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ABSTRACT

This thesis discusses micrsotrip square ring antenna, a miniaturized antenna,
which is one of the basic shapes of its class. Singly fed stacked square ring antennas are
presented for circular polarization (CP), which have not been studied before. Narrow CP
bandwidth is a common problem for single-feed square ring antennas, and in this thesis,
several perturbation schemes are used in stacked square rings to obtain a wider axial ratio
bandwidth. A novel hybrid perturbation scheme is investigated for wideband CP stacked
square ring antennas, which has the capability of providing wide angular coverage in the

upper hemisphere, particularly desirable for global positioning systems (GPS).

The inner slot area of the square ring antenna is utilized by employing another
smaller square ring, thus having three resonators in two layers to be operated at multiple
frequencies, more specifically, at three frequencies. Capacitive feeding is used to excite

the rings, which enables to increase the slot size, thus miniaturize the antenna.

Multi-frequency operation is also obtained from single-layer probe-fed square
ring antenna by loading it with a gap or slit. Two unloaded modes are excited around the
dominant 7M;; mode of the square ring, equally spaced on the spectrum. To excite these
multiple modes, the loading has to be symmetric on one arm, however the excitation has
to be off-centered on another arm. These modes are investigated in greater detail with a

parametric study. Simulation results are confirmed by measurements.



By choosing the location of the loading on vertical or horizontal arm, the
polarization of each mode can be controlled. One of the loaded mode frequencies is much
lower than the dominant mode frequency of the square ring, indicating a miniaturization
to a great extent. The inner slot of the loaded square ring antenna is modified to further
lower the loaded mode frequency. However, poor gain and efficiency are the main

problems of such miniaturized antennas, because of high ochmic losses.

Using a planar laminated conductor system, it is shown that using multiple
laminated conductors, instead of a single conductor, losses can be reduced. The same
concept is used in miniaturized square ring antennas in order to reduce ohmic losses. This
enhances the gain of these antennas significantly. Experimental investigations are

conducted to confirm the simulated results.
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CHAPTER ONE

Introduction

1.1 Motivation

Antennas are used in many applications such as wireless systems, mobile and
satellite communications, microwave imaging and other biomedical applications, or
remote sensing. Microstrip antennas are one of many antenna types, and are widely used
in most applications, and therefore, have attracted the attention of researchers in industry
and academia for the past few decades. Their most common shapes are rectangle, circle,
and triangle. Besides these shapes, numerous geometries are possible that can also be
chosen. However, microstrip antennas with common geometric shapes are easy to
analyze mathematically, and their performances as antennas, such as, input impedance,
radiation patterns and polarizations, can be predicted almost precisely. One reason for

their popularity is small size.

The drastic size reduction of integrated circuits and other electronic components
has enabled the design of miniaturized communication hardware, especially small mobile
or hand-held units [1]. However, antenna engineers and researchers are still challenged
with this trend of miniaturization. Though microstrip antennas are considered low profile,
lightweight, low-cost, and compact [2, 3], their conventional geometries progressively

appear somewhat large for modern small-sized wireless units [4]. In order to employ



microstrip antennas in miniaturized wireless units, researchers have applied the concept
of small antennas and other innovative ideas. Perhaps the first variation of a square patch
antenna is a square ring antenna, which has evolved from the square patch by removing a
central metal portion from it. This resulting geometry is definitely a miniaturized version
of the typical square patch antenna, since it will resonate at a frequency lower than the
typical half-wavelength square patch antenna [5]. The square ring antenna is the topic of

this thesis.

The square ring antenna was previously studied by Pedram and Shafai [5], and
has been an attractive subject of research for the past decade. Its general properties and
applications have been well documented in the literature, and will be discussed as the
background study in the second chapter of this thesis. In an effort to better understand
square ring antennas, a new study is carried out in this thesis. It provides new information
on different aspects of these antennas like bandwidth, polarization, miniaturization, and

gain enhancement.

1.2 Objective of the research

The main objectives of this research are two fold. First, to investigate microstrip
square ring antennas beyond the research conducted so far, in order to contribute new
knowledge and understanding of these antennas. Second, to enhance the performance of

miniaturized versions of microstrip square ring antennas.



The microstrip square ring antenna is a miniaturized antenna, the resonant
wavelength of which is approximately equal to the average circumferential ring length.
Therefore, a A/4 x A/4 microstrip antenna may be obtained with a square ring antenna 3,
6]. Removal of the central portion from the antenna creates a slot on the patch that
lengthens the current flow path, which, in turn, lowers its resonance frequency. The
resonant modes in a square ring antenna are TMmqo and its lowest order mode is TM;
mode [7]. Its resonance frequency, due to the lowest order mode, can be made much
lower by increasing the perforation, or in other words, by having narrow strip width. i.e.
the narrower the width of the ring is, the more miniaturized the antenna is. However,
when the width of the ring is narrow, a square ring microstrip antenna has a high input
impedance, therefore, it is difficult to match to a 50-Q input circuit. Now, the
performance of any antenna is evaluated based on its impedance bandwidth, radiation
resistance, gain and efficiency, etc., and miniaturized antennas inherently are associated
with several problems, such as narrow impedance bandwidth, poor radiation resistance,
low gain and efficiency, and high cross-polarization. However, unlike other miniaturized
antennas, square ring antennas, as long as their width is within certain limit, do not have
significant loss in gain. Nevertheless, they suffer from narrow impedance bandwidth

similar to other miniaturized antennas.

In order to overcome the problem of narrow impedance bandwidth of the square
ring antenna, a stacked-resonator concept is used in [5] to generate double-tuned
resonance configuration [8-13], and wideband performance is achieved successfully.
First, a combination of square ring and square patch is considered, where the square ring

is fed by a 50 Q probe, and the square patch is parasitically excited. In another attempt,



square rings are used as both parasitic and driven resonators, and again, good impedance
matching and wide impedance bandwidth have been achieved. The polarization of the

square ring antennas studied in [5] is linear.

Circular polarization (CP) using a stacked-ring configuration, with a single feed,
has not been attempted yet, which motivates the author to conduct research on stacked
square ring antennas for CP. It is necessary to mention here that circularly polarized
antennas are more suitable in mobile and satellite communications because of their
inherent capabilities of reduced multi-path fading, improved coverage and fixed
polarization [14, 15]. Developing methods to obtain circular polarization (CP) from
microstrip antennas became very popular in the last few decades. Axial ratio (AR) is the
measure of the purity of CP, and the frequency band where the axial ratio is below 3-dB
is normally accepted as the axial ratio bandwidth. It is always desired that the impedance
bandwidth is significantly greater than the axial ratio bandwidth to ensure the
uninterrupted CP radiation. For a singly-fed microstrip antenna, the axial ratio bandwidth
is very narrow. When small antennas are used for the CP purpose, it has been observed
that their 3-dB axial ratio bandwidth is even narrower. For example, CP from probe-fed
single-layer microstrip square ring antennas has been obtained by truncating diagonal
corners [16, 17], by feeding the ring diagonally [7] and using crossed strips [18], but the
axial ratio bandwidths are even narrower in these miniaturized single-feed cases,

compared to regular patch antennas.

Again, for some mobile and satellite communication applications, such as global

positioning system (GPS), the required coverage zone is very broad and is about the
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entire upper hemisphere. In such cases, the antenna must have a broad coverage for CP.
This is difficult with microstrip antennas, as their axial ratio beamwidth is normally
narrow, and is restricted around the antenna boresight. These issues of circular

polarization are addressed in the study of stacked square ring antennas in this thesis.

Like a typical stacked microstrip antenna, stacked square ring antennas can also
be operated as a dual-band antenna, by selecting the dimensions of the parasitic and
driven ring such that each ring operates at two distinct frequencies. However, it has the
advantage of accommodating more rings or patches inside driven and parasitic rings that
regular stacked microstrip antennas do not have. In the case of annular ring antennas, two
additional concentric rings are used in the same layer mainly to increase its bandwidth
using the resulting new resonant bands [19]. A similar attempt has been made for a
triangular ring antenna [20]. In both cases, rings are electromagnetically fed by a
transmission line on a different layer. In this thesis, in addition to two rings in the stacked
configuration, a third ring is placed concentrically with the parasitic ring to obtain tri-
band operation. In general, challenges and problems to excite this additional ring, along

with the original stacked square rings, are discussed.

Multi-frequency operation can be obtained from a single layer square ring antenna
when it is loaded with a narrow gap or slit. This phenomenon is discussed in detail in this
thesis. Originally ring resonators were loaded with stub, notch or slit to overcome its
typical problems of high input impedance for narrow width [6], to increase its bandwidth
[21], or to reduce the cross-polarization level at its dominant mode [22]. However, an

asymmetric gap loading excites multiple resonances, which are analyzed rigorously in



this thesis. One of the resonances in this case is much lower than the lowest mode
frequency of a typical square ring antenna, which indicates a dramatic size reduction of
the antenna. In fact, an even further miniaturized antenna size can be found, when the
remaining slot of the gap-loaded square ring antenna is modified [23, 24]. Apparently,
one can have much smaller antenna, but the high price one has to pay is in gain and
efficiency reduction. In these small microstrip antennas, due to a higher concentration of

currents, the ohmic losses are too high, consequently the gain is very low.

In order to enhance the gain of the miniaturized antennas mentioned above, a
novel technique is developed, where the conductor of the square ring antennas is formed
by depositing multiple conductor layers separated by dielectric lamination, having
thickness smaller or of the order of the skin depth of the conductor. The idea of using
multiple laminated conductor layers for the center conductor of the coaxial cable was first
presented in 1951 [25], and the same technique was discussed for the transmission line in
[26], mainly to reduce the skin effect losses. In this thesis, it has been shown using
analytical solutions that, for a stacked laminated conductor system, power lost in the
conductor is less when the laminating dielectric layers are introduced with the metal
conductor. The concept is used for enhancing the gain of several miniaturized antennas

having poor gain.



1.3 Organization of the thesis

As mentioned earlier, the thesis deals with square ring antennas. Unfortunately, a
probe-fed square ring antenna has no practical use, when its width is narrow. Therefore,
applying innovative techniques to improve its characteristics is obvious. A brief
discussion about microstrip square ring antennas is already presented in this chapter.
More background review is provided in chapter two, especially on the feeding
mechanism of high-impedance square ring antennas. In addition to that, antenna
miniaturization, along with associated problems of miniaturization, will be discussed in
brief. For the convenience of the reader, important terms related to antennas and used in

this thesis are defined and discussed in Appendix A.

Chapter three provides a detailed study of the singly-fed microstrip square ring
antenna, where broadband circular polarization radiation performance has been achieved
using stacked square rings with positive or negative corner perturbations. Different
perturbation schemes have been discussed, one of which is a novel approach using a
combination of positive and negative perturbations [27, 28]. For this case, the capability

of providing wide angular coverage is described [29].

Chapter four discusses multi-frequency operation using stacked square rings,
where an additional ring is accommodated inside the parasitic ring [30]. Narrow width of
the rings is used in order to fit the third ring, which leads to feeding problem. Capacitive

feeding is proposed in this situation, allowing a narrow strip width.



Chapter five deals with loaded microstrip square ring antenna for its multi-band,
polarization and antenna miniaturization performance. Further miniaturized antennas are
presented, obtained by modifying the ring slot. Because of miniaturization, severe gain

and efficiency losses are noticed and explained briefly.

In chapter six, more analysis is carried out to understand the reason for gain and
efficiency drop for several miniaturized antennas. The concept of multi-layered laminated
conductor is introduced to address the problem of reduced gain. To establish the concept,
a multi-layered laminated planar conductor is analyzed. Experimental results are

presented to prove the concept.

Finally, the research is summarized in chapter seven. This chapter also concludes

the thesis with recommendations and directions for future work.



CHAPTER TWO

Background Study: Antenna Miniaturization and Microstrip

Ring Antennas

2.1 Introduction

Since the size of electronic components has been reduced significantly in recent
years, the need for miniaturized and low profile antennas has increased in communication
systems and other wireless applications. Consequently, in the recent past, there has been
extensive research on miniaturization of antennas, which is a challenging task, as it leads
to reduced impedance bandwidth and gain, high reactance, and higher cross-polarization.
In this chapter, first different miniaturization techniques are reviewed, and their effects on
the antenna performance are briefly discussed. Then, microstrip ring antennas, which are
a type of miniaturized antennas, are discussed in greater detail. The feeding mechanism

and loading of ring resonators are also reviewed.

2.2 Antenna miniaturization techniques

For efficient radiation, the length of a linear antenna like dipole or patch should

be half a wavelength or larger according to the physics of electromagnetic wave. For



certain applications, half-wavelength antennas are considered to be large. Therefore, in
recent years, there has been increasing research to miniaturize antennas. Several
techniques to miniaturize antennas are available in the literature. These can be

generalized in the following:

2.2.1 Loading with lumped elements:

Miniaturized antennas have strong reactive input impedance, which can be
compensated for by loading with resistive (R) or reactive (L or C) components, or by
adding conductive parts as shown in Fig. 2.1. It is the simplest method to make antennas
smaller than a resonant length, still keeping resonant behaviors. However, if the lumped
element has losses, the efficiency of the antenna will decrease. On the other hand, if the
loss is less, the quality factor will increase resulting in a reduction in the bandwidth [4].

(b) (©

Fig. 2.1: Loading techniques: (a) inductive, (b) capacitive (c) conductive.

2.2.2 Loading with dielectric material
Loading with a dielectric material, to reduce the antenna size, is another simple
method. Previously, its use was limited by the availability of appropriate substrates and

their cost. With the advancement of substrate technology, very high permittivity (& > 40)
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and low-loss substrates are available now. Since the wavelength is smaller in a high
permittivity substrate, the antenna size reduces when loaded with such substrates, as
indicated in Fig. 2.2 [4]. However, in high permittivity materials, the electric fields are
trapped inside the substrate making radiation more difficult, which in turn enhances the
quality factor because of increased stored energy. As a result, the bandwidth decreases.
The gain is also affected due to the size reduction and high dielectric losses. &g is defined

in Appendix A.

(a) (b)
Fig. 2.2: (a) Monopole, and (b) dielectric loaded monopole. % is the height of the
monopole, A, is the free space wavelength, & and &4 are the relative and

effective dielectric constant of the substrate material, respectively.

2.2.3 Using short circuits

For antenna miniaturization, this is the most popular technique. In the case of a
half-wavelength dipole, its length can be halved by replacing one dipole arm by a ground
plane, which acts like a mirror and creates an image of the existing half-dipole arm [4].
The antenna still remains resonant at the same frequency, but its size reduces by half. In
the case of rectangular microstrip antennas, miniaturization can be obtained by placing a

short circuit at the center where electric field is zero for the fundamental TMq mode [2],
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without affecting its resonant frequency, as shown Fig. 2.3. Thus, at a given operating
frequency, the patch dimensions can be significantly reduced {3, 4]. The shorted quarter-
wave patch has lower gain and efficiency, as the radiating element is smaller in size. It
has a high input impedance at its radiating edge, and as such, is difficult to feed via a
microstrip line. Also, it has a narrower impedance bandwidth. As the substrate is cut to
place the short circuit plate, this antenna becomes mechanically weak. Instead of using a
complete shorting wall, partial short is also used, which provides further miniaturization,

because the effective current flow path becomes longer [1].

Shoring pins can also be used as an alternative to shorting walls, which is
convenient from fabrication point of view. The important features of using shorting pins
are well documented in references [31-33]. It has been found that the use of a very small
number of shoring pins, instead of a complete short circuit, reduces the size of the
quarter-wavelength antenna considerably, without affecting its performance. In fact, the
maximum reduction in physical size can be achieved with only a single shoring post. This
is due to the fact that the current tends to move diagonally, increasing the path length.

However, the cross-polarization increases significantly because of the shoring pin.

< L __ > Shorting wall L

(b)

Fig. 2.3: (a) A half-wavelength microstrip antenna, and (b) a shorted microstrip antenna:

A, is the free space wavelength, and ¢, and &, are the relative and effective

dielectric constant of the substrate material, respectively.
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2.2.4 Modifying antenna geometry

The most widely used technique, by means of which many designs have been
proposed, is based on modifying the antenna geometry and shape. The idea here is to
meander the surface current, so that the current flow path becomes longer, resulting in a
reduction in the resonant frequency, which represents a reduction in the antenna size. A
good example of the antenna geometry modification is the inverted-L antenna, which was
derived from the monopole by bending its wire. When a short circuit is added to the
inverted-L antenna, the inverted-F antenna is found [4]. These modifications are shown in

Fig. 2.4(a-c).

The above idea is extended to the microstrip antenna to reduce its size, where
slots are inserted into the microstrip patch to force the surface currents (J;) to meander,
thus the effective current flow path length gets longer, and the antenna size is reduced.

One example is given in Fig. 2.5.

=% |z
4

(@ (b) ©
Fig. 2.4: (a) The monopole antenna, length: L=4,/4, (b) the inverted-L antenna, length:
Li+Ly;=~4,/4, and (c) the inverted-F antenna, length L;+L,<A,/4. 4, is the free

space wavelength.
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L'<L

Substrate (&,) Substrate(¢,)
A ,
L =—2 1 < L
N 2\/E5

Fig. 2.5: Current flow path on (a) a microstrip patch antenna, and (b) a patch antenna

with H-shaped slot. £, and &, are the relative and effective dielectric constant

of the substrate material, respectively.

In the case of microstrip antennas, for a fixed ground plane size, the antenna
metalization area can be reduced by modifying antenna geometry. This will provide more
space for electronic circuitry to be needed for practical applications. Later in this thesis,
miniaturized microstrip antennas are to be considered as small metalization area of the

patch conductors.

2.3 Major disadvantages of miniaturized antennas

The problems associated with miniaturized antennas, as discussed earlier, can be

explained by referring to the fundamental limits of small antennas. These limits are
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completely related to the minimum quality factor (Q) of the small antennas. Therefore,

we first look at the generally accepted definition of the antenna quality factor, Q [34]:

V 20W,
0= Max|2MWe 200, 2.1)
Ijrud + Bn.r.v Pmtl + Plo.r.v

where w=2xf is the frequency, W, and W,

m

are the time-averaged stored electric and

magnetic energy respectively, P, is the total radiated power of the antenna, and P, is

loss
the power loss due to resistive and dielectric losses.

Wheeler was the first to draw the attention to the fundamental limits of ‘small
antennas’ in 1947 [35, 36]. He introduced the term ‘radiansphere’, which is a spherical
volume of radius A/27x enclosing the antenna, and defined the small antenna as one
occupying a small fraction of a radiansphere in space. He also used the term ‘radiation
power factor’, which expresses the radiation from a small antenna taking a much larger
volume of the reactive power, and related this to the bandwidth and efficiency of the
small antenna [37]. Chu then generalized the concept of small antennas in [38] where he
considered a spherical volume enclosing the antenna, as shown in Fig. 2.6, and gave an
approximate expression for the Q of a linearly polarized lossless omni-directional

antenna:

1+ 2(ka)’

(ka)’ +[1+ (ka)3]

where k is the wave number and a is the radius of the smallest sphere enclosing the

2.2)

antenna. All other researchers later considered a spherical boundary to enclose antennas

to determine their fundamental limits [39].
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Enclosing

sphere Antenna

Fig. 2.6: Imaginary spherical boundary fully enclosing the antenna.

Harrington extended the idea to include the losses of the antenna, and related the
gain of the antenna with the smallest possible volume enclosing the antenna, as given by

the following equation [40]:

G = (ka)® +2ka (2.3)

McLean re-examined the expression for Q introduced by Chu-Harrington, and
derived the exact expression for a linearly polarized antenna with a lowest order single

mode (TE or TM) [34]:

1 1
- +— 24
Q (ka)®  ka 24
For a circularly polarized small antenna, the Q has the form [34]:
1 1 2
- += 2.5
=3 [ (ka)’ ka} 2

It is well known that the fractional bandwidth of an antenna is:
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BW =

fU—fL =%Ji (26)

1]

1
Q
where f,and f, are the lower and upper frequencies of the frequency band of the
antenna. The relationship of bandwidth and Q is based on the half-power bandwidth. The
bandwidth based on voltage standing wave ratio (VSWR) < 2 is given by

fy=f, _Af _ VSWR-1

BW = == ="
Jo fo  O-VSWR

2.7

Note that the bandwidth based on VSWR < 2 is about 78% of the half-power bandwidth
[10]. Moreover, VSWR = 2 refers to a return loss (RL) of about 9.54 dB, and thus,
sometimes impedance bandwidth is defined in terms of 10-dB return loss value. The

relationship between VSWR and return loss is given by [41]:

VRL +1
~vRL -1

VSWR =

(2.8)

Interested readers can find different methods for evaluating antenna Q in [42-47].

Based on the above discussion, we can easily notice the practical limits of the
performance properties of miniaturized antennas and the reasons behind the major

disadvantages associated with them as explained below.

Effect on gain: Equation (2.3) gives a practical upper limit for the gain of a small
antenna, while still having a reasonable bandwidth. So, a very small antenna is not

practical if an appreciable gain is needed.

Effect on efficiency: A miniaturized antenna will show a higher concentration of surface
currents toward one point. Thus, ohmic losses will be enhanced, and consequently the

efficiency of the antenna will decrease.
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Effect on bandwidth: The quality factor, Q, of a small antenna can be determined from
the size of the antenna, using equations (2.4) and (2.5). On the other hand, equation (2.6)
shows the inverse relationship between frequency bandwidth and Q. Thus, the more

miniaturized the antenna is, the less the impedance bandwidth will be.

Effect on polarization purity: In many cases, miniaturization of an antenna
affects the polarization purity. As mentioned earlier, in small antennas the concentration
of the surface current is higher toward one point, which leads to cross-polarization

radiation.

Feed problem: In the case of small antennas, sometimes it is difficult to correctly feed

them. From manufacturing point of view, small antennas are complicated to feed

properly.

2.4 Microstrip ring antennas

Ring antennas are derived from regular patch antennas, using the miniaturization
technique of modifying antenna geometry, discussed in Section 2.2.4. In ring resonators,
the current flow path is longer because of the removal of the central metal portion, which
indicates miniaturization of antennas. Microstrip ring antennas can be of many shapes,
e.g. square, circular, triangular etc., as shown in Fig. 2.7. They are, in fact, electrically
and geometrically intermediate configurations between printed patches and printed loops,

as indicated in Fig. 2.8. A microstrip ring antenna is significantly smaller than a regular
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patch antenna. Its smallness is dependent on the width of the ring. On the other hand, its
input impedance is also dependent on the width too. Since it is a miniaturized antenna, its

bandwidth is narrower compared to a regular patch antenna.

(a) (b) ©
Fig. 2.7: (a) Square, (b) annular, and (c) triangular ring antennas derived from regular-

shaped patch antennas.

Printeld loop Printe/d ring Printeg patch
L L, L
Substrate (&) Substrate (¢,) Substrate (¢,)
.1 1 1 1
L :Zleﬂ- 4ﬂzﬁ<l‘l<22’ejf : L:E/ieﬁ»

(a) (b) ()
Fig. 2.8: Geometry of a (a) square loop, (b) square ring and (c) regular square patch.
Ay = ! is the wavelength in the dielectric, and &, and &, are the relative

Ep

and effective dielectric constant of the substrate material, respectively.
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As a first ring resonator, the microstrip annular ring was proposed. Analysis of
annular ring resonators is an old research topic, and several analysis methods are
available in the literature [48-50]. The triangular ring antenna is not very popular and
discussed in [20]. A rectangular ring antenna is analyzed using segmentation technique
and cavity model in [51]. Characteristics of micrsotrip square ring antennas are
extensively studied in [S]. Since, this thesis deals with the square ring antenna, more
discussion is provided on it, rather than circular and triangular rings.

The width of the ring can be found from the geometry of the square ring antenna

shown in Fig. 2.8(b):
W=(L-L,)/2 (2.9)
where L, and L, are the outer and inner lengths of the square ring antenna, respectively.

Then, the average circumferential length of the square ring antenna, denoted by L, , can

g >
be expressed as:

L, =(L, +W)x4 (2.10)
In general, L, of the ring is equal to the wavelength in the dielectric used for the
antenna. Thus, the resonance frequency for the dominant mode of the square ring antenna

can be found from the following equation:

¥ c

e (2.11)
Lavg 4/ geﬁ‘

where €, is the effective permittivity of the microstrip structure.

Narrow strip width of the square ring antenna is desired in order to have

compactness. However, when the width is narrow, its input impedance becomes few
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thousands ohms. It has been found in [5] that the ratio L,/L, has to be less than 0.4 in

order to be able to use 50-Q0 SMA probe to excite the square ring. This miniaturized
antenna has narrow impedance bandwidth as well. A straightforward approach to use
probe-feed and obtain wider impedance bandwidth is to use stacked ring resonators [5].

If L,/L> 04, ie. the width of the strip is narrow, probe-feed becomes

impractical because of high input impedance of the ring antenna. In this case, capacitive
feeding [22, 52, 53] can be used, or the ring can be loaded with stub or gap [6, 21]. In the
case of capacitive feeding, a metal strip is placed in close proximity of the ring, which is
excited. Energy is coupled to the ring from the strip and excites the ring. The width of the
feeding strip is not that important for impedance matching, rather its length and
separation are responsible for the input reactance at the feed. Stub loading also improves
the impedance matching, and increases the bandwidth. However, both these techniques
contribute to higher cross-polarization because several other modes are excited.
Interestingly, for regular square ring antennas, the gain loss is not that significant, even
though it’s a miniaturized antenna. However, when smaller antennas are attempted by

modifying square ring antennas, significant drop in the gain is noticed [23].

2.5 Conclusion

In this chapter, the main disadvantages of miniaturized antennas were discussed
which were governed by the fundamental limits of small antennas. The quality factor, Q,

of the antenna was affected when different miniaturization techniques were applied, and
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consequently the electrical performance of the antenna deteriorated. It is of utmost
importance to obtain small antennas alleviating these disadvantages. Microstrip ring
antennas are miniaturized antennas, obtained by modifying the geometry of regular patch
antennas. Single-feed single-layer square ring antennas cannot be used efficiently when
the strip width of the ring is narrow, because they come with typical problems of
miniaturized antennas, such as, narrow impedance bandwidth, and high cross-
polarization. To achieve wider bandwidths, stacked rings are used. Since, the stacked ring
configuration with a single feed has not been studied yet for circular polarization, it will
be discussed in the next chapter. Later in the thesis, other variations of square ring
antennas on single and dual layers are discussed with a view to overcome the typical

problems of such miniaturized antennas.
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CHAPTER THREE

Stacked Square Ring Antennas for Wideband Circular

Polarization

3.1 Introduction

In this chapter, we present a broadband single probe-fed square ring antenna for
circular polarization (CP) using stacked rings, where CP is obtained with corner
perturbation. The perturbation can be of the form of cutting diagonal corners, called
negative perturbation, or adding metal stubs to the diagonal corners, known as positive
perturbation [3]. Several perturbation schemes, namely positive perturbation, negative
perturbation or hybrid perturbation (a combination of positive and negative
perturbations), are presented for this dual-layer square ring antenna (DLSRA). In order to
achieve wider axial ratio (AR) bandwidth compared to a singly-fed single-layer square
ring antenna, a systematic design approach is followed as presented in [54]. The problem
of narrow axial ratio beamwidth is addressed with hybrid perturbation scheme. The
effects of finite ground plane on the CP performance of this small antenna are also

discussed.

23



3.2 Circular polarization from DLSRA with corner perturbation

If only one probe-feed is to be used for the square ring antenna, then to generate
CP, either nearly square rings can be used, or the geometry of the ring has to be
perturbed, or the ring has to be fed diagonally [2, 3]. We chose the perturbation technique
to obtain CP from stacked square ring antennas. First, we will discuss the wideband

performance of stacked square rings.

3.2.1 Microstrip dual layer square-ring antenna (DLSRA)

The stacked square ring antenna is shown in Fig. 3.1. The substrate for the driven

ring has a dielectric constant (&,) of 3.2 and thickness (h;) of 1.6 mm. A dual-layer

square ring antenna on this substrate has an impedance bandwidth of 88 MHz (1532 to
1620 MHz), or 5.6%, for the design frequency of 1.575 GHz, with L; = 59 mm, Ly/L; =
0.67, L3 = 47 mm, Ls/L; = 0.32, probe-position: (Xr, Yr) = (21 mm, 0 mm). These
parameters are defined in Fig. 3.2. Since the width of the parasitic ring is narrow, the
separation between the driven and parasitic ring is selected judicially (h; = 8 mm) to
achieve good impedance match. The foam, which has relative permittivity approximately
equal to air, is used between the two rings. It can be shown from the dimensions of the
antenna that the average circumferential length of each ring is about one-wavelength on

the respective substrate.
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Fig. 3.1: (a) 3-D view and (b) side view of the dual-layer square-ring antenna (DLSRA),

and (c) its return loss.

3.2.2 Effect of perturbing either parasitic or driven ring

The above-mentioned antenna will transmit or receive linearly polarized signals.
Owing to two resonators, two resonances are observed for the DLSRA antenna based on
minimum S;; value: the first resonance at 1.545 GHz due to the parasitic ring, and the
second resonance at 1.6125 GHz for the driven ring. As mentioned in [7], the resonant

modes in square ring antenna are 7Mmyo, and to generate CP in DLSRA, two degenerate
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modes with orthogonal polarization, TM1o and TMp;, are to be excited. This can be done
by perturbing diagonal corners of the square ring. In this case, perturbation is applied by
cutting equal parts from the diagonal corners of the parasitic or driven ring, as shown in
Fig. 3.2. As the parasitic ring is responsible for the first resonance, when corner
truncation is applied to that ring, good CP can be obtained around this frequency, as can
be seen in the axial ratio plot in Fig. 3.3. With corner truncation, p. = 11.5 mm, the axial
ratio at 1.524 GHz is 0.25 dB with 3-dB axial ratio bandwidth (BW) of 11.5 MHz
(1517.5 to 1529 MHz). However, the second resonance suffers from bad axial ratio. The
perturbation on the parasitic ring also disturbs the return loss of the antenna, and as such

impedance bandwidth goes down, as mentioned in Table 3.1.

Typically, a single square patch antenna with corner truncation, on the same
substrate, operating at 1.575 GHz, has a 3-dB axial ratio bandwidth (AR BW) of
approximately 6 MHz (0.4%), with right-hand circular polarization (RHCP) gain at 1.575
GHz of 6.19 dBic, which can be easily demonstrated by simulation. Apparently, the
DLSRA antenna shows wider axial ratio bandwidth, however, not around 1.575 GHz,
which is the desired operating frequency. Again, if only two diagonal corners of the
driven ring are cut, good CP can be achieved near the second resonance, as can be seen in
Fig. 3.3. In this case, the first resonance has high axial ratio value. In both cases, the axial

ratio at 1.575 GHz is much higher.
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Fig. 3.2: Geometry of the driven and parasitic rings of the DLSRA with negative

perturbation.
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Fig. 3.3: Simulated axial ratio of the DLSRA with perturbing either parasitic ring or

driven ring.
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Table 3.1: DLSRA CP performance, obtained using corner perturbation in either driven

or parasitic ring

Axial ratio (AR) at Right
Parasitic| Driven | 10-dB return - 3-dB axial hand CP
ring cut | ring cut| loss BW - ratio Gain at
(mm) (mm) (MHZ) f4 R (MHZ) AR (dB) BW (MHZ) fAR ( dBiC)

pc=0 g.=0 [1532-1620=88| - - - -

1517.5-1529.2

pc=1151¢g.=0 |1493-1555=62]| 1524 0.25 7.85
(=117
1623.5-1650.5 1633.5-1640
pe=0 qgc=35.5 1637 0.28 9.45
=27 (=6.5)

3.2.3 Broadband CP performance from the DLSRA by negative perturbation

In [54], a systematic design procedure is demonstrated to obtain broadband CP
performance from stacked patch antennas, where perturbation is introduced in both
parasitic and driven patches. A similar approach is adopted for the DLSRA, with an aim
to achieve wide axial ratio bandwidth. The ring sizes, the separation between parasitic
and driven rings, and the perturbation amount are the influencing parameters, the judicial

selection of which gives wide axial ratio and impedance bandwidths.

At first, the very common technique, negative perturbation, in the form of cutting

corners, is applied to the diagonal corners of both rings, in order to achieve good axial
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ratio bandwidth around the design frequency of 1.575 GHz. The separation between the
two rings, or the foam thickness (#,), has to be selected in such a way as to ensure
effective coupling between the two square-rings, which is also an important parameter for
circularly polarized stacked patch antennas [55]. Again, this separation, as well as the
perturbation, has effect on the quality factor (Q) of the antenna, which determines the
axial ratio bandwidth, according to the following relationship [56]:

_ AR, -1

BW,. =
AR r——ARmx 0

where AR, is the maximum allowable axial ratio that defines the bandwidth. Typically,

(3.1)

ARpax 1S V2 (3-dB). Therefore, the foam thickness (k) is optimized to obtain wide
impedance and axial ratio bandwidths, which is found to be 11 mm. The perturbation
amount is also optimized, in both parasitic and driven rings, for low axial ratio value. In
this case, corners are cut with respect to the probe position such that right-hand circular
polarization (RHCP) is achieved, as shown in Fig. 3.2. It is evident at this point that, in
order to get left-hand circular polarization (LHCP), the location of the cuts has to be

changed to the other diagonal corners. The optimized antenna parameters are tabulated in

detail in Table 3.2.

Because of the perturbation, two orthogonal modes are excited on each ring, and
the two central adjacent modes are merged together due to the optimized parameters.
Thus, we can see only three resonances on the return loss plot of Fig. 3.4(a).
Consequently, the impedance bandwidth has increased, which is 160 MHz (1510 to 1670
MHz). Due to the perturbation in both rings, it can be seen from Fig. 3.4(b) that, the axial

ratio plot has two dips close to each other, thus, significantly increasing 3-dB axial ratio
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bandwidth to 72 MHz (1541 to 1613 MHz), which is much larger than that of the single-
layer square ring antenna. RHCP gain is above 7 dBic in the frequency range of 1505 to
1677 MHz, as can be seen in the same figure. The simulated CP gain patterns of this
antenna, in the two principal planes, are shown in Fig. 3.5 at the design frequency. The
antenna shows a peak RHCP gain of about 8.74 dBic along the boresight. However, gain

is below 0 dBic after = 60° of the boresight.

15 1525 155 1575 16 1625 165 1675 1.7

Frequency (GHz)
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Fig. 3.4: (a) Return loss plot and (b) axial ratio and RHCP gain vs. frequency plot of the
DLSRA with negative perturbation [Fig. 3.2]. The antenna parameters are
tabulated in Table 3.2.
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Fig. 3.5: Simulated CP gain patterns in the (a) ¢ = 0° and (b) ¢ = 90° planes, at 1.575
GHz, of the DLSRA antenna with negative perturbation [Fig. 3.2]. The antenna

parameters are tabulated in Table 3.2.

3.2.4 CP from DLSRA by outward positive perturbation

Another popular technique, to achieve CP from microstrip antennas, is protruding
metal stubs to the diagonal corners, which can be called positive perturbation. In the case
of DLSRA, metal strips are protruded to the outward direction of the diagonal corners of
both rings, as shown in Fig. 3.6(a). Keeping the parasitic ring size and the foam thickness
fixed at what was in the previous case (L; = 59 mm, A, = 11 mm), the perturbation area,
ring widths and the driven ring size are optimized, to achieve wider impedance and axial
ratio bandwidths around the design frequency. Adding metal stubs to the diagonal corners

increases the overall antenna size.
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The antenna parameters, optimized for wide axial ratio bandwidth, are indicated
in Table 3.2, and the simulated return loss, for this case, is shown in Fig. 3.6(b). 10-dB
return loss bandwidth of 173 MHz (1510 to 1683 MHz) is obtained, which is slightly
larger than the previous case, and 3-dB AR bandwidth is also slightly higher, 79 MHz
(1545 to 1624 MHz), compared to the previous case. 7-dBic RHCP gain bandwidth is
187 MHz (1505 to 1692 MHz), as shown in Fig. 3.6(c). The slight improvement in the
bandwidths is due to the increase in the overall antenna size. Because of the added stub to
the parasitic ring, the overall size of the antenna increases from L; = 59 mm to Ls = 66
mm, which indicates an increase in the overall area of about 25.4%, with reference to the

negatively perturbed case.
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Fig. 3.6: (a) Geometry of the driven and parasitic rings of the DLSRA with outward

positive perturbation, and its simulated (b) return loss plot, and (c) axial ratio
and RHCP gain vs. frequency plot. The antenna parameters are tabulated in
Table 3.2.
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3.2.5 CP from DLSRA by inward positive perturbation

Positive perturbation can also be realized by adding metal stubs to the inward
direction of the diagonal corners of the square rings, as shown in Fig. 3.7(a). Again,
Table 3.2 summarizes the optimized antenna parameters, and obtained impedance, axial
ratio and RHCP gain bandwidths. The simulated return loss plot is shown in Fig. 3.7(b),
and 10-dB return loss bandwidth is 177 MHz (1509 to 1686 MHz). 3-dB axial ratio
bandwidth of 78 MHz (1549 to 1627 MHz) and 7-dBic RHCP gain bandwidth of 186
MHz (1513 to 1699 MHz) are obtained, as shown in Fig. 3.7(c). It is evident that both
types of positive perturbation give similar results, however, the inward positive
perturbation case has the advantage of not increasing the overall size of the antenna, as

the metal strips are added in the slot portion inside the square rings.
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Fig. 3.7: (a) Geometry of the driven and parasitic rings of the DLSRA with inward

positive perturbation, and its simulated (b) return loss plot, and (c) axial ratio

and RHCP gain vs. frequency plot. The antenna parameters are tabulated in
Table 3.2.
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3.2.6 A novel approach: CP from DLSRA by hybrid perturbation

Typically, a similar perturbation type (either positive or negative) is used to
achieve CP from microstrip antennas, as used in the previous sections in the case of
square ring antennas. In this section, a novel technique is presented for stacked square
ring, where a combination of positive and negative perturbations, which can be called
hybrid perturbation, is introduced to the diagonal corners of the driven and parasitic rings

respectively, for several advantages.

It has been mentioned earlier that circularly polarized microstrip antennas suffer
from narrow axial ratio beamwidth. This is also common for the DLSRA CP antennas
with corner perturbation, as shown in Table 3.2. Specially, the antenna with negative
perturbation has only 118° (off the boresight) of angular coverage. In the case of
microstrip arrays, this problem has been overcome by using a sequential rotation of the
array elements [58]. In this configuration, each subsequent element of an N-element array
is rotated physically by an angle of p(n-1)#/N, and its excitation phase is corrected by the
same angle, where p is an integer between 1 and (N-1). Here, the idea of sequential
rotation is applied to perturbed stacked square ring microstrip antennas for CP, which
essentially widens the angular coverage of the antenna. If we assume the stacked
microstrip square ring antenna as a 2-element array, the rotation angle will be 7/2.
However, in stacked rings only the lower element is fed. The upper element is
parasitically coupled to the lower one. Since only one of the rings is fed, the phase

correction to compensate for the rotation must be done geometrically.
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To achieve a right hand circular polarization (RHCP) using negative perturbation
from stacked square rings, the diagonal corners of both patches, to the left of the feed
point, were cut at 45°. To implement the sequential rotation, one of the rings must be
rotated by 90°, meaning that the corner perturbation will now be on the right side of the
feed point. Since this form of corner perturbation generates a left hand circular
polarization, the combined antenna of two stacked ring patches will become linearly
polarized. Thus, for maintaining the circular polarization, one now must use a corner stub

(a positive perturbation). The resulting stacked antenna geometry is shown in Fig. 3.8(a).

The principle of operation is as follows. The corner perturbations of the parasitic
and driven rings will excite two degenerate orthogonally polarized TM1o and TM;; modes.
With similar perturbations on both ring patches (either positive or negative), the correct
phase relationship between the two modes is maintained for both rings. However, in the
proposed design, rotating one of the ring patches alters the phase relationship of the
modes. Thus, a positive perturbation of the other ring patch, as shown in Fig. 3.8(a), is

needed to re-establish the correct phase relationship of the orthogonal modes.

The optimized antenna shows wide impedance bandwidth of 152 MHz (1517 to
1669 MHz), as well as, broad 3-dB AR bandwidth of 77 MHz (1547 to 1624 MHz), as
can be found from Figs. 3.8(b) and 3.8(c). Compared to the outward positive perturbation
case (Section 3.2.4), this design has the advantage of smaller antenna area due to the fact

that, the driven ring is smaller in size than the parasitic ring due to the higher &,
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dielectric material, and the addition of metal stubs to diagonal corners of the driven ring

does not increase the overall antenna size.

The important advantage of this design is in the improvement in the angular
coverage, which can be visualized by looking at the variations of axial ratio with
elevation angle for all four cases. In Fig. 3.9, they are plotted at 1.556 GHz in the ¢ = 0°
plane. The angular ranges for which the axial ratio is below 3-dB are given in Table 3.2
for all of them. It is clear that the antenna with hybrid perturbation has a wider angular
coverage, for which the 3-dB axial ratio beamwidth is 154°, from -77° to +77° off the

boresight. However, in the ¢= 90° plane, all four cases have very similar performance.
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Fig. 3.8: (a) Geometry of the DLSRA with hybrid perturbation, and its simulated (b)
return loss plot, and (c) axial ratio and RHCP gain vs. frequency plot. The

antenna dimensions are tabulated in Table 3.2.
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and hybrid perturbation, at 1.556 GHz.
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Type

Negative
Perturbation

Outward Positive
Perturbation

Inward Positive
Perturbation

Table 3.2: DLSRA antenna for CP: Optimized antenna parameters and simulated results (Foam height = 11 mm, Probe position: Xr=21 mm, Yr=0)

Hybrid Perturbation

Geometry:

Parasitic ring

Driven ring

Maximum Dimension (mm)

Ls =66

L;=59

L;=59

Square Ring Size (mm)

L;=59,L;=473

L;=59,L;=44.7

L;=59,L3=47.3

L;=59, L;=44.

Slot Size (mm) L,;=40,L~=153 L,=37.3,Ls=14.7 L;=39,L4=153 L;=392,L=14.7
Perturbation (mm) p.=6.5,q9.=8.5 pa=4.5,q9,=6 pi=5,q,="6 Pe=5,9,=6
10-dB RL BW (MHz) 1510 to 1670 = 160 1510 to 1683 =173 1509 to 1686 = 177 1517 to 1669 = 152
% RL BW 10.1% 10.8% 11.1% 9.5%

3-dB AR BW (MHz) 1541 t0 1613 =72 1545 to 1624 =79 1549 to 1627 =78 1547 to 1624 =77
% AR BW 4.6% 5% 4.9% 4.9%

7-dBic RHCP Gain (MHz)

1505 to 1677 =172

1505 to 1692 = 187

1513 to 1699 = 186

1515 to 1678 = 163

3-dB Beamwidth
(at 1.556 GHz) [¢=0° plane]

118° (-59° to +59°)

134° (-67° to +67°)
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3.3 Effects of finite ground plane on CP performance of the DLSRA

3.3.1 Ground plane size

In the above simulation studies, an infinite ground plane was considered. For
practical applications, however, a finite ground plane has to be used, and it will obviously
affect the axial ratio and CP gain of the antenna. Fig. 3.10 shows the variation of axial
ratio with frequency, of the antenna with outward positive perturbation [see Fig. 3.6(a)
for the geometry], for different ground plane sizes. Here, the antenna is symmetrically
placed at the center of the ground plane. The axial ratio deteriorates by decreasing the
ground plane size. Between the two dips in the axial ratio plot, caused by the
perturbations on both rings, the second dip suffers the most, which moves to higher
frequencies and shows poor axial ratio. In order to improve the axial ratio, for different
ground plane sizes, the driven ring is adjusted mainly because, the second dip is due to
the driven ring. At the same time, the foam thickness is also increased to achieve lower
values of the axial ratio. Thus, by further optimizing the driven ring size, and the
separation between the two rings, good CP performance can be recovered even for

smaller ground plane sizes, while keeping the parasitic ring size and perturbations fixed.

The simulation results are listed in Table 3.3, for the optimized cases for different
ground plane sizes. Since the driven ring size is increased in all cases, a shift of axial
ratio plot, to the lower frequency region, can be observed in Fig. 3.11(a). When the

ground plane size decreases, RHCP gain decreases, as can be seen in Fig. 3.11(b). For a
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ground plane size of 80 x 80 mm?, the peak RHCP gain is 7.89 dBic, whereas it is 9.2

dBic when the ground plane size is 160 x 160 mm?, as it is evident in Fig. 3.11(b).

Gr=80
g Gir=100

—a—Gr=140

—a&—Gr=160

Axial Ratio (dB)

1.525 1.55 1.575 1.6 1.625 1.65
Frequency (GHz)

Fig. 3.10: The variation of axial ratio with frequency, due to different ground plane sizes
for the DLSRA antenna with positive perturbation in Fig. 3.6(a). Antenna
parameters (in mm) are: L; =59, L, =37, L;=44.5,L,=14.5,p,= 5, q.= 6, &
= 3.2, hy = 1.6, hy = 11. Gr=80 means ground plane size = 80 X 80 mm?,

Gr=100 means ground plane size = 100 x 100 mm? and so on.
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Fig. 3.11: The effects of finite ground plane sizes on the (a) axial ratio and (b) RHCP
gain of the DLSRA antenna with positive perturbation in Fig. 3.6(a). Antenna
parameters are mentioned in Table 3.3. Gr=80 means ground plane size = 80 X

80 mm?, Gr=100 means ground plane size = 100 x 100 mm” and so on.
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Table 3.3: Positively perturbed DLSRA CP antenna [Fig. 3.6(a)] with finite ground plane:

optimized antenna parameters and simulated results. Other antenna parameters: L; = 59

mm, L, =37 mm, p, =5 mm, g, = 6 mm

Driven Ground Foam 10-dB RL | 3-dB axial | 7-dBic RHCP
ring size Plane Height BW ratio BW Gain
(mm) (mm?) (mm) (MHz) (MHz) (MHz)
L;=44.5 | 160x160 1516-1688  |1547-1624  |1502-1690
11mm
L=14.5 (0.841,) =172 =77 =188
L;=44.7 | 140x140 1511-1682  |1545-1624  [1506-1674
11.2mm
L=1477T | (0.744,) =171 =79 =168
L;=44.8 | 120x120 1508-1679  |1543-1623  |1510-1664
11.5mm
L~=14.38 (0.634,) =171 =80 =154
L;=449 | 100x100 1509-1673 1538-1620  |1512-1653
12.8mm
L=149 (0.534,) =164 =82 =141
Ls=45 80x80 1502-1667  |1537-1618  [1520-1642
16.7mm
L=15 (0.424,) =165 =81 =122

3.3.2 Asymmetric antenna position on the ground plane

In the ground plane size study in Section 3.3.1, a symmetric antenna position on the
ground plane was considered. In order to see the effects of asymmetric locations, the
DLSRA CP antenna is positioned asymmetrically on the ground plane as shown in Fig.
3.12. Considering P (X,, Y,) as the center of the ground plane, when the antenna on the
ground plane is asymmetric about the y-axis (with X, = 0 mm), the axial ratio

performance does not deteriorate much, as can be seen in Fig. 3.13(a). Here, X, = 0 mm,
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Y, = 0 mm, indicates the symmetric case, and X, = 0 mm, and Y, = 18 mm means the
DLSRA antenna is at one side of the ground plane. When the antenna is asymmetric
about the x-axis (keeping Y, = 0 mm), the axial ratio performance degrades significantly,
as shown in Fig. 3.13(b). Similarly, when the antenna is asymmetrically positioned about

both x- and y- axes, the axial ratio suffers significantly, as shown in Fig. 3.13(c).

Ground Plane

Fig. 3.12: Antenna geometry with the ground plane in order to study the effects of
asymimetric antenna position on the ground plane on the axial ratio of the
DLSRA with positive perturbation, Fig. 3.6(a). Antenna parameters (in mm)
are: L;=59, L,=37,L3=449,L,=149,P,=5,9,=6, & =32, h;= 1.6, b=
12.8. Ground plane size = 100 x 100 mm”.
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Fig. 3.13: The effects of asymmetric antenna position on the ground plane on the axial
ratio of the DLSRA with positive perturbation, in Fig. 3.12: (a) when
asymmetric about y-axis, with X, = 0, (b) when asymmetric about x-axis, with

Y, =0, and (c) when asymmetric about both x- and y- axes.
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3.4 Experimental study

In the previous sections, miniaturized microstrip ring antennas are investigated,
and thus the ground plane is also made small. The simulation studies showed that the
antenna performance, especially the gain and axial ratio, depend strongly on the ground
plane size. It is important, therefore, to study experimentally the performance of a
fabricated antenna, which will be influenced by both fabrication tolerances and the
presence of nearby objects, as the ground plane is small to shield the antenna. Thus, a CP
DLSRA CP antenna, with outward positive perturbations [Fig. 3.6(a)], was fabricated,
where a substrate with dielectric permittivity & = 3.2, and thickness h; = 1.6 mm, is used
for the driven ring, and foam (h; = 11 mm) for separating the parasitic ring. The other
dimensions of the antenna are (in mm): L; =59, L, =37, L;=44.5, L;= 14.5, p,=5, g, =
6. The bottom ring was excited at Xr = 21 mm, Yr = 0 mm, using a 50-Q SMA probe.
The parasitic ring was made from a copper tape, hand cut to its shape, and placed over

the foam, which was kept on the lower substrate by tapes around its edges.

The antenna was tested in the Antenna Laboratory at the University of Manitoba.
The return loss was measured by ANRITSU ME7808A Network Analyzer, and compared
in Fig. 3.14(a) with the simulation results obtained from Ansoft Ensemble 8.0. For
measurement, a finite ground plane (160 x 160 mmz) was used, which is also considered
in the simulation. The measured S;; is slightly different from simulation, but the

variations are below —10 dB, making the corresponding bandwidths about the same, Fig.
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3.14(a). Considering the tolerances of the hand cut and taped parasitic ring, the S;; results

are satisfactory.

The measured and simulated axial ratio and RHCP gains are compared in Fig.
3.14(b). The measured 3-dB axial ratio bandwidth is larger (81 MHz) than the simulated
one (76 MHz) and it also has lower minima, as low as 0.32 dB at 1.565 GHz. In other

words, the fabrication tolerances have improved the axial ratio performance.

The measured gains also agree well with simulations, and are somewhat higher at
low frequencies. There are small oscillations in the measured gain, which could be due to
calibration errors, fabrication tolerances or interactions between the antenna and its
support. A sample of the measured radiation patterns, using a rotating linear source, is
shown in Fig. 3.15. The boresight CP performance is quite good, but deteriorates

gradually with increasing angle, a common characteristic of CP antennas.
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Fig. 3.14: Comparison between simulated and measured (a) return loss and (b) axial ratio
and RHCP gain of the DLSRA, with positive perturbation [Fig. 3.6(a)]. The
antenna parameters are (in mm): &= 3.2, h;= 1.6, =11, L; =59, L, = 37,
L;=445, Ly= 145, po= 5, g.= 6. The finite ground plane size is 160 x 160

mmz .
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Gain Pattern (dBi)
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Fig. 3.15: The measured gain patterns in (a) ¢= 0°, and (b) ¢ = 90° planes at 1.56 GHz of
the DLSRA, with positive perturbation [Fig. 3.6(a)].

Secondly, the DLSRA CP antenna with hybrid perturbation, as shown in Fig.
3.8(a), was fabricated following the same method, and tested and compared with the
simulated results, as shown Fig. 3.16, which show good agreement as the first example.
In order to confirm the wide axial ratio beamwidth property of this hybrid-perturbed
stacked square ring antenna, its measured and simulated axial ratios against the elevation
angle are plotted in Fig. 3.17 at 1.556 GHz. The comparisons are tabulated in Table 3.4,
showing that the stacked square ring antenna with hybrid perturbation shows wide
impedance and axial ratio bandwidths similar to the negatively perturbed antenna, and

wider axial ratio beamwidth around the boresight direction. The peak RHCP gain is 9.75

dBic.
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Fig. 3.16: Comparison between simulated and measured (a) return loss and (b) axial ratio
and RHCP gain of the DLSRA, with hybrid perturbation [Fig. 3.8(a)]. The
antenna parameters are (in mm): &=3.2, i;=1.6, =11, L; =59, L,=39.2,
L;=44.7,Ly= 141, p.= 5, q,= 6. The finite ground plane size is 160 x 160

2
mm .

52



Axial Ratio (dB)

—
(433

e
N
i

— Simulated
— Measured

-85 -68 -51 -34

-17 0 17
Angle (Theta)

34 51 68 85

Fig. 3.17: Measured and simulated axial ratios with elevation angle, in the ¢ = 0° plane,

of the DLSRA with hybrid perturbations.

Table 3.4: Comparison of simulated and measured results of the stacked square ring

antenna with hybrid perturbations

Simulated results

Measured results

10-dB RL Bandwidth

1527 to 1687 MHz

1.532 to 1.682 MHz

=160 MHz (10%) | =150 MHz (9.33%)
3-dB AR 1559 t0 1635 MHz | 1551 to 1637 MHz
Bandwidth =76 MHz (4.8%) =86 MHz (5.4%)
7-dBic RHCP Gain 1515t0 1710 MHz | 1508 to 1698 MHz
Bandwidth =195 MHz =190 MHz
3-dB AR Beamwidth 148.5° 147°

(1.556 GHz) (¢= 0° plane)

(from -74.5° to +74°)
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3.5 Conclusion

Achieving a wide axial ratio bandwidth from a singly-fed microstrip antenna is a
challenging problem. Dealing with a microstrip square-ring antenna with a single-point
feed, for circular polarization, is even more challenging, because it is a miniaturized
antenna, which inherently has a very narrow axial ratio bandwidth. In this chapter, wide
axial ratio bandwidths are achieved with the help of stacking square rings and introducing

perturbations to both driven and parasitic rings.

A novel approach, called hybrid perturbation scheme, is also presented to broaden
the axial ratio bandwidth. In this case, the sequential rotation method was used to rotate
one ring by 90°. This rotation required its corner perturbation to be of the opposite sense,
to maintain the circular polarization of the stacked configuration. The simulated and
measured axial ratios of prototype antenna, with hybrid corner perturbations, confirmed
its wide axial ratio beamwidth. It was shown that small ground plane sizes deteriorate the
circular polarization performance of the DLSRA, which can be recovered by further
optimizing the antenna parameters and by increasing the separation between the two
rings. It was found that it is important to have a symmetric ground plane for the CP
antenna, and the asymmetric position of the antenna on the ground plane degrades the CP

performance.
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CHAPTER FOUR

Square Ring Antenna for Multi-Frequency Operation

4.1 Introduction

Stacked square ring antennas, presented in the previous chapter, can perform both
wideband and dual band operation. In this chapter, the study is extended to achieve tri-
band operation from the square ring antenna. By taking advantage of accommodating the
third ring within the parasitic ring of the dual square ring antenna (DLSRA)
configuration, the antenna can be operated at three different frequencies. In this chapter, a
generalized design method is discussed to obtain an antenna that can be operated at three
different frequencies. The feeding mechanism is described briefly. Then, its performance
is discussed with its limitations and problems. A representative design example is

presented to cover three GPS frequencies to show its practical application.

4.2 General design guideline for multi-frequency operation from

stacked square ring antenna

As mentioned earlier, like the stacked microstrip antenna, the stacked square ring

antenna can perform both broadband and dual band operations. However, the stacked

55



square ring antenna has an advantage of having perforation at the middle of each ring,
where a third ring can be accommodated which will give another resonance. To fit this
ring, both the parasitic ring and the inner ring have to be made narrower for particular
frequencies; and this leads to the problem of impedance mismatch. It was mentioned
earlier that the width of the ring has to be a certain value (LyL; < 0.4) to enable the
excitation by a 50-Q SMA probe-feed. Moreover, the feeding of the third ring itself is
another challenging issue, because of the presence of the driven ring in the bottom layer.
In [53], an inside capacitive feeding technique has been suggested, where the feed strip is
located inside the ring, thus not requiring any extra antenna real estate. The width of the

ring is also narrow in this case.

Based on the above discussion, an antenna design has been developed. The three
dimensional configuration of the antenna is depicted in Fig. 4.1(a) and important antenna
parameters are labeled in Figs. 4.1(b) and 4.1(c) for better understanding. It consists of a

square ring (ring # 1) on a grounded dielectric substrate having dielectric constant £

and thickness h;, and two concentric square rings on another substrate layer having

dielectric constant &, and thickness of /. In this design, the bottom ring (ring # 1) is

capacitively excited by a feed line located outside the ring at a distance d;. The inner ring
on the top layer (ring # 3) is also excited in a similar fashion using an inside feed line
separated by a distance d; from one arm of the ring. A small hole can be created on ring #
1 to pass the probe to excite the feed line for ring # 3, if needed. The outer ring on the top

layer (ring # 2) can be electromagnetically excited by ring # 1, as a parasitic resonator.
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The ring sizes are chosen such that rings # 1, 2 and 3 operate at three frequencies: f;, f2

and f3, respectively, where f; < f> < f3.

The simulated scattering parameters of such an antenna, obtained from ‘Method
of Moments’- based commercial software ‘Ansoft Designer version 3’, are plotted in Fig.
4.2. Here, for each ring TM; mode gets excited. Note that f; and f> are close due to the
fact that rings # 1 and 2 work as stacked antenna configuration. Therefore, their sizes are
chosen to be close so that the driven ring is efficiently coupled to the parasitic ring. Since,
ring # 3 is inside ring # 2, its physical size is limited and its frequency of operation for the
fundamental mode must be greater than that of ring # 2, i.e. f3 > f>. Moreover, it has been
found that its impedance properties do not change much due to changes in other rings.
This indicates that, along with its feed line, this antenna can be designed independently to

operate at a higher frequency than ring # 2.
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Ring # 2 i
g Ring # 1 Ring # 3
(@)
Feed
. Feed Line #1
Ring#2 | ie#2 Ring#3
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Port# 2 Plane Port#1

(b)

Top Rings pr Bottom Ring

(c)
Fig. 4.1: Geometry of the proposed antenna with capacitively-fed multiple square rings
for multi-frequency operation: (a) 3-D view, (b) side view, (c) top and bottom

rings.
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As an example, the antenna parameters for three frequencies, f; = 1.161 GHz, f> =
1.219 GHz and f; = 1.56 GHz are mentioned in Table 4.1. First, sizes of rings # 1 and 2
are determined based on their dielectric substrate and required frequencies. Substrate

parameters chosen are &, = 2.5, h; = 1.57 mm, and tand = 0.0019, and ¢, = 1.07. When

capacitive feeding is used, a narrower width of the ring can be chosen. For example, in
this case, Lo/L; = 0.78 and L¢/Ls = 0.52, (the ratios are greater than 0.4). Now, the size of
the third ring can be chosen such that it fits inside ring # 2 on the top layer. For this ring,
LyL,; = 0.83, which indicates a very narrow width of the ring. Finally, the length and
width of feed for ring # 3 are optimized to obtain better impedance matching for all three
square rings to be operated at three frequencies, as shown in Fig. 4.2. The isolation

between the two ports in the two layers is below —30 dB.

S-parameters (dB)

'ED T T T T T T T T T

1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 16
Frequency (GHz)

Fig. 4.2: Simulated scattering parameters of the antenna in Fig. 4.1, showing three

resonances and good isolation between two ports.
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Table 4.1: Design parameters for the antenna with multiple rings (Fig. 4.1) for tri-

frequency operation

L; 72 mm
Ring # 1 L, 56.5 mm
Ly L; 0.78
L; 54 mm
Ring # 2 L, 45 mm
Ly L; 0.83
Ls 60 mm
Ring # 3 Lg 31 mm
L¢/ Ls 0.52
d; 2 mm
Lower Layer Feed Line S 41 mm
W) 4 mm
d; 4.5 mm
Upper Layer Feed Line Si 22 mm
Wi 4 mm
g 2.5
Lower Substrate
h; 1.6 mm
£, 1.03
Upper Substrate ]
h> 6 mm

The gain patterns for this antenna in two principal planes at three frequencies (f; =
1.161 GHz, f> = 1.219 GHz, and f; = 1.56 GHz) are shown in Fig. 4.3. The antenna shows
a boresight gain of about 6 dBi at all three frequencies. However, the cross-polar level is

high at all three frequencies. Particularly at 1.56 GHz, the cross-polar level is 4.26 dBi,
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and it suggests that the antenna is a good candidate for circular polarization applications.
Later, an example will be shown where a design is presented to cover three GPS

frequencies with this antenna having multiple rings.

1.161 GHz 1.161 GHz
10 + - - - S I i 10 — - - e -
g 5 0
S o R
c ‘
£ £
S 8
3 | 5 -10
a & ~ '
Feh) Q. :
g-10 - ] . ——E_theta
< 220 of - i
< f —+—E_phi
-20 : ; -30
-85 -68 -51 -34 -17 0 17 34 51 68 85 -85 -68 -51 -34 -17 0 17 34 51 68 85
Theta (degrees) Theta (degrees)
¢=0° plane ¢=90° plane

Fig. 4.3: Radiation patterns at f; = 1.161 GHz in two principal planes of the antenna in

Fig. 4.1 with design parameters mentioned in Table 4.1.

1.219 GHz 1.219 GHz
10 - 10 + - B S

g 0 g 0

c o

S -10 =« - -10

@O [0]
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54 3

F-20° < -20
-30

-85 68 -51 -34 -17 0 17 34 51 68 85 -85 -68 -51 -3¢ -17 0 17 34 51 68 85
Theta (degrees) Theta (degrees)

¢=0°plane ¢=90° plane

Fig. 4.4: Radiation patterns at f = 1.219 GHz in two principal planes of the antenna in

Fig. 4.1 with design parameters mentioned in Table 4.1.
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Fig. 4.5: Radiation patterns at 1.56 GHz in two principal planes of the antenna in Fig. 4.1

with design parameters mentioned in Table 4.1.

4.3 Confirmation by Ansoft HFSS

To validate the design method described in the previous section and to confirm
the results obtained from Ansoft Designer, version 3.0, a stacked square ring antenna
with capacitive feeding for multi-frequency operation is modeled in Ansoft HEFSS,
version 10, which is a finite-element-method based software. Design parameters used in
the modeling are the same as in Table 4.1. Simulated S-parameters, obtained from HFSS,
are plotted in Fig. 4.6. The results, obtained from Ansoft HFSS and Designer, are
compared in Table 4.2. The resonances occurred approximately at the same frequencies
in both cases, indicating good agreement between simulation results. In the case of HFSS,
the simulated isolation S;, is below —25 dB, except at 1.21 GHz. Considering two
different computational techniques, it can be concluded that the results are in good

agreement, and it also confirms the analysis results from Designer.
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Fig. 4.6: Simulated scattering parameters, using Ansoft HFSS (Finite Element Method-

based software package), of the antenna in Fig. 4.1.

Table 4.2: Simulation results of the stacked square ring antenna for multi-frequency
operation, Fig. 4.1, from two software packages: Ansoft Designer and Ansoft HFSS.

Antenna parameters are mentioned in Table 4.1

Software Ansoft Designer Ansoft HFSS

fi 1.161 GHz 1.165 GHz
Siratf; -15dB -17.5dB

f 1.219 GHz 1.205 GHz
Siratfo -14 dB -15.3dB

/3 1.56 GHz 1.56 GHz
Siratfs -17.5dB -15.4 dB

Say Below -26 dB

Below -30 dB
(except -14 dB at 1.21 GHz)
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4.4 A Design for tri-frequency global positioning system (GPS)

A practical application of such an antenna, presented in the previous sections, is
the Global Positioning System (GPS). GPS has now been considered as the future of
aviation and transportation for most civil and military applications. A major
modernization effort is now in progress, which includes an introduction of a third civil
signal, located at 1176.45 MHz (L5) with the existing two civilian signals L1 (1575.42
MHz), and L2 (1227.60 MHz) [59, 60]. Existing .1 and L2 bands are for civil aviation
safety-of-life services, and L5 band is for general use in non-safety critical applications
[60, 61]. With access to all three signals, both civilians and military will benefit from a
high-precision global positioning system with increased availability of reliable navigation

operations, and improvement in the interference mitigation.

As part of the modernization effort of the GPS, bandwidths of L1 and L2 signals
are extended to 24 MHz from 20 MHz, along with 24 MHz bandwidth for LS5 signal.
Several successful dual band designs are available in the literature to cover L1 and L2
frequencies [62-65]. However, it is a challenging task to integrate all three bands on a
single antenna element. Another important issue is that the new band (LS5) frequency is
lower than those of L1 and L2 bands, and a typical design will lead to a large size
antenna. Researchers have recently attempted to design tri-band antennas. For example,
Rao et. al. [66] proposed an antenna array having four inverted L elements with trap

loading that covers three GPS bands. The antenna has a large aperture size (0.5 4, at LS

frequency) and thickness (22 mm or 0.086 4, at L5 frequenc). To minimize the antenna
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size, high permittivity substrates (¢, of 12 and 25) are used in [67], where further
miniaturization is achieved by using F-shaped configuration of four elements. Again, the

overall height of this antenna is large (20 mm or 0.078 4, at L5 frequency). Instead of

using arrays of element, stacked resonator concept is used in [68, 69] to cover three GPS
frequencies. Zhou et. al. [68] presented a proximity-coupled stacked patch design, again
with high permittivity substrates (¢, of 16 and 30), where two L-shaped probe feeds were
used to excite the patches and generate CP. The overall height of the antenna is smaller in

this case (12.8 mm or 0.05 4, at L5 frequency). In [69], authors used the same stacked-

resonator concept, however used circular patches instead of square patches. In all these
designs mentioned above, mainly dual-band antennas are designed, where the lower band

covers L2 and LS bands, and the upper band covers L1 band.

The geometry of a multi-frequency antenna, developed in this study, has already
been given in Fig. 4.1. Since L2 and L5 are two adjacent bands, rings # 1 and 2 are
chosen to work as stacked rings, so that they can offer wide enough bandwidth to cover
both L2 and L5 bands. The third ring size is chosen independently to cover L1 band. The
dimensions are given in Table 4.3. A low permittivity material is used for the bottom
layer, whereas foam is chosen for the top layer, as mentioned in Table 4.3. The overall

height of the antenna is 15.6 mm (0.06 4, at L5 frequency). The size of ring # 2, which
basically determines the antenna size, is 77 mm or only 0.3 4, at L5 band frequency. Fig.

4.7 shows the return loss plot of this antenna. Since a stacked configuration is realized by
rings # 1 and 2, a wider impedance bandwidth of about 75 MHz or 6.2% (1164 MHz to

1239 MHz) is achieved to cover both L2 and L5 bands. Because of Ring # 3, the higher
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mode frequency becomes excited at L1 band with an impedance bandwidth of 29 MHz
(1561 MHz to 1590 MHz). The isolation between two input ports of the antenna is below

~20 dB. These results are obtained from Ansoft Designer, version 3.

Table 4.3: Multiple square ring antenna [Figs. 4.1] parameters for GPS frequencies

L 77 mm
Ring # 1
L, |53.5mm
L; 52 mm
Ring # 2
Ly | 43.5mm
Ls; | 66.5mm
Ring # 3
Ls 23 mm
d> 0.2 mm
Lower layer feed line S 40 mm

wj 0.5 mm

d; 5 mm

Upper layer feed line Sy 22 mm

) 4 mm

£ 2.5

7

Lower substrate

hy 1.6 mm

£ 1.03

B

Lower substrate

ho 14 mm
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Fig. 4.7: Return loss of the antenna in Fig. 4.1 with the antenna parameters mentioned in

Table 4.3.

Now, right hand circular polarization (RHCP) is required for GPS, which can be
easily achieved for this antenna using two feed lines for each of ring # 1 and ring # 3, as
shown in Fig. 4.8.Two feed lines on each layer will be excited with a phase difference of
90° to generate two equal but orthogonal modes in the rings. Phase shifters can be
employed to excite the two feed lines with a 90° phase shift, which can be accommodated
on the bottom side of the ground plane. The CP performance of this antenna is shown in
Figs. 4.9 and 4.10. The axial ratio is below 3 dB up to 1.272 GHz, covering nicely L5 and
L2 bands. For the higher band, the axial ratio bandwidth is 81 MHz, well above the
required 24 MHz bandwidth around 1575 MHz. The CP gains are better than those in
previously mentioned publications, as shown in Fig. 4.10. 7-dBic right hand CP (RHCP)
gain bandwidth is 133 MHz for the lower two bands, and 112 MHZ for the higher band.

The LHCP gain is also mostly below —10 dBic indicating very good CP performance.
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Port 1

Top Rings X Bottom Ring

Fig. 4.8: Dual-feed arrangement of the multiple square ring antenna [Fig. 4.1] to obtain

circular polarization for GPS system.
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Fig. 4.9: Axial ratio of the multiple square ring antenna with orthogonal capacitive
feeding. The antenna configuration is shown in Fig. 4.8 and antenna

parameters are mentioned in Table 4.3.
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Fig. 4.10: CP gains of the multiple square ring antenna with orthogonal capacitive
feeding. The antenna configuration is shown in Fig. 4.8 and antenna

parameters are mentioned in Table 4.3.

CP gain patterns of this antenna, at three GPS frequencies, are shown in Figs. 4.11
to 4.13. It is stated that a minimum of 3.5 dBic gain is required for a large coverage of
the solid angle for GPS antennas [66]. As demonstrated in Fig. 4.11, the peak RHCP gain
of the antenna at 1176 MHz is 8.9 dBic, and RHCP gain stays above —3.5 dBic for
elevation angle form —70° to 80° in both principal planes. For the L2 band, i.e. 1227
MHz, the peak boresight gain is 10.5 dBic, with upper hemisphere coverage from —70° to
80°, Fig. 4.12. For higher frequency band, L1, the solid angular coverage is from —62° to
72°. However, the cross-polar level is much higher at this frequency, approximately —5
dBic or less, compared to those in two other frequencies. Peak RHCP gain in this case is

8.57 dBic, as shown in Fig. 4.13.
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Fig. 4.11: CP gains of the multiple square ring antenna with orthogonal capacitive
feeding at 1176 MHz in two principal planes. The antenna configuration is

shown in Fig. 4.8 and antenna parameters are mentioned in Table 4.3.
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Fig. 4.12: CP gains of the multiple square ring antenna with orthogonal capacitive
feeding at 1227 MHz in two principal planes. The antenna configuration is

shown in Fig. 4.8 and antenna parameters are mentioned in Table 4.3.
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Fig. 4.13: CP gains of the multiple square ring antenna with orthogonal capacitive
feeding at 1575 MHz in two principal planes. The antenna configuration is

shown in Fig. 4.8 and antenna parameters are mentioned in Table 4.3.

4.5 Conclusion

Stacked square ring microstrip antenna opens up an opportunity to accommodate
more resonators inside the rings, however with a challenge of exciting all three rings. A
general method was proposed to design an antenna using three rings to operate at three
frequencies. Two stacked rings were chosen such that if one was excited, it could
electromagnetically excite the other. A third ring was accommodated inside the parasitic
ring, which was larger in size compared to the bottom one, since it was on a foam
substrate. To overcome the problem of feeding, a capacitive feeding was proposed, which

allowed using narrow-width rings. It did not occupy extra space as well, since the inside
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capacitive feeding was used for the inner third ring. The outside capacitive feeding was
chosen for the bottom ring, which did not extend beyond the parasitic ring on top. The
design was confirmed using two commercially available software: Ansoft Desinger
(MoM-based) and Ansoft HFSS (FEM-based). A practical application of such an antenna
was shown for the case of tri-band GPS. Dimensions of the three rings were selected such
that the antenna covered three GPS frequency bands of L1, L2 and LS. The antenna had
an overall height of 15.6 mm, and a size of 0.3\ at L5 frequency, on low-permittivity

substrate materials.
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CHAPTER FIVE

Loaded Square Ring Antenna

5. 1 Introduction

In chapters three and four, we presented wideband and multi-frequency square
ring antennas. To obtain multi-frequency operation using square rings, three rings were
arranged in two stacked substrate layers and fed capacitively. For each ring, the 7M1,
mode was excited, and the corresponding frequencies were controlled to obtain muti-
frequency or wideband operation. The geometry was a complex one, and it had
limitations in achieving a certain frequency of operation due to the problem of

accommodating two rings on the top layer.

Investigations in this chapter are aimed at loaded microstrip square ring antenna
to show that multi-frequency operation can be achieved with a single layer square ring
antenna by loading it. The TM;; mode of the square ring antenna is designated as the
‘unloaded mode’. It has been mentioned earlier that it is difficult to match the input
impedance at the resonance frequency due to the unloaded mode. Attempts have been
made to improve the impedance matching and bandwidth by loading it with a stub, notch,
gap, shorting post etc. However, the loading increases the cross-polarization level. An
interesting phenomenon has been observed when the square ring antenna is loaded with a

narrow gap. Several resonances become excited along with the unloaded mode, one being
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at much lower frequency than the unloaded mode. The multi-frequency capability and
polarization of this loaded square ring antenna is discussed in this chapter. Some other
miniaturized gap-loaded square ring antennas are also discussed here with the emphasis

on the antenna performance.

5.2 Gap loaded square ring antenna

The discussion will start again from a regular square ring antenna, shown in Fig.
5.1(a), and step-by-step the effects of gap loading on this antenna will be shown. In this
case, the square ring is on a dielectric material with permittivity (&) of 2.5, thickness (&)
of 1.57 mm, and loss tangent (tand) of 0.0019. The antenna parameters are: L; = 35 mm,
L;=17.5 mm, W = 8.75 mm. The probe is centered on one arm along the y-axis. For this
antenna, the simulated return loss plot is shown in Fig. 5.1(b), obtained from Ansoft
Designer. Low S;; value at unloaded mode frequency f, = 2.082 GHz indicates a poor
impedance matching. The antenna is x-polarized at this frequency, as can be noticed by
the current distribution of the antenna in Fig. 5.1(c). At this frequency, its peak accepted
gain is 5.5 dBi in both principal planes, as shown in Fig. 5.2. Moreover, the cross-polar
level is very low, nearly —80 dBi along boresight. These results are summarized in Table
5.1. As mentioned previously, originally square ring antennas were loaded to improve the

impedance match at f, . Next, it will be shown that by loading, two more resonances are

excited close to the unloaded mode frequency of the square ring.
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Table 5.1: Polarization and accepted gain of unloaded square ring antenna. The antenna

parameters are provided in the caption of Fig. 5.1

Frequency | Polarization Peak accepted gain (dBi)
®=0° @ =90°
Eg E, Eg E,
£, =2.082 X 5.5 -80 -24 55
(at® =0%| (at® =0° (at® =%75°% | (at® =0°)

—_— Siran T g
P .
,.’&/"WM‘—"' e %}
R N
;ﬂg‘&/ ?X k’\\ \‘\ 3
e "
%ﬂf:f ! Port1 N
N ;s
I —oos2aH )
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L2 M”/v";/
d () -
0
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0.5 15 25 35
Frequency (GHz)

(b)
Fig. 5.1: (a) Geometry of the square ring antenna on an infinite ground plane, and its (b)
return loss plot and (c) current distribution. The antenna parameters are: L; = 35

mm, L, = 17.5 mm, W = 8.75 mm. Substrate parameters: & = 2.5, h = 1.57 mm,

and tand= 0.0019. Probe position: Xr=-10.5 mm, Yr=0 mm.
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Frequency = 2.082 GHz
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Fig. 5.2: Radiation patterns of the square ring antenna at f, = 2.082 GHz. The antenna

parameters are given in the caption of Fig. 5.1.

5.2.1 Vertical gap loading

When a vertical gap is introduced symmetrically on the upper arm of the square
ring antenna with an off-center feed point on the arm along the y-axis, Fig. 5.3(a), the

impedance matching at f, , is improved, as can be noticed in Fig. 5.2(b). However, two

more resonances based on minimum S;; value, f;, and f,, appear, namely loaded mode

frequencies, with

Ju<tfu<[fi (5.1)

and these three frequencies are almost equally spaced in the spectrum.

If we closely observe the current distribution plot for f,, in Fig. 5.3(c), we can see

that the square ring is working as a folded dipole, and has a current flowing along the
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strip, which excites the dipole mode, and therefore, causes f;,. f, is due to the square
ring, and f,, is excited due to the loading. More design equations, and the relationship

among these frequencies are discussed in a later section. Note that with a symmetric
location of the feed along the y-axis and with a symmetric vertical gap loading on the arm
along the x-axis, these loaded modes cannot be obtained. Interestingly, if we observe the

current distribution at f

u

in Fig. 5.3(d), one can notice that the polarization of the
antenna at f, has changed to y-polarization with respect to x-polarization at f, , for the
unloaded case. At f,,, the antenna is x-polarized, same as f;,, as E is the co-polar

component in the ¢= 0° plane, Fig. 5.3(e). However, the S}, value is poor at f;,.

The gain patterns are plotted in Figs. 5.4 to 5.6 for all three frequencies. Note that

the peak accepted gain at f,, is —6.3 dBi, as shown in Fig. 5.4. We will discuss more

about this gain drop later. The cross-polar level at f, is slightly higher compared to the

i

unloaded case, as can be noticed in Fig. 5.5. For both f,, and f,,, in the ¢ = 0° plane,

the cross-polar level is much higher, particularly around *45°, Figs. 5.4 and 5.6.
However, the boresight cross-polar level is still low in both planes, at all three
frequencies. This discussion is summarized in Table 5.2. These simulation results are also

obtained from Ansoft Designer, using an infinite ground plane.
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Fig. 5.3: (a) Geometry of the loaded square ring antenna on an infinite ground plane with

a vertical gap, (b) its return loss plot, and current distributions of the antenna at

©, fi;, @ f,. (@ f,,- The antenna parameters are: L; = 35 mm, L, = 17.5

mm, W= 8.75 mm. Gap size, g = 1 mm. Substrate parameters: & = 2.5, h = 1.57

mm, and tand= 0.0019. Probe position: Xp=-10.5 mm, Yr= 2.5 mm.
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Frequency = 1.043 GHz
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Fig. 5.4: Radiation patterns of the loaded square ring antenna with a vertical gap at f; =

1.043 GHz. The antenna parameters are given in the caption of Fig. 5.3.

Frequency = 2.086 GHz

Accepted Gain (dBi)
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Fig. 5.5: Radiation patterns of the loaded square ring antenna with a vertical gap at f, =

2.086 GHz. The antenna parameters are given in the caption of Fig. 5.3.

79



Accepted gain (dBi)

-30 -

-40

-85 68 -51 -3¢ -17 0 17 34 51 68 85

Theta (degrees)

=0° plane
P

Accepted gain (dBi)

40 |

10 Frequency = 3 GHz

V! 1 ———E theta!

-85 -68 -51 -34 -177 0 17 34 51 68 85

Theta (degrees)

@=90° plane

Fig. 5.6: Radiation patterns of the loaded square ring antenna with a vertical gap at f,, =

3.0 GHz. The antenna parameters are given in the caption of Fig. 5.3.

Table 5.2: Polarization and accepted gain of the square ring antenna loaded with a

vertical gap. The antenna parameters are provided in the caption of Fig. 5.3

Frequency | Polarization Peak Accepted Gain (dBi)
(GHz) ®=0° ® =90°
Eq E, Eg E,
f;,=1.043 X -6.3 -18.6 -51 -6.3
(at® =0° |(at® =145 | (at® =485% | (at® =0°
£, =2.086 y -26 5.4 5.4 -42
(at® =480 | (at® =09 (at® =0° | (at® =1+45°
f1,=3.0 X 5.7 -3.3 -22 5.7
(at® =0% |[(at® =+45°| (at® =£75% | (at® =0°
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5.2.2 Horizontal gap loading

Instead of the vertical gap, we can load the square ring with a horizontal gap too,
and still notice three resonances. In this case, the loading is located symmetrically on the
arm along the y-axis in the form of a gap, keeping the feed point off-centered on the other
arm again along the y-axis, as shown in Fig. 5.7(a). A better impedance matching can be
achieved for f,, and f,,, with poor S;; value for f,, Fig. 5.7(b). Note that the antenna
polarization for all three frequencies rotates 90° with reference to the polarizations of the

vertical gap-loaded case (x- to y-polarization or y- to x-polarization), as can be seen in

Figs. 5.7(c) to 5.7(e).

The peak accepted gain for the lowest frequency, in this case, is about -6.3 dBi, as
can be seen in Fig. 5.8. The gain patterns for f, and f,, are also shown in Figs. 5.9 and
5.10. They have similar performances like the case with vertical gap loading, except that
the polarizations have been shifted by 90°. The results discussed so far are summarized in
Table 5.3, which are obtained from Ansoft Designer, considering an infinite ground

plane.
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Fig. 5.7: (a) Geometry of the loaded square ring antenna on an infinite ground plane with

a horizontal gap, current distributions of the antenna at (b), f,,, (d) £, (€) f.,,

and (e) its return loss plot. The antenna parameters are: L; = 35 mm, L, = 17.5

mm, W = 8.75 mm. Gap size, g = | mm. Substrate parameters: & = 2.5, h = 1.57

mm, and tano = 0.0019. Probe position: Xr=-10.5 mm, Yr= 2.5 mm.
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Frequency = 1.043 GHz
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Fig. 5.8: Radiation patterns of the loaded square ring antenna with a horizontal gap at f,,

= 1.043 GHz. The antenna parameters are given in the caption of Fig. 5.7.
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Fig. 5.9: Radiation patterns of the loaded square ring antenna with a horizontal gap at f,

= 2.086 GHz. The antenna parameters are given in the caption of Fig. 5.7.
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Fig. 5.10: Radiation patterns of the loaded square ring antenna with a horizontal gap at f1,

= 3.0 GHz. The antenna parameters are given in the caption of Fig. 5.7.

Table 5.3: Polarization and accepted gain of the square ring antenna loaded with a

horizontal gap. The antenna parameters are provided in the caption of Fig. 5.7

Frequency | Polarization Peak accepted gain (dBi)
(GHz) ®=0° @ =90°
Eq E, Eq E,
f,=1.043 y -32 -6.3 -6.3 -18
(at® =80% | (at® =0 (at® =0% | (at® =-45°)
£, =2.086 X 5.5 -34 -23 5.5
(at® =0° | (at® =0% | (at® ==£80° {at® =0°
f1,=3.0 y -13.6 5.6 5.6 -2
(at® =0% | (at® =0% (at® =0% | (at® =-40°
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5.3 Parametric study of the loaded square ring antenna

In order to better understand the relationship among the first three resonances of
the loaded square ring antenna: f,,, f,, and f,,, a detail parametric study is conducted
using Ansoft Designer. There are several important parameters of the open square ring
antenna, which affects its resonance frequencies. Detailed study about the first unloaded
mode frequency, f;,, has been discussed in [70, 71]. Here, the effects of varying the
probe position, substrate parameters, gap length (g), and width of the ring (W) are
discussed. Only one parameter is varied at a time, while keeping the rest of the
parameters fixed, as shown in the caption of Fig. 5.11. An infinite ground plane is

selected for the simulation.

5.3.1 Effect of probe position (X, Yr)

It is mentioned earlier that, for the open square ring antenna, if the probe is placed
symmetrically in one arm, while the gap is also symmetric on another arm, the loaded
mode resonance frequencies cannot be excited. However, a slight asymmetric position of
the probe excites two modes. For the case of horizontal gap loaded square ring antenna,
by slightly changing the position of the probe along the y-axis, the reactance of the

antenna can be changed. For the case of f;,, this variation is demonstrated on the Smith

chart of Fig. 5.11(a). However, as the feed point approaches to the corner of the ring,

severe impedance mismatch is observed.
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The variation in the input impedance due to moving of the feed probe point, along
the x-axis is presented in Fig. 5.11(b). Note that the variation in the reactance is smaller
for a large change in the Xr value, compared to the previous case. Similar effects are

observed for f , and f;, as well, and not shown here. Thus, by adjusting the probe

location, good impedance matching can be found for the frequencies of the loaded and

unloaded mode.
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Fig. 5.11: The effects of different probe locations on the impedance of the loaded mode

frequency f,, of the square ring antenna in Fig. 5.7(a): (a) varying Yr with Xr=

-10.5 mm. (b) varying Xr with Y7 = 2.5 mm. The antenna parameters are: L; =
35 mm, L= 17.5 mm, W= 8.75 mm. Gap size, g = | mm. Substrate parameters:

&=2.5, h=1.57 mm, and tand= 0.0019.
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5.3.2 Effect of substrate parameters

Substrate permittivity (g,)

Keeping all the parameters, mentioned in Fig. 5.11, fixed, the substrate
permittivity, &, , is varied, and the effects on the return loss plot are shown in Fig. 5.12.
When the substrate permittivity is increased from 2.5 to 4.4, loaded and unloaded mode
frequencies shifted from the higher to lower frequencies. The amount of shifting is larger

for higher frequencies, probably due to higher fringing effect.

|
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‘ ﬂ
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Fig. 5.12: The effects of varying €, on the frequency of the loaded square ring antenna in

Fig. 5.7(a). The antenna parameters are the same as in the caption of Fig. 5.11.
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Substrate thickness (h)

Next, the substrate thickness is varied for the case with € =2.5, and its effect on
the return loss is shown in Fig. 5.13. Both f,, and f, move to the higher frequency. The
reason behind this shifting, especially for the case of f,, can be explained with the help

of current distribution plot in Fig. 5.14. For larger thickness, the higher concentration of
current can be noticed at the inner edge, which essentially reduces the average

circumferential length of the square ring. However, f,, moves to the lower frequency for

an increase in the substrate thickness. In fact, as the thickness is increased, both f, and

u

f1, come closer, and for the case of 4 =10 mm, they merge together.

o
2 I
by [ LT . o.-h=08mm l‘\/ I
I
————h=157mm f, & f,, merged
A R —--—=- h=32mm ----- h=10mm  ~—~—~—~"""""""""""""°=°-
1 s h=5mm
h=10mm
-30 T T T
1 1.55 2.1 2.65 3.2
Frequency (GHz)

Fig. 5.13: The effects of varying & on the loaded and unloaded mode frequencies of the
loaded square ring antenna in Fig. 5.7(a). The antenna parameters are the same

as in the caption of Fig. 5.11.
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Fig. 5.14: Current distributions, at f;,, of the loaded square ring antenna in Fig. 5.7(a)

for (a) & = 0.8 mm and (b) # = 10 mm. The antenna parameters are the same as

in the caption of Fig. 5.11.

5.3.3 Effect of ring width (W)

The effect of varying the ring width (W) on the return loss of the antenna in Fig.
5.7(a), keeping the rest of the parameters fixed, is shown in Fig. 5.15. From Table 5.4, it
is evident that, when the slot size decreases, the width increases, and the average
circumferential length of the ring length decreases. As a result, the effective current flow
path decreases, which in turn increases the resonance frequencies due to the loaded and
unloaded mode. The shifting in frequency is larger for the second unloaded mode

frequency, f,,, compared to f,, and f,. The detail about f;, is provided in Table 5.4,

showing it’s shifting toward higher frequency, and narrow impedance bandwidth.
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Fig. 5.15: The effects of varying width (W) on the return loss of the loaded square ring
antenna in Fig. 5.7(a). The antenna parameters are: L; = 35 mm, Gap size, g = 1
mm, substrate parameters: & = 2.5, h = 1.57 mm, and tand = 0.0019. Probe

location: X = 10.5 mm, Yr = 2.5 mm.

Table 5.4: The effect of varying ring width (W) on f,, of the square ring antenna in

Fig. 5.7(a). The antenna parameters are mentioned in the caption of Fig. 5.15

Slot Size | Ring Width | 1% Unloaded Mode| -10dB RL BW
L, w Frequency (MHz)

(mm®) (mm) fu1 (GHz)

16.5 8.25 1.021 2.1
17.5 8.75 1.043 2.1
16.5 9.25 1.0708 27
15.5 9.75 1.0964 2.2
14.5 10.25 1.1248 2.4
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5.3.4 Effect of gap length (g)

Since, loading of the square ring antenna, in the form of a gap, gives several
resonances, the gap length (g) is an important parameter of this antenna. In fact, an
increase in g lowers the average circumferential length of the square ring. Therefore, the
loaded mode resonances move to the higher frequencies, as shown in Fig. 5.16. However

the shifting of unloaded mode frequency, f,, is insignificant. Like the previous case,

shifting in frequency is larger for the second unloaded mode frequency, f,,, compared to

Jur

S11 (dB)

1 1.55 2.1 2.65 3.2
Frequency (GHz)

Fig. 5.16: The effects of varying g on the return loss of the loaded square ring antenna in

Fig. 5.7(a), with L, = 17.5 mm. Other antenna parameters are the same as in the

caption of Fig. 5.15.
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5.4 Design guideline

By carefully studying the parametric data, and the discussion about the loading in
Section 5.2, we can establish a relationship among the loaded and unloaded mode
frequencies, and present the design equations based on the ring parameters. The unloaded

mode frequency, f, , is due to the TM;; mode of the square ring, and its corresponding

wavelength 4, in the dielectric can be found from:

V8 unloaded = lu (52)
where L, is the average circumferential length of the square ring, and can be calculated

from the physical parameters of the ring as follows:

=(L, +W)x4 (5.3)

D8 unloaded

From 4, , the unloaded mode frequency f, can be easily calculated using the following
equation:
c
fo=7—— (5.4)
/lu geﬁ"

As mentioned earlier, the current distribution plot at f;, of the loaded square ring

antenna in Fig. 5.3(c) indicates that the dipole mode is excited causing the resonance at

f1;- Based on the parametric study, it is clear that we can relate f,, and f, by the

following equation:

S =057, (5.5
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Again, from different return loss plots and the parametric study in Section 5.3

Jro=fo+ fu (5.6)
The reason for the equation (5.6) being approximate is that for the case of square ring,

because of the strong fringing effect on the corners, summation of f,, and f, is not
exactly equal to f;,. If we can have a geometry with smooth bending, such as, annular

ring, and thus, have less fringing effect, we will have the following relationship among

three frequencies:

Jo2=to+fu (5.7

To facilitate this claim, the return loss plot for a loaded annular ring antenna
having an inner diameter of 12 mm, and outer diameter of 21 mm, on a foam substrate
with thickness 0.8 mm, is presented in Fig. 5.17. Considering its average diameter be the
average of its inner and outer diameters, its average circumferential length is 104 mm.
Due to the loading, its three resonances occur at 1.510 GHz, 3.074 GHz and 4.509 GHz.

In this case, loaded and mode frequencies follow equation (5.7).

It is to be noted that the above discussion is valid as long as a thin substrate is
used for the square ring antenna. When the substrate thickness is much higher, the second

unloaded mode disappears, as discussed in Section 5.3.2.

93



S11 (dB)

11 -

-13 -

1.4 2.2 3 3.8 4.6
Frequency (GHz)

Fig. 5.17: Return loss plot of the gap-loaded annular ring antenna on an infinite ground
plane, with its geometry. The antenna parameters are: inner diameter = 12 mm,
outer diameter = 21 mm, probe position: Xr = -15.5 mm, Yr = 2 mm, Foam

substrate thickness = 0.8 mm.

5.5 Antenna miniaturization by loading

Since loading generates a resonance much lower than the unloaded mode
frequency, the miniaturization aspect of this antenna is discussed in this section. We can
compare the lowest resonance frequency ( f;,) of this structure with the typical square
patch antenna. A 35 mm-square patch [as shown in Fig. 2.8(c)] on a substrate material,
with & = 2.5, h = 1.57 mm, and tand = 0.0019, on an infinite ground plane, resonates at

2.61 GHz, as found in the simulation obtained using Ansoft Designer version 3.0. A
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symmetric probe location, Xr= -5 mm, and Y»= 0 mm, can be used for this case. When a
17.5 mm X 17.5 mm square metal portion is removed from the center of the square patch,
the 35 mm-square ring resonates at 2.086 GHz, as shown earlier in Fig. 5.1(b). The
antenna is symmetrically fed by a ~ 50-Q SMA probe at Xr=-10.5 mm, Yr= 0 mm in
this case. The unloaded mode frequency is 80% of the resonance frequency of the
conventional square patch antenna. It is necessary to mention here that the resonance
frequency of the square ring antenna can be lowered if the width of the ring is made
narrower. Note that in order to obtain the resonance at 2.086 GHz by a square patch
antenna, the size has to be 44 mm, which indicates a reduction in antenna size of 20% for
square ring. It is worth repeating here that with a symmetric probe-feed, it is not practical

to match the square ring antenna with a narrow width to a 50-ohm input circuit.

When the antenna is loaded with a small gap, as presented in Fig. 5.7(a), several
other resonances are excited, and the lowest resonance of the antenna is f;; = 1.043 GHz,
as shown in Fig. 5.7(b). This frequency is 50% of the resonance frequency of the
unloaded case, and the reduction in antenna size is 60% compared to the conventional
square patch antenna. Therefore, a much smaller antenna can be obtained by loading the

square ring antenna.

Again, if we look at the gain patterns of this antenna, its peak gain is only —6.3
dBi, which conforms to the well-known limitation of the miniaturized antenna: the
smaller the antenna is, the poorer the gain is [4]. Later, in this chapter, we will discuss
more about such poor gain of miniaturized antennas obtained from the square ring

antenna, and in the next chapter, a solution to this problem will be developed.
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5.6 Experimental Study

First, the antenna miniaturization due to the loading of the square ring antenna is
confirmed by experimental verification. A gap-loaded square ring antenna was fabricated
and tested in the Antenna Lab at the University of Manitoba. For simulation, the infinite
ground plane is considered. However, for fabrication, a ground plane of 16 cm X 16 cm
was used. Other antenna parameters are mentioned in Fig. 5.18. In this figure, the
simulated and measured return losses are compared, which indicates a good agreement.
The simulated loaded rﬁode resonance is 1.4712 GHz, and the measured one is 1.4695
GHz. Unloaded mode frequency can be noticed in the plot as well. The slight difference
in the measured resonance frequencies can be attributed to the presence of the finite

ground plane in the fabricated prototype, and fabrication error in the hand-made antenna.

o
=
I — Measured Unloaded
Simulated
B . o R, A T T om0 i B i
Loaded
-20 . ; . . .
1 1.5 2 2.5 3 3.5 4
Freguency (GHzZ)

Fig. 5.18: The simulated and measured return losses of the gap-loaded square ring
antenna in Fig. 5.7(a). Antenna parameters are: L; = 35 mm, Ly = 17 mm, W=
9 mm, foam thickness, & = 10 mm, gap, g¢ = 2 mm, probe location: Xp= 12.5

mm, Yr=1.5 mm.
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In order to verify the gain patterns obtained from Ansoft Designer, another
prototype was fabricated such that it can operate at a higher frequency, 1.64 GHz, and
this is just to avoid the measurement of gain at much lower frequencies, not available in
the Antenna Lab. The dimensions, for this case, are mentioned in the caption of Fig. 5.19,
which has the simulated and measured return loss plot for the first loaded mode
frequency. Both simulated and measured -10 dB return loss bandwidths, at this
frequency, are 3.75 MHz, however, a small shifting of the resonance frequency can be
noticed. Again, for simulation, an infinite ground is considered, whereas for
measurement, a ground plane size of 32 cm X 32 cm was used. Figs. 5.20 and 5.21 show
the simulated and measured co- and cross-polarization levels of the antenna at the first
loaded mode frequency, respectively. A good agreement is observed between simulated
and measured results. It is clear that the cross-polar level is high at the loaded mode

frequency, due to high orthogonal currents for unloaded mode.

0 - m o m e

_5 N T S T 9 ol
E i H | '
= . . .
:-10-- " o -i"" T T Tt e
» ' — Measured
A T t Simmated ‘
-20 : : - {
1.63 1.635 1.64 1.645 1.65

Frequency (GHz)

Fig. 5.19: Simulated and measured return loss plots of the square ring antenna loaded
with a horizontal gap at loaded mode frequency, f;; = 1.64 GHz. The antenna
parameters are (in mm): L; = 34, L, = 17.1, W = 8.45, g = 2. Foam substrate
thickness, /4 = 10.
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Fig. 5.20: (a) simulated and (b) measured gain patterns in the ¢ = 0° plane of the square

Gain (dBi)

ring antenna loaded with a horizontal gap at loaded mode frequency, f1; =

1.64 GHz. The antenna parameters are the same as in caption of Fig. 5.19.
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Fig. 5.21: (a) simulated and (b) measured gain patterns in the ¢ = 90° plane of the square

ring antenna, loaded with a horizontal gap, at loaded mode frequency, f;; =

1.64 GHz. The antenna parameters are the same as in caption of Fig. 5.19.
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5.7 Modified gap-loaded square ring antenna

The lowest loaded mode frequency of the gap-loaded square ring antenna can be
lowered further by modifying slot shape inside the square ring. The designs in Fig.
5.22(a) and 5.22(b) have been proposed in [23, 24]. Here a capacitive feeding is used,
because the ring width is very narrow, and as such, probe-feed becomes impossible. The

feed line and the ring are etched on a substrate with dielectric permittivity €, = 2.5, and

thickness of 0.79 mm, which is placed over the infinite ground plane with a foam in
between, having a thickness of 6.35 mm. The feed line impedance is 50-Q, which is

excited by an SMA probe.

Other variations of the slot can also be possible, and an example is shown in Fig.
5.22(c). In all three cases, g = 1 mm. The main idea here is to lengthen the current flow
path, which lowers the loaded mode frequency. The ring size is 12 mm X 12 mm for all
three cases. Note that a 12 mm-square patch on a substrate, with dielectric permittivity

g, = 2.5, and thickness of 0.79 mm, will operate at 7.5 GHz. Antenna # (a) operates at

2.184 GHz, as shown in Fig. 5.23, which indicates a size reduction of about 70.8%.
Similarly, loaded mode frequency of antenna # (b) is 1.71 GHz, and that of antenna # (c)
is 1.43 GHz, indicating size reductions of 77.2% and 80.9%, respectively, compared to
the square patch antenna. However, from Table 5.5, we can see that as the antenna size

gets smaller, the bandwidth gets narrower.

Again, as the current is much higher at the edges of narrow strips, the resistive

losses are much higher. Therefore, the gain level is very low, especially for antenna # (b)
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and antenna # (c), as can be found in Figs. 5.24-5.26. In the next chapter, we are going to
present a method to reduce the resistive loss, and enhance the gain of miniaturized

microstrip antennas.

Antenna # (a)
(a) (b)

Antenna # (¢)
(©

Fig. 5.22: Modified open square ring antenna geometries: antennas # (a) and (b) are from
[23, 24]. For antenna # (¢), a = 2 mm.
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Fig. 5.23: Return losses of the modified open square ring antennas in Fig. 5.22.
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Fig. 5.24: Gain patterns in two principal planes of the modified open square ring antenna

[Antenna # (a), Fig. 5.22(a)].
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Fig. 5.25: Gain patterns in two principal planes of the modified open square ring antenna
[Antenna # (a), Fig. 5.22(b)].
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Fig. 5.26: Gain patterns in two principal planes of the modified open square ring antenna
[Antenna # (a), Fig. 5.22(c)].

102



Table 5.5: Performance properties of the modified open square ring antennas in Fig. 4.10

on infinite ground plane

Antenna Feed line | Loaded 10-dB RL Gain (accepted) at loaded
length mode BW mode frequency
frequency (MHz) (dB1)
(GHz) ¢p=0° ¢=90°
# (a) Fi=6mm |2.184 2183 -2187 |[Co:1.52 Co: 1.52
(=4 MHz) Cross: -22 Cross: -22
0.206%
# (b) Fi=10mm |1.71 1709 — 1712 |Co: -6.22 Co: -6.22
(=3 MHz) Cross: -25.64 | Cross: -25.64
0.205%
# (¢) F;=18mm |1.43 1427 - 1429.7|Co: -9.98 Co: -9.98
(=2.7MHz) |Cross: -33 Cross: -33
0.18%

5.8 Conclusion

In this chapter, the loaded and unloaded modes of the gap-loaded square ring
antenna were discussed. Because of loading, two more resonances were noticed around
the unloaded mode frequency. The important features of the loaded modes were
presented with a parametric study. A relationship was established among loaded and
unloaded mode frequencies. The simulated results were confirmed with experimental
results. The first loaded mode frequency was much lower than the unloaded mode

frequency of the square ring, which indicated a huge size reduction. However, the gain at
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this frequency was too low. The slot inside the square ring could be modified to lower the
loaded mode frequency, to obtain even smaller microstrip antenna. Again, the main
problem with these modified open square ring antennas was their poor gain, due to high
ohmic losses, which resulted from the high currents at the edges of the narrow rings. In
the next chapter, a multi-layer laminated conductor concept will be presented which has

the capability of reducing the resistive losses.
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CHAPTER SIX

Gain Improvement of Miniaturized Square Ring Antennas

6. 1 Introduction

Miniaturized antennas normally have poor gain and efficiency. In the case of
miniaturized microstrip antennas, such as miniaturized square ring antennas presented in
the previous chapter, high ohmic loss is the main cause of their reduced gain and
efficiency. For a simple square ring antenna, this can be explained easily using the
current distribution on the strip of the ring. As mentioned earlier, narrower width (Ly/L; =
large) of the square ring antenna indicates smaller antenna. As shown in Fig. 6.1, when
the width of square ring is made very narrow (L»/L; = 0.93) to make square ring antenna
smaller, the currents become excessively large at inner and outer edges of the ring,
compared to that of a square ring antenna with wider strip width. Therefore, °R loss, or

conductor loss, is much higher, which contributes to reduced gain and efficiency.

To reduce the resistive loss in coaxial cables and transmission lines, laminated
conductors have been used, each having thickness less than or around skin depth, instead
of a single conductor, which essentially increases the penetration depth of the
electromagnetic wave [25, 26]. Here, a multi-layered planar conductor is studied to

explain the concept of laminated conductor. Since microstrip antennas are formed with
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conductors, the patch conductor and the ground conductor, the same concept is used for

miniaturized square ring microstrip antennas to enhance their gain.

In order to show its generality and applicability, several miniaturized microstrip
antennas, such as square ring antenna, H-shaped patch antenna, and modified loaded
square ring antenna, are considered. Multiple laminated conductor layers are used instead
of a single conductor layer, to form the conducting patches of these antennas, and the
effect in reduction in resistive losses is discussed in detail. Effects of laminating material
permittivity and thickness are studied. Measurement results are presented to support the

discussion.

. 1,0000e-001
1,0000e-001
B8, 3417e-002

Port
6,6833e-002
5,0250e-002

3. 3667e-002

1.7083e-002

5.0000e-B04

50000004 Square ring with
Square ring with wide strip width a narrow strip width

Fig. 6.1: Current distributions on the square ring antennas with wide and narrow strip

widths, at their resonance frequencies.
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6.2 Multi-layered planar conductor to reduce loss

Let us first consider a planar lossy material, having thickness a, dielectric

permittivity &

m?

permeability 4, , and conductivity o, (medium 2) in Fig. 6.2. This

medium can be characterized by the propagation factor k,, which can be expressed by

m?

the following equation in terms of the material properties:

k,=oJu,eE, [1-j Lo 8 (6.1)
wgm

where @ is the angular frequency, and is defined by
w=2xf (6.2)

Here, fis the operating frequency.

‘Z
|
Transmitted ;
wave |
(E. H)
|
: Medium # 3
- Medium # 2
————————— - X
A, &, k Medium # 1

Incident Reflected
plane wave wave
(E, H) (E. H)

Fig. 6.2: Planar lossy material with plane wave incidence.
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A uniform plane wave is propagating in the +z direction in free-space (medium 1),
and impinges normally at a plane boundary with medium 2 at z = 0. Medium 1 has a
dielectric permittivity of &£, and a permeability of x , and its propagation factor is given

by:

ky = @\ f,€, (6.3)

There will be reflection and transmission at this boundary [72, 73]. An x- or y-
polarized incident field can be considered. The electric and magnetic fields for the

incident and reflected waves in medium 1 are:

E, = C,exp(—jk,z) (6.4)
E, =C exp(jk,2) (6.5)
H = al)coo C, exp(—jk,z) (6.6)
H =- afo C, exp( jkyz) 6.7)

0

Therefore, the total electric and magnetic fields in medium 1 is the sum of the incident

component and reflected component:

E, = Cyexp(—jk,z)+C, exp( jkyz) (6.8)

k . k .
H, = a)o C, exp(—jkyz)— w;l C, exp( jk,z) (6.9)

0 0
The remaining part of the incident wave will be transmitted to medium 2, and the field

within this medium can be represented by both forward and backward waves:
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m

E, =E, =C,exp(-jk,z)+C,exp(jk,z) (6.10)

n

k
H :HZ = k'" CZeXp(_jka)_-a—)—ll—CIi eXp(jka) (611)

m m

In medium 3, only forward wave in +z direction exists, which is the transmitted wave:

E, =E, =C,exp(—jk,z) (6.12)

k ,
H=H,= wo C, exp(—jk,z) (6.13)
0

The continuity of the tangential components at the interfaces requires that at z=0,

E, = E,, which gives
-C+C,+C; =1 (6.14)

At z=0, H, =H,, which gives

q( ic ]+c2( i J+c{-£)=( i J (6.15)
a)/‘l 0 wﬂ m a)lu m wlu 0

At z=a, E, =E,, which gives

C, [exp (-—jkma)] +C, [exp (jkma)] -C, [exp(-jk,@)]=0 (6.16)

At z=a, H,=H,, which gives

o2 oo ool Jo ot 61
17 [0 oy,

m m 0

Therefore, we have four equations: equations (6.14)-(6.17), and four unknown
amplitudes: C;, C,, C; and C,, considering C,, the amplitude of the incident wave, to

be known, and equal to 1. These four equations can be expressed in a matrix form, as

shown in equation (6.18):
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-1 1 1 0 el v ]
Ko km_ _Fm_ 0 k
e, wey, WEp, ¢, Z)Z%
0 exp(—jkma) exp( jkma) —exp(— jkOa) c, =
0 M_exp(-jkma) - ki exp(jkma) —ﬁ—exp(—jkoa) ’
i m Em 20 €] | o |
(6.18)

The four unknowns can be found by solving the matrix, and thus, the reflected and
transmitted powers can be calculated. Based on the transmitted and reflected powers, the

power lost inside the lossy material can be found using the following equations:

(6.19)

where, 77 is the wave impedance. The first term in the above equation is the incident

power, the second term is the reflected power and the third term is the transmitted power.

Medium 2 in Fig. 6.2 can be conductor or dielectric, based on the material

properties. If we consider a conducting material with a finite thickness having €, =1, the

power lost in the material decreases as the conductivity, o,

mn

increases, as shown in Fig.

6.3. Moreover, the power loss increases with frequency. The power loss is calculated
using equation (6.19). The MATLAB code, to solve the matrix in equation (6.18) and to

calculate the power loss, is presented in Appendix B.
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Fig. 6.3: Power loss vs. frequency for the lossy material in Fig. 6.2 for thickness of

a =200 pm.

We can extend the discussion to a three-layer system with alternate medium, as

shown in Fig. 6.4. Media 2 and 4 are of the same material, with medium 3 in between
having dielectric permittivity &, permeability 4, , and conductivity o,. Media 1 and 5

are free-space regions. The layered material system in Fig. 6.4 can be considered as a
planar conductor with conducting material in media 2 and 4, each having a thickness of

t,, and a laminating dielectric layer with a thickness ¢, and negligible o, in media 3.
The overall thickness of the planar conductor is z. The propagation factor k, of the

dielectric layer can be expressed as follows:

k, = o\ 1€, (6.20)
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Fig. 6.4: Planar conductor with alternating laminating material with normal plane wave

incidence: three layers.

If we consider a normal wave incidence at the boundary z = 0, then as previously,

we can write the field equations in five regions, and apply the boundary condition:

Medium 1:
E, =C,exp(—jk,z)+C, exp(jk,z) (6.21)
H = ky C, exp(—jkoz)—k—OCl exp(jkyz) (6.22)
O, Oy
Medium 2:
E, =C, exp(-jk,z)+C, exp( jk,z) (6.23)
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k k
H, =—"-C,exp(-jk,z)——2C,exp( jk,z) (6.24)

m m

Medium 3:
E, =C,exp(—jk,z)+Csexp( jkz) (6.25)
H, :LC4exp(—jk,z)— k Cs exp( jk,z) (6.26)
Wh, WU,
Medium 4:
E4 =C6 exp(_kaZ)+C7 exp(jkmz) (627)
km . km .
H,=—2-C,exp(—jk,z)— C, exp( jk,z) (6.28)
a)ﬂm m
Medium 5:
E; = Cyexp(—jkyz) (6.29)
ky ,
H, =—C-()———C8 exp (- jk,z) (6.30)

0

If we apply the boundary condition of matching tangential electric and magnetic
fields along the boundaries z =0,z = a,,z = a,, and z = a;, we are going to have eight
equations for eight unknown amplitudes: C,, C,, C, C,, C;, C, C, and C;, which can

be expressed in matrix form, as shown below:
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[ -1 1 [ 0 0 0 0 0 C, 1
*o_ L _m 0 0 0 0 0 C. ko
wEy DEm WEp : e,
0 cxp(—jk,,,al) cxp(jk,,,ul) —cxp(-—jklul) —cxp(jklal) 0 0 0 [ 0
3 k k
0 (;Z,l" Cx!’(‘f"m"l) - n’)(e"’,," cxp(jk,,,ul) “w—écxp(“jklul) -w—él-cxp(jklal) 0 0 0 C, . 0
0 4] 0 cxp(—jklaz) cxp(jkluz) —cxp(—jk,,,uz) —cxp(jk,,,uz) 4] C 0
k k 3
0 0 0 écxp(-‘jklaz) —-m—:_Tcxp(jklaz) —(:é'_','" cxp(—jk,,,a:) a’;g[’" cxp(jk,,,uz) 0 C, 0
0 0 0 0 0 exp (- jtmas ) exp( jkmas) —exp{-jkgas) ||C; 0
3 3 k,
0 0 [ 0 0 [:Z"" CXP(—fkm“g) - n:g,',, c"p("ll"m“3) - mgo exp (_jk()"i& )_ »Cs 0
(6.31)
In this case, the power lost in three layers will be:
1 IC 2 C 2
[ _lg
P N L 0 6.32)
2n 2np 27

where C, and C; are the amplitude of the reflected and transmitted waves in media 1 and

5, respectively.

Now, if we want to consider ‘n’ number of layers, where the conducting layer and
the laminating dielectric layer will repeat several times, we have a system of planar
conductor, as shown in Fig.6.5. Considering two free-space regions, there are n + 2

numbers of media.

We can write field equations as we have done for the three-layer case for different
media starting from medium 1, and continue until the free-space region after the last
layer, as also suggested for layered dielectric media in [74]. The electric and magnetic

fields for the last layer can be written as follows:

EZn = C2n eXp(—jka) + C2n+1 Cxp(jkmz) (633)
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Fig. 6.5: Planar conductor with alternating laminating material with normal plane wave

incidence: ‘n’ number of layers.

k . k .
Hz,,= = Czn exp(—kaz)—¢ ZHHCXp(jka) (634)

m m

For the free-space region,

By =C;,nexp(=jkoz) (6.35)

k .
o =$sz exp (—jkyz) (6.36)

0
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Applying the matching boundary condition at the boundaries z = 0, 4, a,, a;,
......... , a,, we will get 2n + 2 number of equations for 2n + 2 number of unknown

amplitudes: C,, C,, G5, ....o.vin... , C,,.». These equations can be represented in matrix
p 3 q P

form as shown below to solve for the unknowns:

M, M, M, 0 0 0 0 0 0 0 of Y,
M, M,, M, 0 0 0 0 0 0 0 G | v
0 M,d M,d M,d Md 0 0 0 0 0 oA 0
0 M,d M.d M.,d M. 0O 0 0 0 0 C, 0
0 0 0 M,d, Mgd, M,d, M.d, 0 0 0 ot 0
0 0 Mg d, Mgud, Mg,d, Mgud, 0 0 0 Gy _ 0
O 0 0 0 0 O 0 ot M2n+l.2ndn M2n+l.2n+ldn M21x+1.2n+2dn CZ/H—] 0
L 0 0 0 O 0 0 0 R M'.’n+3.2ndn M._/|+2A2n+l n M2n+2,2u+2dn n _C2/l+2 J L O i

(6.37)
Here, M, =—1, M,, =1 M,, =1, ¥ =1 and ¥, =2 Also,
’ ’ ’ we,
k
M, =—9 (6.38)
’ QE,
0
k
M,,=—m (6.39)
D€y,
km
M, =——"1 (6.40)
’ WEy,
M, ,d, = exp (= jkma, (6.41)
M, 5d, =exp( jkmay ) (6.42)
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M,,d, = ;Zn 2 (_kaa])
M,sd =~ ;n eXP(jkmal)
m

k
M, d = ——l—exp(—]klal)

M,,d, —k—%exp (_]klaZ)
M,d, =—wk—ilexp(]kla2)
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(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)

(6.49)

(6.50)

(6.51)

(6.51)

(6.52)

(6.53)



k .
Mud, == I exp(~jkma, ) (6.54)

k
M, d, =" expl jk
6.4%2 e, p(] maz) (6.55)
M,,, 2.4, =exp (“]'kma,Z ) (6.56)
M2n+1,2n+1dn = exp(jkman ) (657)
M 20024, = —exp (= jkya,) (6.58)
k .
M2n+2,2ndn = a)‘;?:n exp (_.]kman) (659)
k .
M2n+2‘2n+1dn =- a);}:n exp(]kman ) (660)
k
-0 —
M, 220004, = we, exp( ]koan) 6.61)
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For this n-layer system of planar conductor, the power lost can be calculated using

the following equation:

p=—-l [l (6.62)

In this case, C, and C,,,, are the amplitudes of the reflected and transmitted waves,
respectively. By solving the matrix in equation (6.37), power lost in the laminated
conductor system in Fig. 6.5 can be calculated. A MATLAB code, to solve this matrix, is

attached in Appendix C.

The main aim of this formulation is to evaluate the performance of a planar
conductor, where several layers of conducting material, each one laminated with a
dielectric material having a thickness in the order of skin depth, are used. Before we start
the discussion on the loss in the planar laminated conductor, the definition of skin depth

is given first.

In good conductors, a high-frequency electromagnetic wave is attenuated very
rapidly as it propagates in a good conductor [73, 75]. The depth of wave penetration in

good conductor is called ‘skin depth’, and is defined by:

S=_L (6.63)

T f o

For the convenience of the readers, several tables are attached in Appendix D with

different skin depths for different conductivities, o .
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MATLAB plots are discussed next to see the effects of having multiple laminated
conducting layers on the loss of the planar conductor. For conductivity o, = 10°, Fig. 6.6
shows that when several laminated conducting layers are used, instead of a single
conducting material layer, loss decreases. Each laminated conductor layer, the thickness

of which is designated as ¢,, comprises a conducting layer with an infinitesimal thickness
and the laminating dielectric layer having a thickness (z,) around the skin depth for a

given frequency range. Although the thickness of the conducting layer is infinitesimal,
there will be finite surface current distribution on the surface of the conducting material,
which will cause finite ohmic losses. The significant loss reduction occurs when a few
number of laminated conductor layers (2 or 5) are used. Although with 15 layers or more,
the loss reduction can be observed, however, after 25 layers, the loss reduction is not
significant, but still the power loss is less than that of the single layer case. The overall
thickness (f) increases as more number of layers is used, and 7 is much higher compared

to the skin depth of the conducting material.

If we restrict the overall thickness ¢, as the number of laminated conducting layers

increases, the loss reduces, as shown in Figs. 6.7 and 6.8 for two conductivities: o, =10’

and o, =10°. When the conductivity is higher, the loss is less, as can be noticed in these

figures. For each case, the laminated conductor thickness is smaller than the skin depth.
Note that for large number of layers, the laminated conductor layer thickness becomes
much smaller than the skin depth, which translates into lower loss compared to that of

few number of layers. However, the amount of reduction in loss is small for the case with
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large number of layers, compared to that with less number of layers. In both cases, the
overall thickness (¢) is fairly larger than the skin depth. However, when higher overall
thickness is used, no significant loss reduction is observed, Fig. 6.9. Slightly higher loss

can be observed at the higher frequencies, in this case.

o 0-4 Power loss vs. Frequency

=10, §=1 g,=1 =1

................................................................. AANAAAANANAAAANANNAAAANNANANNANANAAAAN
...................

s o —o— Single conductor (Inﬁltlitesimal)'
5__»__ e . ‘ Liai ater] ______ —6—2 Iayers (tr.‘ . 20}1]“, 1=40 pm) ____________ ]
t : Conducting Material, —5 layers (f, =20 um, =100 pm)
3 —+—15 layers (1, =20 pm, £ =300 yum)
g ' —25 layers (1. =20 pm, 1= 500 jm) "]
3 (O S S S e e O S S B EEr : - SECOEECEEER CEEEEEE k)
i | EXCMIPA Y I S| OUESINL NOE N A YR SA—— T— .
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Fig. 6.6: Loss reduction due to the use of multiple laminated conductors instead of a
single conducting layer, with #, =20 pm . Skin depth at 1 GHz is 50.3 pm for

o =10".

m
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Power loss vs. Frequency (o, = 10%) (¢ = 1mm)

x10™

Power Loss (W)

——5 Iayer‘s (1, =0.2mm)
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" —e— 15 layers (£ =0.067mm)
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S ———— —&— 40 layers (£ =0025m)

—v— 50 layers (1,=00lmm)

0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz) x 10°

Fig. 6.7: Loss reduction due to the use of many laminated conductor layers with smaller

thickness of each layer: ¢, =10°, t=1mm. Skin depth at 1 GHz is 503 pm

for o, =10°.
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Fig. 6.8: Loss reduction due to the use of many laminated conductor layers with smaller
thickness of each layer: o, =10°, t =100 pm. Skin depth at 1 GHz is 50.3 pm

for o =10".
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4 Power loss vs. Frequency (=300 um)
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Fig. 6.9: Loss reduction due to the use of many laminated conductor layers with smaller

thickness of each layer: o, =10°, +=300 pm. Skin depth at 1 GHz is 50.3 pm

for o =10".

m

6.3 Multi-layered patches to enhance miniaturized antenna gain

As mentioned earlier, when width of the square ring is narrow, the variation of
current on the ring becomes very large, and causes excessive ohmic losses, which reduces
the antenna gain. To overcome this problem, we applied the concept of multiple
laminated conductors to some miniaturized antennas in this section. Although microstrip

antennas consist of patch conductor and ground conductor, laminated conductors are used
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only for the patch conductor, and the ground conductor is assumed infinite to simplify the

computer simulation in Ansoft Designer, Version 3.

6.3.1 Square ring antenna

Consider the simple geometry of the microstrip square ring antenna with a narrow
width, as shown in Fig. 6.10. The size of the ring is L; = 60 mm, with width W =5 mm, i.e.
Ly/ L, = 0.84, which operates at 1.41 GHz on a foam substrate having thickness 4 = 1 mm.
We have used multiple thin laminated conductor layers (as depicted in Fig. 6.11) rather
than a single conductor. Table 6.1 shows that for a single copper conductor having an

infinitesimal thickness, the gain of the antenna is 4.56 dBi [76, 77].

When multiple laminated conductor layers are used to form the square ring, a
significant improvement in the gain is observed, as indicated in the simulation results in
Table 6.1 and Fig. 6.12. An infinitesimal thickness of copper is used in the simulation
obtained from Ansoft Designer, version 3. To better understand the effects of having
multiple laminated conductor layers, air gaps are used between conductor layers instead of
dielectrics. Each laminated conductor has a conductor layer with infinitesimal thickness,
and an air gap with 1 pm thickness. The thickness of each laminated conductor layer (z,) is
around the skin depth. For 6 layers, with overall thickness (¢) of 6 pm, the antenna gain is
6.92 dBi, 2.36 dB higher than that of the single conductor case. When air gap (#)) is 3 pm,

a peak gain of 8.84 dBi is observed for 4 layers having an overall thickness of 12 pm. This
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indicates an increase in the gain of 4.28 dB, compared to a single layer case, as shown in

Fig. 6.13.

Top view

Square Ring Sio ——a4 ’
B SR AR Limii y - 1 h X

Foam Ground Plane

Input
Side view

Fig. 6.10: Geometry of the square-ring antenna on foam substrate: (a) top view, (b) side

view. Antenna parameters: L; = 60 mm, W= 5 mm, L,=50, 7 = 1 mm.

l Slot I

tIE Slot =y

Fig. 6.11: Side view of a square ring antenna on a foam substrate, (a) with a single solid

conductor, (b) with multiple thin laminated conductor layers.
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Table 6.1: Multiple laminated conductor layers to enhance the gain of the square ring

antenna in Fig. 6.10 with 7z, =1 pum

Number of Overall conductor Peak accepted
laminated thickness gain
conductor layers t (um) (dBi)
Single conductor |.  Infinitesimal 4.56
1 1 4.81
2 2 5.81
3 3 6.09
4 4 6.52
5 5 6.92
6 6 6.69
7 7 6.66
8 8 6.43
9 9 6.25
! R T LA B P L EIE o gt s w5
R T L CRLLR R PR EERPLRPEL N
= —— Single conductor (Infinitesimal)
% ——1 laminated conductor layer
S A0 M sssssmbminnss o5 55 L —— 2 laminated conductor layers & N\
E —+— 3 laminated conductor layers
[0] .
§ —— 5 laminated conductor layers
| N : —— 7 laminated conductor layers P :
: : 9 laminated conductor layers : :
-30

-60 -45 -30 -15 0 15 30 45 60
Angle (degree)

Fig. 6.12: Variations of the gain of the ring antenna in Fig. 6.10 for multiple laminated

conductor layers at 1.41 GHz in the ¢= 0° plane: 7, = 1 pm.
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T D0 e I Ceereeeans R e . . R ;
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-30 : : : ! : : :
-60 -45 -30 -15 0 15 30 45 60

Angle (Theta)
Fig. 6.13: Variations of the gain of the ring antenna in Fig. 6.10 for multiple laminated
conductor layers at 1.41 GHz in the ¢ = 0° plane: .= 3 um.

The square ring antenna, discussed above, has no dielectric loss, since foam layer
is considered as the substrate. Let us consider another miniaturized microstrip antenna, H-
shaped microstrip antenna, which has dielectric loss, and use multiple laminated

conductors to see whether gain can be improved.

6.3.2 H-shaped miniaturized antenna

Geometry of the H-shaped microstrip antenna is shown in Fig. 6.14. Like the ring

antenna, its gain reduces due to increased losses caused by the miniaturization. This
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geometry is selected here to find the generality of the technique. The antenna is on a

microwave substrate having relative permittivity, € = 2.5, loss tangent, tand = 0.0019

and thickness = 1.6 mm. The antenna is operating at 2 GHz [78]. The antenna has both
conductor and dielectric losses (5.04 dB), with the later one dominating the loss (1.47 dB),
as shown in Fig. 6.15. When multiple laminated conductors are used for this antenna, the
gain remains nearly 3.69 dBi, indicating no significant gain improvement, as shown in Fig.
6.16. This discussion suggests that the use of several laminated conductor layers cannot
reduce the dielectric loss, and can only improve the gain when conductor loss is the

dominant cause of losses.

30 mm

30 mm

Fig. 6.14: Geometry of the H-shaped microstrip antenna, on a substrate having £ = 2.5,

tand =0.0019 and A, = 1.6 mm, with antenna dimensions.
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Fig. 6.15: Gain patterns, in ¢= 0° plane, of the H-shaped antenna in Fig. 6.14 at 2 GHz, in

order to calculate the conductor and dielectric losses.
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Fig. 6.16: Gain patterns, in ¢= 0° plane, of the H-shaped antenna in Fig. 6.14 at 2 GHz,

with multiple laminated conductor with z, = 0.5 pum.
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6.3.3 Miniaturized loaded square ring antenna

Now we consider another miniaturized antenna, the capacitively-fed modified
loaded square ring microstrip antenna, as discussed in section 5.7 in the previous chapter.
It was mentioned earlier that this antenna is a miniaturized antenna to a greater extent.
Moreover, it has a poor gain. More detail geometry of the antenna is presented in Fig.

6.17. The antenna is on a dielectric substrate with £ = 2.5, thickness = 0.79 mm, and

tand = 0.0019, which is separated from the ground plane by a foam of thickness 6.35 mm.
From Fig. 6.18, we can see that its conductor loss is the dominant factor of the total loss
of 4.48 dB. For the single conductor (infinitesimal thickness) case, its gain is 1.52 dBi.
However, when several laminated conductors are used, its gain increases, as shown in
Fig. 6.19. For 3 layers, its gain is 2.88 dBi, with an air gap of 0.5 um, and overall
conductor thickness, = 1.5 [im., as mentioned in Table 6.2. A very small shifting of the

operating frequency is observed when more number of layers is used.

12mm

QOpen Square
P & q

Dielectric ing Feed Line

Substrate
Y

12mm

Eohm Ground Plane

Top view Side view
Fig. 6.17: Geometry of the modified loaded square ring antenna, on a substrate having

g =2.5, thickness = 0.79 mm, and tand= 0.0019.
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Fig. 6.18: Gain patterns at 2.185 GHz, in the ¢ = 0° plane, of the modified square ring

antenna in Fig. 6.17, in order to calculate the conductor and dielectric losses.
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Fig. 6.19: Variations of the gain at 2.185 GHz of the multi-layered modified loaded square
ring antenna in Fig. 6.17, in the ¢ = 0° plane: ¢, = 0.5 pm.
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Table 6.2: Effects of multiple laminated conductor layers on the gain of the modified

loaded square ring antenna in Fig. 6.17: 1. = 0.5 um

Number of Overall conductor | Peak accepted gain
Laminated thickness (at 2.22 GHz)
conductor layers ¢ (um) (dBi)
Single conductor Infinitesimal 1.52
1 0.5 2.42
2 1 2.78
3 1.5 2.88
4 2 2.83

It is important to mention here that when perfect electric conductor (PEC) is
considered as the infinitesimal conductor layers, the gain improvement cannot be
achieved, as can be noticed in Fig. 6.20. With multiple laminated conductors with PEC,
the accepted gain stays at 3.65 dBi as shown in Figs. 6.20 (a), (c) and (e). Apparently, the
beamwidth, in each case, does not change with increasing number of layers. For these
cases, when copper is considered as the conducting material, the conductor loss occurs,
which is mentioned in those figures. It is evident that with increasing number of layers,
the copper loss is reduced. For each case, when copper loss is added to its accepted gain,
the curve overlaps with its accepted gain obtained considering PEC. This suggests that
the gain improvement is due to the reduction in the ohmic loss because of the use of

multiple laminated conductors.
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Fig. 6.20: Variations of the gain, at 2.185 GHz in the ¢ = 0° plane, of the ring antenna for
multiple laminated conductor layers, with perfect electric conductor (PEC) and
copper conductor: 7. = 0.5 um. (a) 2 layers, (c) 3 layers and (e) 4 layers
showing ohmic losses, and (b) 2 layers, (d) 3 layers and (f) 4 layers, with

copper losses added to the gain.
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6.4 Choice of laminating dielectric material

In order to be able to fabricate the antenna, air as the laminating dielectric
material is not suitable. Therefore, effects of using different dielectric permittivities and
thicknesses are studied for the miniaturized antenna discussed in Section 6.3.2. First, for
the case with two layers with air as the laminating dielectric material, the thickness of
each laminating material (#;) is varied. Fig. 6.21 shows the effect of varying # on the
return loss plot of the antenna. For very small thicknesses, the frequency for minimum Sy,
does not change much. However, as the thickness is increased, the frequency for
minimum S;; moves to the higher frequencies. Fig. 6.22 shows the variation in the gain of
the antenna when ¢, is varied. With larger #, the gain of the antenna increases as indicated

in Table 6.3. The gain is recorded at the frequency of minimum S;;.

S11 (dB)

40 - 4

—+—1, =100 um
—a—1, =200 pm
—a— 1, =300 um

2.2 2.225 2.25 2.275 2.3 2.325 2.35 2.375 2.4
Frequency (GHz)

Fig. 6.21: Variation on the return loss of the modified loaded square ring antenna with
multiple laminated conductor layers, in Fig. 6.17, with different laminating

dielectric material thickness, #;. €, = 1.
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Accapted Gain (dBi)

Fig. 6.22: Variation on the gain of the modified loaded square ring antenna with multiple

laminated conductor layers, in Fig. 6.17, with different laminating dielectric

material thickness, #. £, =1.

Table 6.3: Laminated conductor thickness and the gain of the modified loaded square ring

antenna in Fig. 6.17 for two-layer case with different laminating dielectric thickness #

Laminating | Overall conductor Frequency | Minimum S;; | Peak accepted
dielectric thickness for minimum value gain
thickness t (um) S11 (dB) (dBi)

#; (m) (GHz)

0.5 1 2,222 -13.5 2.78
1 2 2.224 -13.2 2.79
10 20 2.225 -13.4 2.87
50 100 2.24 -6.24 2.98
100 200 2.28 -5.53 3.18
200 400 2.3425 4.8 3.48
300 600 2,39 -4.3 3.74
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Next, for a fixed value of # (100 pm) and two laminated conductor layers,
permittivity of the laminating dielectric (&, ) is changed. As the value of ¢, increases, the
frequency for minimum S;; shifts to the lower frequencies. The S;; value does not change
much with this change in permittivity, as shown in Fig. 6.23. However, the gain drops as
the permitiivity of the laminating dielectric is increased, as shown in Fig. 6.24 and Table
6.4. Again, the gain is recorded at the frequency of minimum S;;. This discussion
suggests that to achieve the optimum gain, & =1 is the best material, and thickness of
the laminating layer can be chosen based on the application. Even with a thin laminating

layer thickness, significant gain enhancement can be achieved.

AOGE0000 AN A AT AT AT A A A A AT AT AT (AT

e ey K SER

S11 (dB)

| |
2.1 2.125 2.15 2175 2.2 2.225 2.25 2275 23
Frequency (GHz)

Fig. 6.23: Variation on the return loss of the modified loaded square ring antenna with
multiple laminated conductor layers, in Fig. 6.17, with different laminating

dielectric materials (varying &,). ;= 100 pm.
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Fig. 6.24: Variation on the gains of the modified loaded square ring antenna with
multiple laminated conductor layers, in Fig. 6.17, with different laminating

dielectric materials (&, ). ; = 100 pum.

Table 6.4: Laminated conductor thickness and the gain of the modified loaded square ring
antenna in Fig. 6.17 for two-layer case with different laminating dielectric material

(varying ¢;). ;=100 um and 7 = 200 pm.

Laminating | Frequency | Minimum S;; | Peak accepted
dielectric | for minimum value gain
permittivity Sz (dB) (dBi)
(&) (GHz)
1 2.28 -5.53 3.18
2 2:21 -5 2.99
215 2,175 -4.98 2.76
3 2.16 -4.88 2.50
3.5 2,135 -4.57 2.39
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6.5 Experimental study

In order to verify the gain enhancement technique presented in previous sections,
attempts have been made to fabricate a miniaturized antenna with several laminated
conductors. To avoid sophisticated and expensive micro-fabrication to have thin
laminating dielectric layer thickness, a commercially available low-loss substrate

material, RT/Duroid 5880, is used as laminating dielectric. Its permittivity (&,) is 2.2,

thickness is 254 um, and loss tangent is only 0.0009.

Simulated return loss plot of the antenna in Fig. 6.17, with multiple laminated
conductor, using RT/Duroid 5880 material as the laminating dielectric is shown in Fig.
6.25. As the number of layers increases from 1 to 3 the frequency for minimum §;; goes
to lower frequencies. It is necessary to mention here that when the thickness of each
laminated conductor layer is very small, this shifting is negligible. The S;; values become
worse with the increased number of layers, which indicates poor impedance match. The

matching can be easily improved by changing the length of the capacitive feed line.

In the case of gain, accepted gain, at the frequency of minimum S;;, increases as
the number of layers increases, as expected, Fig. 6.26, with 2.69 dBi gain for the case of
3 layers. The antenna with 1, 2, and 3 layers, using the same substrate, was fabricated in

the antenna laboratory and the machine shop at the University of Manitoba.

Measured return loss plots of four cases are shown in Fig. 6.27. As the simulated

case, the frequency for minimum S;; goes also to the lower frequency for the measured
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antenna. However, in the measured case, the amount of shifting in the frequency is larger

compared to the simulated ones.

In the case of gain, we can see the enhancement in measured gain due to the
increase in number of layers. Here also, the gain is measured at the frequency of
minimum S;;. However, due to the mismatch loss, as can be seen in Fig. 6.26, the gain is
not as high as the simulated ones. It is necessary to mention here that due to mismatch
loss, the gain drops. A table is attached in Appendix E to quantify the reduction in
antenna gain due to mismatch loss. If we take into account the gain drop due to mismatch

loss, the measured gain agrees well with the simulated ones, as shown in Table 6.5.

The peak of the gain did not occur along boresight (at &= 0°), may be due to the
misalignment of the antenna with respect to the reference antenna. Moreover, multiple
layers are glued to each other by hand, which can also cause misalignment of the layers.
The laminating dielectric material was not rigid, which could cause a non-uniformity in
the layers. These could be reasons for discrepancy between the simulated and measured
return losses and gains. Considering these practical issues and complexity of the
structure, it can be concluded that the measured results are in good agreement with the

simulated ones.
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Fig. 6.25: Simulated return loss plots of the modified loaded square ring antenna with

Accepted Gain (dBi)

multiple laminated conductor layers, in Fig. 6.17, with RT/Duroid 5880 as the
laminating dielectric: thickness = 254 pum, relative permittivity = 2.2, and

tand = 0.0009.
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Fig. 6.26: Simulated gain patterns of the modified loaded square ring antenna with

multiple laminated conductor layers, in Fig. 6.17, with RT/Duroid 5880 as the
laminating dielectric: thickness = 254 pm, relative permittivity = 2.2, and

tand = 0.0009.
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Fig. 6.27: Measured return losses of the modified loaded square ring antenna with
multiple laminated conductor layers, in Fig. 6.17, with RT/Duroid 5880 as the
laminating dielectric: thickness = 254 pm, relative permittivity = 2.2, and

tand = 0.0009.
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Fig. 6.28: Measured gain patterns of the modified loaded square ring antenna with
multiple laminated conductor layers, in Fig. 6.17, with RT/Duroid 5880 as the
laminating dielectric: thickness = 254 um, relative permittivity = 2.2, and

tand = 0.0009.
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Table 6.5: Simulated and measured return losses and gains of the modified loaded square

ring antenna in Fig. 6.17, using multiple laminated conductors. Laminating dielectric:

RT/Duroid 5880: 7, = 254 um, £, =2.2, and tand= 0.0009.

Simulated Measured
Number of | Overall Frequency | Peak [Frequency fory Peak Peak
laminated | conductor |for minimum|accepted) minimum S;;| gain accepted
conductor | thickness | S;; (GHz)/ gain (GHz)/ (dBi) gain
layefs ¢ (Um) Value (dBi) Value (dBi)
(dB) (dB)
Single |Infinitesimall 2.221 1.52 222 0.51 0.51
conductor (-13.5) (-13.38)
1 254 2.1925 2.51 2.195 0.84 1.34
(-5.2) (-9.05)
2 508 2.1825 2.61 2.1325 1.39 2.51
-4) (-8.7)
3 762 2.165 2.69 2.055 1.64 2.67
(-3.3) (-7.9)

6.6 Conclusion

A unique gain enhancement technique is presented in this chapter to increase the

gain of miniaturized microstrip square ring antennas. The main idea here is to reduce the

ohmic loss by introducing several laminating conducting layers, instead of a single

conductor. In the case of a planar conductor, it has been shown that when several

laminating conductor layers are used, the power lost in the conductor is less compared to
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a single conducting material. When more number of layers are used, the reduction in the

loss is more, however, with a few number of layers, a significant loss reduction occurs.

The method is applied to microstrip ring antennas, which consist of the patch
conductor and ground conductor. It was found that when the conductor loss is the
dominant source of the loss in microstrip ring antennas, the antenna gain could be
increased by using several laminated conducting layers, which essentially reduces the

ohmic loss of these antennas.

Although laminating materials with €, = 1 and very thin thickness are sufficient

to substantially increase the gain, for the ease of fabrication, we used low-loss thicker

laminating material with & = 2.2 to fabricate a miniaturized antenna with several

laminated conducting layers. The simulated and measured results are in good agreement,

taking into consideration the practical issues and complexity of the structure.
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CHAPTER SEVEN

Conclusion

7.1 Summary

In this thesis, microstrip square ring antenna was investigated on the basis of
wideband and multi-band operation, polarization, and loss reduction. Microstrip ring
antennas are miniaturized antennas, and come with typical problems of small antennas,
such as narrow impedance bandwidth, polarization impurity and poor gain. Research
was carried out to overcome these problems, and methods that were developed during

the research to address these problems were presented in this thesis.

At first, different antenna miniaturization techniques were discussed, along with
a brief review on microstrip ring antennas, or more specifically, microstrip square ring
antennas. General disadvantages of square ring antennas were mentioned. Narrow
bandwidth is one of those disadvantages, and when it comes to the case of circularly
polarized square ring antennas with a single feed, the problem is even more severe.
However, several corner-perturbed dual-layer square ring antennas were designed with
wider axial ratio bandwidths. As the corner perturbation, both negative and positive
perturbations were successfully used on both parasitic and driven rings to widen the

axial ratio bandwidth.
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One unique case was the hybrid perturbation scheme, where the driven ring was
negatively perturbed, and the parasitic ring was positively perturbed. The locations of
the perturbations were chosen using the concept of sequential rotation so that the
stacked configuration generated circular polarization. One important advantage of this

design was its capability of covering wider angular region in the upper hemisphere.

The effects of having finite ground plane were also studied, where it was shown
that having symmetric ground plane is an important issue in the case of circularly
polarized stacked square ring antennas. Moreover, it was mentioned that smaller ground
planes degrade the CP performance of the antenna, which can be improved again by
changing ring sizes and the ring separation. The simulated results were confirmed by
comparing them with the measurement results, obtained after testing several corner-
perturbed stacked square ring antennas, fabricated at the Antenna Laboratory at the

University of Manitoba.

Study was carried out to obtain multi-band operation from stacked square ring
antenna, as it allows accommodating more resonators inside the square rings. It is
obvious that these resonators will resonate at much higher frequencies than those of the
stacked rings. Feeding three rings, to operate them in three frequencies, was the main
challenge in this case. Capacitive feedings were chosen for both bottom ring and the
ring inside the top ring. The bottom ring, excited using an outside feed line, works as
the excitation for the top outer ring. An inside capacitive feed line was chosen for the
top inner ring. Moreover, the capacitive feeding allows us to have rings with narrower

widths, thus making it easier to accommodate another ring inside the top ring. Circular
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polarization was achieved from this antenna by using two feed lines for the bottom ring,
and two feed lines for the top inner ring, exciting one with 90° phase shift with respect

to the other on the same layer.

A specific application of such a design is in the modernized global positioning
system, where three bands, L5, L2 and L1, are to be covered. The antenna with three
rings was optimized to cover these three GPS frequencies with circular polarization.
The antenna has advantages in terms of overall height and size over other designs,
available in the open literature for the tri-band GPS application. In this case, the results
were confirmed by simulating the antennas using two commercial software: Ansoft

Designer, version 3 and Ansoft HFSS, version 10.

Multi-band operation can also be achieved from square ring antenna when it is
loaded with a small gap or slit. It was shown that due to the loading, two other modes,
called loaded modes, are excited around the TM;; or unloaded mode frequency of the
square ring, when an asymmetric feed location was chosen. The polarization of each of
these modes can be altered by introducing the gap either on the horizontal arm or on the
vertical arm. A parametric study was conducted to understand the nature of the loaded
modes, and to establish a relationship among these loaded and unloaded mode

frequencies.

In fact, by loading, we obtain a miniaturized antenna, as the first loaded mode
frequency is much lower than the frequency of the conventional square patch. Some

other modified loaded square ring antennas were also discussed, where the slot inside
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the square ring was modified for further miniaturization. The probe-feed was not
capable of providing 50-ohm impedance match for these antennas. Therefore, a
capacitive feeding was selected. However, these miniaturized antennas suffer from
serious gain problem, as the miniaturization leads to the high ohmic loss. These results

were also confirmed by comparing simulated and measured results.

A method was presented to reduce ohmic losses in miniaturized microstrip
square ring antennas, where several laminated conductor layers were used, instead of
just one conducting layer. It was shown analytically that when multiple laminated
conducting layers are used for a planar conductor, the power lost in it is much less
compared to that with a single conducting layer. When the thickness of each layer is
much smaller than the skin depth of the conducting material, and the number of layers is

greater, the amount of loss reduction increases.

In case of modified loaded square ring antenna, when several layers of
laminated conductor layers were used, a significant improvement in the gain was
observed, compared to the single conducting layer case. In order to avoid expensive
micro-fabrication methods, a thicker dielectric material was chosen as the laminating

dielectric. The fabricated results matched well with the simulated ones.
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7.2 Future research

There are several scopes available for future research. First of all, the thesis
deals with microstrip square ring antenna. The study can be extended to annular or
elliptical ring antennas to make it more general. Other than that, more specific study can

be conducted in particular area:

0 In the case of hybrid perturbation method for stacked square rings, the feasibility
of using positive perturbations, in the form of stub protruded to the inside slot on
the driven ring, should be studied. In fact, different combinations can be studied

thoroughly to generalize the concept of hybrid perturbation method.

a In stacked square ring antennas, a third ring was accommodated inside the slot
of the top ring. However, another resonator can be inserted on the bottom layer,
and the possibility of obtaining quad-band operation can be explored. The
feeding will be the big challenge for this case. For circular polarization,
designing and accommodating the phase shifters, and providing excitation to

four feed lines need further and careful study.

Although it has been shown several times in this thesis that the simulated
results obtained from the EM simulator match well with the measured ones,
implementation of circularly polarized capacitively-fed antenna with three rings,

for practical application, can be a topic of future research.
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0 For gap-loaded square ring antennas, analytical solution can be sought to have

more concrete insight about the loaded mode frequencies.

0 Research can be conducted on how one can fabricate patch conductor with
thinner laminated conductor layers in order to reduce the ohmic losses, since

even with thin layers, significant gain enhancement can be obtained.

Moreover, laminated conductor layers were not considered for the

ground conductor, which can be studied in future.
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Appendices

Appendix A: Glossary of Important Terms

Gain

IEEE standard definition of gain is: it is the ratio of the radiation intensity in a given
direction, to the radiation intensity that would be obtained if the power accepted by the
antenna were radiated isotropically. If the direction is not specified, the direction of
maximum radiation intensity is implied. The radiation intensity corresponding to the
isotropically radiated power is equal to the power accepted by the antenna divided by 47
[80].

radiation intensity

gain = 47 (AD)

total accepted power

Gain reference in this thesis is an isotropic antenna with dBi units. An isotropic
antenna is an antenna transmitting equal radiation in all directions. It is a hypothetical

idealized antenna that does not exist in reality.

Accepted Gain

The IEEE definition of gain does not include mismatch loss. However, in practice,
gain is often measured with mismatch loss. In this thesis, the term “Accepted Gain” is the
gain without mismatch loss, i.e. the antenna is considered to be completely matched to the

input circuit.
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If an antenna is without any loss, then in any given direction, its gain is equal to its
directivity. In the case of microstrip antennas, the sources of the loss are: conductor loss and

dielectric loss.

Circular Polarization and Axial Ratio

According to [80], polarization of an antenna in a given direction is defined as the
polarization of the wave transmitted (radiated) by the antenna. When the direction is not
stated, the polarization is taken to be the polarization in the direction of maximum gain.
Polarization of a radiated wave is the direction of the electric field. Therefore, polarization
can be determined by tracing the end point of the arrow representing the instantaneous

electric field.

Polarization can be classified as linear, circular and elliptical. If the electric filed
traces a line, it is called linearly polarized. In general, the electric field traces an ellipse, and
the field is called elliptically polarized. Circularly polarized wave is a special case of
elliptical polarization, when the ellipse becomes a circle. The electric field that traces a circle
or ellipse can be in clockwise or counterclockwise sense. If the rotation of the electric field
vector is clockwise, it is designated as right-hand circular polarization (RHCP), and

counterclockwise as left-hand circular polarization (LHCP)

Axial ratio is the ratio of the major to minor axes of a polarization ellipse. Axial ratio

value of 1 or 0 dB means the perfect circular polarization.
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Substrate Permittivity: Dielectric Constant and Effective Dielectric

Constant

When any dielectric material is subjected to electric field, the electrical charges in the
material tend to polarize in response to the field. Permittivity is a measure of the ability of the
material to polarize to the electric field. The electric field is reduced and electric field lines
are concentrated inside the material. The relative static permittivity or relative dielectric

constant (&,) is a measure of the extent to which it concentrates electrostatic lines of flux.

Microstrip line or patch antenna has a dielectric substrate in between the ground and
the patch. It has air above the patch. The electric fields along the edge undergo fringing, as

shown in Fig. Al. In other words, some of the fields are within the dielectric material, and

some are in the air. Therefore, an effective dielectric constant (€,) is necessary to be

considered, which will be less than €. For small thickness of the dielectric material, the

effective dielectric constant is given by [2]:

¥ A2
off > 5 (A2)

1
£ +1 5—1( 10hj“z
=t 1+
L

Dielectric
Substrate

(&) Ground Plane

Fig. A1: Micrsotrip patch antenna on a substrate with fringing electric field lines.
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Appendix B: MATLAB code to calculate the power lost in single

lossy material with normal incidence of uniform plane wave

clear &.
clear;
clc
format s
format

Epso = 8.854187818*10"(-12);
Muo= 4*pi*10°(-7);

Epsrl = 1; Epsr2 = 1; Epsr3 = 1;

Epsl = Epso*Epsrl;
Eps2 = Epso*Epsr2;
Eps3 = Epso*Epsr3;
Murl = 1; Mur2 = 1; Mur3 = 1; % Re e pe Yo

Mul = Muo*Murl; MuZ = Muo*Mur2; Mu3 = Muo*Mﬁr3;

NCY ranygse
r = 100;
fmax = 10*10"9;
df = fmax/r;
F = (l:df:fmax);

for k = l:length(F)
f = F(k);

2*pi*f*sqgrt (Epsl*Mul); % I
2*pi*f*sqrt (Mu2*Eps2) *sqrt (1-j*Sigma/ (2*pi*f*Eps2));

In d

PR
LOrs

-
N
[

GE-sp

~
NS}
I

2*pi*f*sqgrt (Eps3*Mu3) ;

K ompgenant.s
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Al2 = 1;
Al3
Al4 =

Il
O =
S o~

A21 = k1/(2*pi*f*Mul);
A22 = k2/(2*pi*f*Mu2);

A23 = —k2/(2*pi*f*Mu2);
A24 = 0;

A3l = 0;

A32 = exp(-j*k2*d);

A33 = exp(j*k2*d);

A34 = —exp(-j*k3*d);

A4l = 0;

A42 = (k2/(2*pi*f*Mu2)) *exp(-j*k2*d);

Ad3 = —(k2/(2*pi*f*Mu2) ) *exp (j*k2*d);

Add = —(k3/(2*pi*f*Mu3)) *exp (-3*k3*d);

‘e matriz

[All, Al2, Al1l3, Al4;
A21, A22, A23, A24;

A31, A32, A33, A34;

Ad41, A42, A43, A447];

Bll = 1;
Bl2 = kl/(2*pi*f*Mul);
B13 = 0;
Bl4 = 0;
B = [B11l; B12; B13; Bl4}];
C = A\B;
D(k) = C(1);
E(k) = C(4);

end

R = (abs (D)) AZI

Power 1/(2*sgrt (Muo/Epso)) - R/ (2*sqrt (Muo/Epso)) -
T/ (2*sqrt (Muo/Epso) ) ;
plot (F, Power, 'o')

title(
xlabel
ylabel
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Appendix C: MATLAB code to calculate the power lost in

multiple laminated conducting materials with

normal incidence of uniform plane wave

clear &1l;
clear;
clc

format
format

B e e e e o o e e e e e ot o o o ]t e

G Qonduddt

Sigma = 10"3; % Conductivity ¢

Epso = 8.854187818*10"(-12);
Muo= 4*pi*10~(-7);

Epsrl = 1; Epsr2 = 1; Epsr3 = 1; %

diel
Epsl = Epso*Epsrl;
Eps2 = Epso*Epsr?Z;
Eps3 = Epso*Epsr3;

Murm = 1; Murl = 1;
Mum = Muo*Murm; Mul = Muo*Murl;

EOUENCY Tal
r = 100;
fmax = 10*10"9;
df = fmax/r;
F = (l:df:fmax);

AN
zeros (2*N+2) ;
= zeros(2*N+2,1);

tm 1*10~(-6);
tl = 0.2*10"(~-4);

form=1 : 2 : 2*N
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a_odd(m) = ((m+1)/2)*tm + -1)/2)*tl;
end
form=2 : 2 2*N
a_even(m) = (m/2)*(tm + tl);
end
for k = l:length(F)
£ = F(k);
% Propagation factors
ko = 2*pi*f*sqgrt (Epso*Muo); 3 In aly
km = 2*pi*f*sqrt (Mum*Eps2)* sqrt(1+3*81gma/ 2*p1*f*Ep52))
k1l = 2*pi*f*sqgrt (Mul*Eps3); % In
sMatrix components
A(l,1) = -1; A(1,2) = 1; A(1,3) = 1;
A(2,1) = ko/(2*pi*f*Muo); A(2,2) = km/(2*pi*f*Mum); A(2,3) = -
km/ (2*pi*£*Mum) ;
for m =1 : N
if (mod(m,2) == 1) is o odd
for g = 3:4:(2*N-3)
A(q,g-1) = exp(-j*km*a_odd(g-(g+l)/2));
A(g,q) = exp(j*km*a_odd (qgq-{qg+1)/2));
A(g,q+l) = - exp(~j*kl*a_odd(g-(g+l)/2)
A(g,g+2) = - exp(]J *kl*a _odd{g- (q+l)/2))
end
for g = 4:4:(2*N-2)
A(g,g-2) = (km/(2*pi*f*Mum)) *exp (-j*km*a_odd (g-
(a+2)/2));
(a,g-1) = —(km/ (2*pi*f*Mum)) *exp(j*km*a_odd (g-
(g+2)/2))
(q,q) = —((kl/(2*pi*f£*Mul))) *exp(-j*kl*a_odd (g-
(g+2)/2));
A(g,g+l) = ((k1/(2*pi*f*Mul))) *exp(j*kl*a_odd(g-
(g+2)/2));
end
elseif (mod(m,2) == 0)
for g = 5:4:(2*N-1)
A(g,g-1) = exp(-j*kl*a_even(g-(g+l)/2));
A(g,q) = exp(j*kl*a_even(g-(g+l)/2));
A(g,g+l) = - exp(-j*km*a_even (g-(g+l)/2));
L(qg,g+2) = — exp(] *km*a _even(qg-(g+l)/2));
end
for g = 6:4:2*N
A(q,g-2) = (kl/(2*pi*f*Mul))*exp(-j*kl*a_even(g-
(g+2)/2));
A(g,g-1) = —(k1/(2*pi*f*Mul)) *exp(j*kl*a_even(g-
(q+2)/2))
A(q,q) = —((km/ (2*pi*f*Mum) ) ) *exp (-j*km*a_even (q-

(q+2)/2));
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A(g,g+l) = ((km/ (2*pi*f£*Mum)) ) *exp(j*km*a_even (g-

(q+2)/2))
end
g = 2*N + 1;
A(g,g-1) = exp(-j*km*a_odd{((g+l)/2-1))
Alq,q) = exp(j*km*a_odd((q+1)/2—1))
A(g,g+l) = - exp{-j*ko*a_odd((g+l)/2-1))
q = 2*N + 2;
(q,g-2) (km/ (2*pi*f*Mum) ) *exp (-Jj*km*a_odd ((q/2)-1));
(q,q 1)y = —(km/(2*pi*f*Mum))*exp(j*km*a_odd ((a/2)-1));
A(g,q) = - (ko/(2*pi*f*Muo))*exp(-j*ko*a_odd((q/2)-1));
end
end

Y(1) = 1; Y(2) = ko/(2%*pi*f*Muo);

X =A;

C = X\Y;
D(k)=C(1);
E(k)=C(2*N+2) ;;

end

R = (abs(D))."2;
T = (abs(E))."2;

Power = 1/( 2*sqrt(Muo/Epso)) - R/ (2*sqrt (Muo/Epso)) -
T/ {(2*sqrt (Muo/Epso)); i 3
plot (F, Power, 'red*')
grid on
Hold on
title(['®?
xlabel (’
ylabel ('
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Appendix D: Skin Depth for Different Conductivity

Skin depth is calculated based on the equation below:

1

T fuc

o=

Table D.1: Skin depths for frequencies with ¢ =10

Frequency Skin depth
(GHz) (m)

1 5.03x107°

2 3.56x107

5 2.25%x107

10 1.6x107°

Table D.2: Skin depths for frequencies with ¢ =10

Frequency Skin depth
(GHz) (m)
1 1.6x107°
2 1.13x107°
5 0.71x107
10 0.5x107

Table D.3: Skin depths for frequencies with o =10’

Frequency Skin depth
(GHz) (m)
1 5.03x107*
2 3.56x10™
5 2.25%107
10 1.6x10™
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Table D.4: Skin depths for frequencies with o =10*

Frequency Skin depth
(GHz) (m)
1 1.6x107
2 1.13x10™
5 0.71x107*
10 0.5x10™

Table D.5: Skin depths for frequencies with o =10

Frequency Skin depth
(GHz) (m)
1 5.03x107°
2 3.56x10™
5 2.25%107°
10 1.6x107°

Table D.6: Skin depths for frequencies with ¢ =10°

Frequency Skin depth
(GHz) (m)
1 1.6x107
2 1.13x107°
5 0.71x107
10 0.5%107

Table D.7: Skin depths for frequencies with & =10’

Frequency Skin depth
(GHz) (m)
1 5.03x10°®
2 3.56x107°
5 2.25%107°
10 1.6x107°




Appendix E: Reduction in Antenna Gain Due to Mismatch Loss

Return loss is a measure of how much of the incident energy is reflected back to the
input due to impedance mismatch. Lower §;; values for the return loss indicates better
impedance match. If the antenna is not well matched to the input circuit, then it suffers from
the mismatch loss, which is the same effect as reducing the antenna gain [79]. If the specified
return loss is 9.5 dB, the mismatch loss is 0.5 dB. This has the effect of reducing the antenna
gain by 0.5 dB. The table below shows the commonly specified return losses and their

corresponding mismatch losses, and therefore the reduction in gain:

Table E: Reduction in gain due to mismatch loss

Return loss | Mismatch loss | Reduction in gain
(dB) (dB) (dB)
14 <0.2 <0.2
9.5 0.5 0.5
6 1.25 1.25
4 2.2 2.2
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