-plane radiation patterns
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CHAPTER 5

Gain Enhancement of Microstrip Antenna
Array Using Surface Mounted Horn

In the previous chapter we presented the gain enhancement of the aperture coupled
microstrip antenna and the probe feed microstrip antenna. In this chapter we introduce the
surface mounted horn with the patch antenna array in order to improve the gain of the

array by 3.5 dB and the side lobe level by § dB.

5.1 Patch Antenna Array

Some particular applications, such as indoor communications, require wide beams, which
single patch antenna provide. However, on the other hand radar and communication
systems operate with very narrow beams, which can be obtained by assembling several
patches to form an array. Patches are grouped in a more or less regular pattern in such a
way that the radiated fields combine along the desired direction and cancel out elsewhere.
The radiating elements are combined to form rectangular, circular, linear or more complex
assemblies of sub-arrays.

To determine the fields radiated by an array, one sums the contributions of every patch. In
the first approximation, it is assumed that the radiation pattern of a patch remains the same
as when the patch is alone. The array pattern is the original pattern of a patch multiplied by
an array factor that accounts for the amplitudes and phases of the currents fed to them [94].
In reality, however, patches interact with each other due to proximity and vicinity with
adjacent elements. The currents are induced in surrounding patches and, hence, provide
coupling among the radiators [121]. The radiation pattern and the input impedance are
affected by surrounding elements in a manner that depends upon the location of the patch

within the array. Thus, the radiation pattern of an array or any complex structure can be
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found more realistically by using the full wave based electromagnetic simulator,
Microwave Studio [109]. An array can provide a fixed radiation pattern, either
perpendicular to the plane of the array (broadside) or with some tilt angle, obtained by

feeding signals with different phase shifts to the different elements.

5.1.1 Array Feeds

The array can be fed in several different manners, as shown in Fig. 5.1 [122]. In a series feed
arrangement, a single transmission line is directly coupled to the radiating elements, with
part of the power fed to each one of them in sequence. The line can be terminated into a

resistive load, in which case only a forward wave travels along the line.

I_II_II_II_I[I

LTy
|

a. Series feed b. Corporate feed

Figure 5.1  Series and corporate feeds for a linear array

Since the series feed is made by a single transmission line, without any junction or power
divider, this approach is particularly simple to implement and provides a compact design.
However, the transmission line sections between successive patches provide frequency
dependent phase shifts, which cause the direction of the beam to depend on frequency.
However, this feature is a major disadvantage in usual applications where the antenna beam

should point toward a fixed direction at all operating frequencies.
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The parallel feed, also called corporate feed, divides the input power into several channels,
which individually feed each of the radiating elements. This arrangement provides an

inherently wider bandwidth capability with a stable phase distribution.

5.1.2 T-junction

The T-junction is usually used as a power divider in the antenna array. A nonsymmetrical T-
junction and its equivalent circuit are shown in Fig. 5.2. Possible reference planes are shown
as dashed lines at the junction in the figure. The transformers represent the changes in
impedance levels caused by the width changes, and the susceptance By represents energy
stored in the junction due to parasitic elements [93]. The reference plane excitations, turns
ratio, and shunt susceptance at the symmetric T-junction (Z,, = Zip =Z1, dja =dip =d;) is

defined by the closed-form expressions proposed in [123] or by the program MICTEE [93]

t

=@ @—-

Figure 5.2 Microstrip T-junction and its Equivalent Circuit
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Figure 5.3  Two Types Microstrip T-junctions Used as Dividers
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where Z; and Z, are the characteristic impedances of corresponding Microstrip feed lines.
5.1.3 Power Divider

The best result is obtained by the use of matched dividers (splitters) such as
Wilkinson power divider. In this chapter, simple reactive power dividers are chosen.
Because the divider outputs are not isolated, some care must be exercised when they are
used. The feed line design must be as accurate as possible to minimize mismatch reflections
that will disrupt the excitations. Two types of dividers based on microstrip T-junction are

shown in Fig. 5.3. If Z,,= Z,, =Z , the corresponding characteristic impedances are

Table 5.1 Basic Characteristics of Two Types of Dividers

Input data
fo (GHz) Zy(Q) Eif hy(mm) tandy tr(um) Conductor
11.6 50 6.15 0.635 0.0019 17.5 copper
Output data
Divider type | Wir(mm) W,pr(mm) | d;(mm) d; (mm) n Brmhos
35.355/(2x50)  0.972 1.737 0.140 0.800 0.96 0.002653
50/(2x70.711)y  0.463 0.972 0.140 0.600 0.98 0.000894
Zory =Zo /N2 (.7

Zor1 =ZoN2 (5.8)
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Using the programs MICRO and MICTEE [93], the basic characteristics of dividers are
defined at frequency f=11.6 GHz and shown in Table 5.1.
According to the above results, the divider 50/(2x70.711)Q shown in Fig. 5.3.b is chosen

because of minimum value of its susceptance Br.

5.1.4 Aperture Coupled Microstrip Antenna Linear Array with Surface Mounted

Horn

The vehicular satellite communication and automotive radar applications require light-
weighted and low cost antennas with possibility of conformal integration. The microstrip
antenna is a good choice. However, they have typical gain of about 6-7 dBi only. Thus high
gain array requires more number of elements. The typical millimeter-wave systems could
accommodate more number of elements, however, physical size of the array may become
unmanageable in the Ku and X-bands. This section introduces a new microstrip 4 elements
linear array with surface mounted PVC horn, which achieves high gain with less number of
elements. The inner surface of horn is painted with silver epoxy for metalization. The array
has half power beamwidth 15° in the elevation and 32° in the azimuth. The automotive
applications require a half power beamwidth less than 10°x20° [ 124] in the elevation and

the azimuth planes respectively.

5.1.5 Fabrication and Experimental Results

As seen in the previous chapter, the gain of the single microstrip antenna element can be
improved using the surface mounted PVC horn. It is also possible to use the surface
mounted PVC horn to improve the gain of the array without affecting other parameters of
the array . As we know, the losses associated with the feed network will increase by
increasing the array elements. The measured gain of single element aperture coupled
microstrip antenna is around 6 dB. If we use an array of four elements, the theoretical gain
1s 12dB. However, we got only 10.5 dB gain from our practical measurements. This means
1.5 db has been lost in the feed structure. We have used the surface mounted PVC horn to

improve the gain of the linear array.
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Four element aperture coupled linearly polarized microstrip array with quasi-planar surface

mounted horn has been designed, fabricated and measured.

Figure 5.4.a  Four element linear array feed circuit

Figure 5.4.b Four element linear array ground plane
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Figure 5.4.c Four element linear array patch radiators

The structure details of the array are given in Table 5.2. Fig. 5.4 shows the masks of the
feed network, the slots in the ground plane, and the patches. Fig. 5.5 shows a picture of the
fabricated 4-element aperture coupled microstrip antenna array with the horn. Fig. 5.6 and
Fig. 5.7 show the measured E and H-planes radiation pattern respectively. 3.5 dB

improvement of gain has been obtained due to the surface mounted horn frame.

Figure 5.5  Photograph of Horn-4 Element Linear Array Structure
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Table 5.2 Dimensions and Properties of the Designed Linearly Polarized Aperture Coupled

4-Element Linear Array

Array substrates

RT/duroid 5880
€. =2.2, tand, = 0.0009

h=0.1575 mm

Patch Substrate

t=35 um
Rectangular substrate =5x10 cm?

Feed Substrate RT/duroid 6006
€ =6.15, tand, = 0.0019

h=0.635 mm
t=17.5 ym

Patch dimensions Length, 2L, = 6.91 mm,
Width, 2W, = 5.6 mm

Thickness, t =35 pm

Elements separation (S) 2.3 cm (0.882,)
Horn dimensions

Bottom aperture 88 cmx2cm
Top aperture 9.8cmx3cm
Height 0.5cm

5.2 Gain Enhancement of Microstrip Antenna Array Using Surface Mounted Horn

This section introduces the possibility of application of the surface mounted horn to the 4
and 8 elements patch planar array for enhancement of the array gain. The height of the horn
is a fraction the wavelength. For the 4 element square array we have measured 4 dB gain
improvement for the 2x4 element array we have achieved 3.5 dB gain improvement. We
have also observed about 9 dB improvement in the side lobe level due presence of the
surface mounted horn. We present a systematic numerical experimentation on the 3D- EM

simulator [109], to achieve high directivity for the patch array.
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5.2.1 Numerical Experimentation

Fig. 5.8 shows the cross -section of the array of 4 element square patch antenna with
surface mounted horn. The 4 element patch antenna array with corporate feed is designed
on a square dielectric substrate of size, 6.0 cm x 6.0 cm x 0.081cm having dielectric
constant €.=3.38. The square patch of size 0.66cmx0.66cm resonates at 11.45 GHz. A short
horn of slant length, Ly = A,/4 = 0.65 cm is selected in this experimentation. A, is the
wavelength at the resonance frequency. The dimensions of structure are shown in Table

5.3.

Figure 5.8 Horn-with 4 element array structure

Using the numerical experimentation conducted on MICROWAVE STUDIO™, we have
attempted to optimize size of the A,/4 slant length horn frame for the 4 elements array to
obtain the maximum gain. The numerical experimentation was carried out for the slant-
angle (6s) =30°,45°,60° and horn position (d) =A,/8, A,/4,3A,/8 to determine separation (s)
between the patch to achieve the optimum directivity. The results are shown in Fig.5.9.a —
Fig. 5.9.c.

We can achieve maximum directivity16.2 dBi at patch separation (S) 0.8 A, for the slant —
angle 45° when horn is placed at d=3A, /8. Fig. 5.9.a — Fig. 5.9.c can be used as guide to
design. During the experiment we noted that the array without horn gives very large side-
lobe level for such separations. However, the horn improves the side level about 9 dB. In
the present structure the array is primarily a feed to the horn aperture. The optimum

separation between the patches creates an almost uniform electric field distribution in the
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E-plane of the aperture and a tapered field distribution the H-plane of the aperture. This
was confirmed during numerical experimentation as we obtained higher SLL in the E-plane
and low SLL in the H-plane of the radiation pattern. This was further confirmed by the
measurement. Similar study was also conducted for 2x4 array with short planar horn.
However, to achieve 4 dB gain enhancement, we have to increase the slant length from A,/4
to 3A,/2. The distance of the horn base from the edge of the patch (d) was maintained at

Ao/4 and separation between patches was taken as 0.85A,,

Table 5.3 Dimension of the 4 and 8 Elements Array Structures
Array substrate RO4003C
& = 3.38, tand, = 0.0027
h=0.813 mm
t=35um

Square substrate =6x6 cm?

Patch dimensions Length, 2L, = 6.6 mm,
Width, 2W, = 6.6 mm

Thickness, t =35 um

Horn with 4 elements

Elements separation (S)
Bottom aperture

Top aperture
Height

Horn with 8 elements
Elements separation (S)
Bottom aperture

Top aperture

Height

2.2cm (0.852,)
4.2cmx4.2cm
5.1cmx5.1cm
0.5cm

2.2cm (0.852,)
4.2cmx8.6cm
7ecmx11.4cm

1.4 cm
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Figure 5.9.c Directivity at slant angle (0s=60°) for elements separation (S)

5.2.2 Fabrication and Experimental Results

The horn was fabricated from a thick sheet of PVC and painted with conductive silver
epoxy paint. Fig. 5.10 shows photograph of the 4 elements. The return loss and radiation
patterns are shown in Fig. 5.11 and Fig. 5.12 for the 4 elements. Fig. 5.13 shows
photograph of the 8 elements. The return loss and radiation patterns are shown in Fig. 5.14
and Fig. 5.15 for the 8 elements. The horn also suppresses the side lobe by 9 dB. The horn

does not degrade the return loss.

Figure 5.10  Photograph of horn-with 4 element array
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Figure 5.11 Return-loss for 4-elements array without horn (—) and with horn (-----)

Figure 5.12.a E-plane radiation pattern of 4-element array without horn(—)
and with horn (-----)
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Figure 5.12.b H- glami1 rﬁdlatlon pﬁlttern of 4-element array without horn(—)
with horn (-----

Figure 5.13  Photograph of horn-with 8 element array
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Figure 5.15.a E-plane radiation pattern of 8-element array without horn(—)
and with horn (-----)
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Figure 5.15.b H-plane radiation pattern of 8-element array without horn (—)
and with horn (-----)

Thus the surface mounted can be effectively used to improve the gain of the array and its
side —lobe level in meaningful way. This arrangement does not occupy much space and can

be easily implemented for most of the communication systems
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CHAPTER 6

Summary and Suggestions for Future Work

Two aspects of microwave communication technology have been covered in this thesis. The
first aspect is the design of new wideband high gain microstrip antennas and the second is

the design of compact high performance low pass and band pass filters.

6.1 Antennas

An antenna serves as the “transition” between the RF front-end circuitry and the radiation
and propagation of electromagnetic waves in free space. Antennas play a critical role in
microwave and other wireless applications systems. Planar oriented antenna, such as
microstrip patch has attracted significant attention among antenna engineers due to the
tremendous benefits they bring to modern wireless systems in comparison to more
conventional designs.

We have introduced in this thesis the resonating coupling slot in the aperture
coupled microstrip antenna to increase its bandwidth. By choosing the suitable substrates
relative permittivity and thickness, a bandwidth of 12.4 % has been obtained from a simple,
low profile, and light weight aperture coupled Microstrip antenna. This bandwidth is the
maximum that one can get from the non multilayer structures.

A simple and efficient technique for an impedance matching improvement of a class
of wideband antennas has been introduced. These antennas have an impedance
characteristic which exhibits dual (or multiple) resonance.

For many applications such as satellite communications and mobile radio, for which printed
antennas are otherwise well suited, low gain may be a serious disadvantage. The
electromagnetically coupled stacked patch antenna has been investigated to improve the

gain and bandwidth of the microstrip antenna. An experimental study of a two layer
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electromagnetically coupled rectangular patch antenna excited in the TMy; mode has been
reported. More efforts have been made to increase both the gain and bandwidth with the
help of stacked parasitic patch. However, this structure can be optimised either for the gain
or for the bandwidth. Likewise, the cavity backed microstrip antenna with multiple layers
of dielectric can improve the gain, however the bandwidth is very limited. There is need to
increase the gain of radiating patch element without sacrificing the bandwidth.

We have introduced in this thesis a new combination of the aperture coupled

microstrip antenna and a quasi-planner surface mounted short horn to increase the gain of
the patch antenna by 4.5 dB. Horn has no significant effect on the resonance frequency,
bandwidth and return loss. The combined structure has 12.4 % bandwidth. The presence of
the quasi-planner horn has improved the back-lobe level by 5.4 dB.
At certain substrate thickness, the surface mounted horn can not improve the gain much
more. By increasing the substrate thickness, the surface mounted horn is not able to trap the
total power. Some of the power leaks through the substrate as a surface waves. To trap and
guide this leaked power to the broadside direction.

By inserting the horn into the substrate, the gain of the patch antenna has been

increased by more than 6 dB.
The vehicular satellite communication and automotive radar applications require
lightweight, compact, and low cost antennas with possibility of conformal integration. As
we know, the microstrip antenna is a good choice. However, they have typical gain of a
bout 6dB only. Thus high gain array requires more number of elements. The losses
associated with the feed network will increase by increasing the array elements. The
measured gain of single element aperture coupled microstrip antenna is around 6 dB. In
case of four element, the theoretical gain will be 6 dB + 6 dB = 12 dB. The measured gain
of the four elements is only 10.5 dB. L.e. 1.5 dB has been lost.

The surface mounted horn has been applied around the four and eight element

arrays. 3.5 dB more gain has been obtained with the horn frame around the array elements

6.2 Filters
Filters play important roles in many RF/microwave applications. They are used to separate
or combine different frequencies. The electromagnetic spectrum is limited and has to be

shared; filters are used to select or confine the RF/microwave signals within assigned
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spectral limits. Emerging applications such as wireless communications continue to
challenge RF/microwave filters with ever more stringent requirements higher performance,
smaller size, lighter weight, and lower cost. Depending on the requirements and
specifications, RF/microwave filters may be designed as lumped element or distributed
element circuits; they may be realized in various transmission line structures, such as
waveguide, coaxial line, and microstrip.

We have introduced in this thesis the limitations of classical microstrip line based low
pass and band pass filters and way to improve the design and response by using the
defected ground plane structures. New investigations are presented on the choice of
geometrical shapes for the DGS structure as an element for the LPF. We have also
introduced the band accept (band pass) structure in DGS and used it for the development of
a new compact BPF. This band pass filter is based on creation of a series-resonance in the

main 50€2 microstrip line and creation of attenuation pole in the shunt arm.
6.3 Suggestions for future work

Based on observations gathered while completing this thesis, topics were identified which
would benefit for further investigation.

1. It was found that the geometrical shapes of the DGS slot like rectangular, dumb-bell,
square head slot and arrow head slot has an influence on the sharpness of the transition and
stop band rejection. It will be an interesting to investigate the effect of these four slots
(apertures) on the following aperture coupled microstrip antenna characteristics:

e The impedance bandwidth

e The cross-polarization levels in both E and H planes
e The front-to-back ratio of the antenna

e The antenna gain

2. We introduced the surface mounted short PVC horn with the linearly polarized
aperture coupled microstrip antenna to improve the gain by 4.5 dB without degrading the
bandwidth and the return loss. A dual-polarized aperture coupled microstrip antenna with
the surface mounted PVC horn can be used to increase the gain. A new antenna concept for
Direct to home (DTH) reception contains a parabolic reflector and a low noise block

converter. The parabolic reflector can be fed using the high gain wide bandwidth dual-
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polarized aperture coupled microstrip antenna with surface mounted PVC horn to increase

the antenna efficiency.

Patch-horn feed

Parabolic
reflector

Figure 6.1  Proposed broadband aperture coupled and dual polarized microstrip
antenna for DTH reception

3. We introduced the surface mounted short PVC horn with the linearly polarized
aperture coupled microstrip antenna to improve the gain by 4.5 dB without degrading the
bandwidth and the return loss. In many instances a circularly polarized antenna is desirable.
For example, it may be difficult to know beforehand the required orientation of the antenna
when linear polarization is used. As a future work, the surface mounted PVC horn can be
used with the circularly polarized aperture coupled microstrip antenna to improve the gain

without degrading the bandwidth and the return loss.

4. As found in chapter 5, the side lobes have been used to feed the horn aperture with
the array. As it is well known, the grating lobes will appear by increasing the separation
between the array elements more than Ag. An interesting future work is to investigate the
possibility of feeding the surface mounted PVC horn with an array having grating lobes.

5. The stringent requirements of modern microwave communication systems are often
met only by high performance and compact filtering structures. Several compact and high

performance filters have been presented in chapter 3 using generic structures called the
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defected ground structures (DGS). Since DGS cells have inherently resonant properties,
many of them have been used in filtering circuits to improve the stop and pass band
characteristics. The DGS have been proposed for improving the spurious response of
microstrip low pass filters and coupled microstrip line band pass filters. The DGS are not
viewed as the central building blocks, they are rather used to enhance the response of
already designed devices such as filters and couplers.

As a promising future work, we propose an alternative approach in which the DGS
themselves are considered the building blocks of the device. new compact DGS resonators
and ways to implement intra-resonator and external coupling can be achieved. Different
coupling configurations can be considered.

These new resonators can be used to

e design bandpass filters with Chebyshev or pseudo-elliptic responses by applying
the general theory of coupling to the DGS resonators,

e design higher order filters using DGS resonators,

e design dual-mode filters using DGS resonators,

e design parallelized filters by using both sides of the substrate at the same time,

e combine the patch antenna with the DGS resonator to improve its bandwidth.
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Zusammenfassung
Diese Arbeit umfasst zwei wesentliche Aspekte der Mikrowellen-Kommunikationstechnik,
das Design von breitbandigen Mikrostreifenantennen mit hohem Gewinn und die

Entwicklung von kompakten, hochleistungsfahigen Tiefpass- und Bandpassfiltern.

Antennen

Eine Antenne dient als "Ubergang" zwischen dem RF-Endgerat und der Strahlung und
Ausbreitung der elektromagnetischen Wellen im Freiraum. Die Antenne spielt eine
entscheidende Rolle in Mikrowellensystemen und in anderen drahtlosen Anwendungen.
Planare Antennen, wie die Mikrostreifen-Patch-Antenne haben wegen des enormen
Nutzengewinns, den sie im Vergleich zu herkdmmlicheren Strukturen in modernen
drahtlosen Systemen ermdglichen, unter Antenneningenieuren viel Aufmerksamkeit erregt.
In dieser Arbeit wird ein mitschwingender Koppelungsschlitz in der mit der
Mikrobandleiterantenne verbundenen Blendendéffnung eingefiihrt, um so die Bandbreite zu
erhdhen. Das Konzept des angebrachten kurzen Oberflachenhorns wird verwendet, um
den Gewinn zu erhéhen, ohne die Bandbreite nachteilig zu beeinflussen. Indem man die
Starke und relative Permittivitat des verwendeten Substrates wahlt, ist eine Bandbreite von
12.4 % bei Verwendung einer einfachen Blendendffnung vor der Mikrobandleiterantenne
realisiert worden. Diese Bandbreite ist das Maximum, das man mit Hilfe der nicht
mehrschichtigen Strukturen erhalten kann.

Mobile Satellitenverbindungen und Automobilradaranwendungen erfordern leichte,
kompakte Antennen, die zu niedrigen Kosten produziert werden kdénnen und mit der
Mdglichkeit einer konformen Integration ausgestattet sind. Wie wir wissen, ist die
Mikrobandleiterantenne daflir eine gute Wahl. Jedoch hat sie typischerweise einen
Gewinn von nur 6 dB. Der gemessene Gewinn bei Verwendung von vier Elemente betragt
10.5 dB. Wir haben das Oberflachenhorn angebracht und somit flr die Strukturen mit vier

bzw. acht Elementen den Gewinn um 3.5 dB verbessert.

Filter

Anwendungen wie drahtlose Kommunikationen erfordern RF/Microwave Filter mit immer
héherer Leistung, kleinerer GroRe, geringerem Gewicht und niedrigeren
Produktionskosten. Abhangig von den Anforderungen und Spezifikationen kdnnen
RF/Microwave Filter wie konzentrierte Elemente oder wie verteilten Elementstromkreise
entworfen werden. Dabei kdnnen verschiedene Leitungsstrukturen, wie Wellenleiter,

Koaxialleiter oder Mikrostreifenleiter verwendet werden. Wir haben in dieser Arbeit die
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Auswahl auf Tiefpass- und Bandpassfilter in klassischer Mikrostreifenleiterarchitektur
beschrankt, deren Design und Verhalten durch die Verwendung von defected
Grundsubstratstrukturen verbessern werden soll. Fir die Wahl der geometrischen Formen
fur die DGS-Struktur als Element fir den LPF werden neue Untersuchungsergebnisse
vorgestellt. Wir haben auch Bandpassstrukturen in die DGS Umgebung eingefiihrt und
diese fur die Entwicklung eines neuen Bandpassfilters genutzt. Dieser Bandpassfilter
basiert auf einer Reihen-Resonanz in der 50-Ohm Mikrostreifenleitung und auf der

Existenz von Dampfungspolen im Shuntarm.

Gliederung dieser Arbeit

Kapitel 1 dient als Einleitung und beschreibt die mit der Mikrostreifenantenne und den
Mikrostreifenfiltern verbundenen Probleme. Es gibt eine allgemeine Ubersicht Uber die
vorhergehende Arbeiten und neue Methoden die dargestellten Probleme zu tberwinden.
Kapitel 2 gibt einen Uberblick Uber die Speisestruktur einer Mikrostreifenantenne und eine
Zusammenfassung der Design-Gleichungen. Eine breitbandige, aperturgekoppelte
Mikrostreifenantenne wird im Ku-Band entworfen, simuliert und gemessen. Wir erzielten
eine groRe Bandbreite durch einen mitschwingenden Schlitz in der gemeinsamen
Grundflache. Eine neue Methode zur Anpassung der Antenne Struktur an die 50-Ohm
Mikrostreifen-Speisestruktur wird vorgestellt. Das Design wird durch systematische
Anwendung des 3D EM-Simulators Microwave Studio erzielt.

Kapitels 3 erlautert die grundlegenden Beschrankungen der klassischen, auf
Mikrostreifenstrukturen begriindeten Tiefpass- und Bandpassfilter und stellt Methoden vor,
die das Design verbessern, indem sie die defected Grundsubstratstrukturen verwenden.
Neue Untersuchungen beziglich der Wahl der geometrischen Formen fir die DGS-
Struktur als Element fir das LPF werden vorgestellt.

Kapitel 4 fihrt das an der Oberflache der Mikrostreifenantenne angebrachte, breitbandig
aperturgekoppelte kurze Horn ein, durch das der Gewinn um 4.5 dB verbessert wird, ohne
die Bandbreite und die Rickflussdampfung zu vermindern. Es stellt auch das eingefligte
Horn dar, das den Gewinn im Fall dicker Substrate um 5.5 dB verbessert.

Kapitel 5 stellt als Erweiterung eine Anwendung des angebrachten Oberflachenhorns flr
eine lineare Reihe von 4X1 Elementen und eine planare Reihe von 2X2 Elementen bzw.
4X2 Elementen vor, durch die der Gewinn der Struktur um 3.5 dB verbessert wird.

In Kapitel 6, werden eine Zusammenfassung und Vorschlage fir die zuklnftige Arbeit
prasentiert.
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