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ABSTRACT

The microstrip antenna (MSA) is one of the most widely used microwave antennas
possessing several advantages. However, it presents a low inherent directivity. It is
overcome here by adding a dielectric layer above the patch. The directivity increases
almost proportionally to the superstrate relative permittivity.

A parametric study of the effects of different layers, i.e. the air gap and the dielectric
layers, on both radiation and input characteristics of the microstrip antennas are carried
out. Single- (SSC) and multiple-superstrate (MSC) cases are investigated along with a
modified configuration of adding a parasitic patch to the superstrate. If a proper
superstrate thickness and dielectric constant are present, the desired directivity can be
realized by SSC. Otherwise, multiple-superstrate and the modified single-superstrate-
patch configurations must be used. It is shown that, by using MSC, large antenna
directivity can be obtained with even moderate superstrate dielectric constants. The
modified single-superstrate-patch configuration can be employed when the supérstrate
thickness is much smaller than the required quarter wave-length. An antenna prototype
for each of the configurations of single-superstrate, double-superstrate, and the modified
single-superstrate configurations are fabricated and tested in the Antenna Laboratory of
the University of Manitoba in order to verify the simulated results. Within fabrication

tolerances, the agreement with simulations has been satisfactory.
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CHAPTER 1

Introduction

Microstrip antennas have become one of the most popular antennas, for the past
three decades. They offer many desirable advantages, and still receive attention from
researchers in both universities and industry. However, they also suffer from two
major shortcomings of narrow bandwidth and low directivity. Investigations in recent
years have addressed mostly the improvement of the bandwidth. This thesis addresses
the enhancement of their gain. Below, the objectives and organization of the thesis are

presented.

1.1. Purpose of this Thesis

Microstrip antennas for high directivity are usually designed in array forms,
which require a complex feed. The resonant gain enhancement method investigated in
this thesis is capable of increasing directivity significantly without the need for an
array. The large directivity is obtained simply by adding a superstrate dielectric layer
over the patch. It can be used as a single element, or in an array, where it allows the
use of fewer elements and provides space for additional devices. It also reduces the
feed network complexity and loss [22]. The main goals of this study are to explore the
full capabilities of this technique using different configurations consisting of:

¢ A single-superstrate configuration

e A multiple-superstrate configuration



¢ A modified single-superstrate configuration
The characteristics of these configurations are investigated and compared with

each other. The effect of tolerances on their performance is also studied.

1.2 Organization of the Thesis

This thesis is divided into six chapters. Chapter one states the purpose and
discusses organization of the thesis. The second chapter introduces the development of -
the resonant gain enhancement method and related concepts, in chronological order.
The resonant gain enhancement is shown first for any antenna on ground plane, where
the multiple- reflection phenomenon occurs between the ground plane and dielectric
layer. In its simplest form, the antenna with ground plane is assumed to be an electric
current element, which is covered by the dielectric plate suspended in the air. The
directivity varies proportionally with the permittivity of the dielectric layer under the
resonant conditions for the thickness and height of the dielectric plate [5]. The
resonant conditions for the embedded Herzian dipole and its corresponding asymptotic
fomulas for directivity and bandwidth were derived by using T-lines analogy and
reciprocity theorem [6]. It will be shown later that these formulas are useful even for
microstrip patch antennas. Under resonant conditions, a resonance is created in the
layered structure of the antenna analogous to the resonant transmission lines, which
results in high directivity. Adaptation of this technique to the microstrip patch antennas
due to its growin.zgy popularity was carried out by Lin et al. [14]. The analytical methods

for this purpose are also introduced in chapter two, out of them; the variational



methods and the moment method are the most successful. A short history of the short
back-fire antennas is also explained, since they use multiple-reflection phenomenon as
well.

Chapter three provides an extensive study for the single-superstrate
conﬁguratiop. It studies the effects of the superstrate parameters, i.e. permittivity,
thickness and height on different characteristics of the microstrip patch antenna. It
consists of the superstrate parameters effects on the input impedance and directivity,
the substrate effect on the directivity, and the joint effects of superstrate and substrate
on the input impedance. The section entitled “Tolerance anglysis” illustrates how
sensitive the directivity is with respect to the superstrate parameters, regarding the
resonant gain. Compensation for the directivity loss is also explored in this section. It
is demonstrated that the superstrate spacing from ground can compensate for the
directivity loss due to the superstrate thickness deviations. For a 25% superstrate
thickness deviation, the directivity discrepancy was only about two to three percent
after compensation.

Chapter four is devoted to the multiple-superstrate configuration. Contrary to the
single-superstrate configuration, large resonant directivities can be obtained with
moderate superstrate dielectric constants. The structure of this chapter is almost similar
to the preceding one. Moreover, the double-superstrate and triple-superstrate
configurations are compared to the single-superstrate configuration with similar
directivity. It studies the superstrate parameters’ effects on the directivity and input
impedance. The section titled “Tolerance analysis” illustrates how sensitive the

directivity is with respect to the superstrate parameters. Also, different superstrate



layers are compared with each other. The radiation characteristics of the double-
superstrate  configuration in the frequency-domain and spatial-domain are
demonstrated. Measured results of the fabricated antenna with double-superstrate
configuration are compared with simulated results, in order to validate the simulation.
The measured directivity of the fabricated antenna is 15.8dBi, with an impedance
bandwidth of 7% at 13.64GHz.

A modified version of the single-superstrate configuration is proposed in chapter
five. A parasitic patch is added underneath the superstrate. The relation between the
parasitic patch parameters, i.e. radius and height with the directivity and input
impedance are discussed. The radiation characteristics of the modified single-
superstrate configuration in the frequency-domain and spatial-domain are investigated.
Measured results of the fabricated antenna, with the modified single-superstrate
configuration, are presented in order to validate the simulation results. The measured
directivity of the fabricated antenna is 15.61dBi with impedance bandwidth of 7.3% at
4.8GHz. The modified single-superstrate configuration will be useful in cases, where
the dielectric superstrates, with desired thickness is not available. For instance, at low
frequencies the superstrate thickness becomes excessively large, and difficult to
implement. The proposed modified design presents a practical alternative. The thesis
ends with concluding remarks and a note for future research scopes.

In the appendix, under the title of “Terminology”, the definition for the terms;
Gain, Directivity, and Directivity-bandwidth are presented, since their terminology in

the literature is either inconsistent or unclear.



CHAPTER.2
Background Theory

Introduction: A method which improves the gain significantly, in

particular for printed antennas, involves the addition of a superstrate, i.e: a dielectric
cover layer, above the patch. It has been shown that a very large directivity, and
therefore gain, may be realized by choosing the layer’s thicknesses properly. Similar to
the short backfire antenna, which achieves high gain by utilizing the multiple-
reflection phenomenon between a large and small reflecting (conducting) plane, the
dielectric superstrate enhances the gain in the microstrip patch antennas by using the
multiple-reflection phenomenon, but between the ground plane and superstrate
dielectric layer with relative permittivity of & >>1 [1-4]. In principle, other antennas
like a dipole, patch or traveling wave antennas, can be used in a similar manner to
enhance the gain [5]. This method of gain enhancement has been referred to as the
resonant gain method, since the geometry functions like a leaky resonator. Resonance
conditions and asymptotic formulas for the directivity and its variation with frequency
have been derived by Jackson and Alexopoulos [6]. They have shown that the
directivity varies proportionally to the superstrate relative pgrmittivity &. However, its
bandwidth varies inversely with ¢,.

In this chapter, the development of this method is presented in chronological
order, and the background theory is introduced alongside. The short backfire antennas

will be reviewed first, since the gain enhancement of the dielectric covered and short



backfire antennas is rooted in the same idea, i.e. the multiple reflection technique. The
short backfire antennas, however, are relatively simpler and came into existence

earlier, in 1960’s.

2.1. Short Backfire Antenna

In this section the backfire and short backfire antennas will be reviewed briefly,
in order to provide a greater insight into the basic nature of multiple-reflection
phenomenon. The principle of backfire antennas was first conceived by Ehrenspeck in
1960 [7]. It provides a means for significantly increasing the directivity of the end-fire
antenna without increasing its length. The backfire antenna is a modified version of the
ordinary end-fire slow wave antenna, which may be, for example, a Yagi antenna, a
helical antenna, or a dielectric rod antenna. According to the Hansen-Woodyard
condition, the maximum directivity obtainable for such end-fire antennas is directly
proportional to the length of the surfaée wave structure traversed by the wave [8].

The backfire antenna, as proposed by Ehrenspeck consists of an end-fire surface
‘wave structure terminated with a large conducting plate, usually called the surface
wave reflector. It is placed perpendicular to the axis of the endfire structure Fig.2.1.
The large conducting plate acts as a mirror which turns the surface wave backwards,
thus forcing the wave to traverse the physical length of the antenna structure twice.
This means that the backfire antenna acts as an end-fire antenna of double physical
length. The Backfire principle provides a means for significantly increasing the

directivity of an end-fire antenna without increasing its length. Typical gain increases



of 6 to 8 dB over a conventional end-fire Yagi of equal length can be obtained by

application of the backfire principle.

Fig.2.1. Geometry of Yagi backfire antenna [8]

Ehrenspeck later reported that a shorter structure about 0.5h in length also
functioned as a useful antenna [9], and named it “short back-fire antenna”. Fig.2.2
shows a cross-section through the short backfire antenna [10]. It has a gain that is
typically in the range of 14-17dBi. It consists of a cylindrical cavity of diameter D and
a conducting rim of height H, Fig.2.2. The cavity is excited by a single linear dipole
feed of length L, placed at a height dh, above the base of the cavity. A small
conducting disc subreflector of diameter d is placed above the dipole feed at a height h

above the base of the cavity.



The optimum operating mode for the backfire antenna is characterized by multiple
reflections of electromagnetic waves between the two plane reflectors, with a standing-
wave field distribution along the antenna axis. This condition requires that the
reflectors be separated by nl¢/2 (n is an integer), such that the tangential E fields
vanish at their surface. The stored energy in the near-zone field is concentrated in the
region between reflectors along the antenna axis, and is radiated off through the
aperture plane passing through subreflector. A short backfire antenna with a reflector

separation of 0.5 is the shortest possible configuration of this type.

onducting subreflector

g X

Fig.2.2. Cross-section of short backfire antenna [10]

It is evident that the short backfire antenna is essentially a leaky cavity structure
for which the excitation is provided by the primary dipole source. The aperture field
distribution is therefore well approximated by the transverse distribution of the cavity

resonator. With a height of about 0.5X (rim height) as opposed to several wavelengths



in end-fire antennas, it is a low profile alternative to horn antennas. With different

cavity profiles, they have been recently studied by Gray and Shafai [11].

2.2. Dielectric Covered Antenna with a Ground plane

One of the early researches done on antennas covered by dielectric layers was
performed by Y. Sugio et al. at the Setsunan University, Osaka, Japan in 1981 [3].
They described the resonant gain enhancement of the dielectric covered antennas with
a ground plane. As short béckﬁre antennas achieve high gain by utilizing multiple
reflection phenomenon between a large and small reflecting (conducting) planes, these
antennas also utilize multiple reflection phenomenon between a ground plane and the
dielectric plate for the gain enhancement. In principle, any antenna, for example, a
dipole, patch or traveling wave antennas, can be used as their feed [5]. Sugio et al.
showed that the radiation beam becomes sharper as the relative permittivity €, of the
dielectric plate becomes large. The directivity, and hence the gain at broadside

becomes maximum and are multiplied by about & provided the thickness of the

dielectric and its spacing from the ground plane reflector equal one quarter and one
half wavelength, respectively, i.e.[5]:

tfe, [2=1/4 2.1)

hfA=1/2. 2.2)

Sugio et al. used a variational method to analyze the gain enhancement and input

characteristics. They investigated both infinite and finite dielectric loaded antennas,

which were fed by a waveguide aperture, current element or a coaxial excited patch



antenna [12]. Using the transmission line (T-line) analogy, Jackson and Alexopoulos
analyzed the resonant gain enhancement for the printed circuit antennas by a simple
model [6]. They developed the resonance conditions, which maximize the antenna
gain. They also derived asymptotic formulas for the gain, beamwidth, and bandwidth.

Their work is reviewed in the next section.

2.3. Resonant Gain Enhancement Analysis by T-Lines Analogy

Jackson and Alexopoulos [6] studied a substrate-superstrate printed antenna, i.e.
Herzian dipole embedded in a grounded substrate, which allows for large antenna gain.
They derived asymptotic formulas for gain, beamwidth, and bandwidth by using the
transmission line analogy and reciprocity theorem. These analytic results provide a
greater insight into the basic nature of the resonant gain, though the embedded Herzian
dipole case and the corresponding model are simpler. The basic printed antenna
geometry under consideration is shown in Fig.2.3. The Herzian electric dipole is

embedded within a grounded substrate of thickness B having relative permittivity and

permeability &, ;. On top of the substrate is the superstrate layer of thickness t with
relative permittivity and permeability €, 4,. Above the superstrate is free space, with

total permittivity and permeability &g, .
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- Ground plare’

Fig.2.3. Superstrate-substrate geometry [6]

A convenient way to analyze the radiation from this antenna structure is by the
transmission line analogy. In this method, E; field is determined at the original dipole
location due to a Herzian dipole source in either ag or ag direction, when the dipole
source is far from the origin (kR >> 1), at specified angles 6 and ¢, in the specified
coordinates. By reciprocity, this must be the Ey or Eg field at (R, 6, ¢) due to the
original dipole at z=zy. The Ey field near the layered structured due to this reciprocity
source is essentially a plane wave, and hence can be accounted for by modeling each
layer as a transmission line, having a characteristic impedance and propagation
constant which depend on the angle 8, Fig.2.4. The Ej field corresponds to an E field
from the reciprocity source, which is in the plane of incidence, while the E¢ field

corresponds to an incident £ field normal to the plane of incidence. Each case is
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handled differently by the transmission line analogy. The radiated field is obtained to

be [6];
E, = —cos ¢(]wﬂ0 )e‘jk"RG(@) (2.3)
4R
- . JO o ) - jkor
E, =~ A X (7] 2.4
s = —sin 40( - )e ©) (2.4

The functions F(®) and G(§) depend only on 6 and represent the voltage
(corresponding to E;, the component of the E field normal to z-direction), at z=z, in the
transmission line analogy, due to an incident wave of unit strength. The characteristic
impedance (Z;) for each layer, i = 0, 1, or 2, used in the transmission line analogy are

shown in Fig.2.4.

(@
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For F(8): Zc,=1mysecl , Zc =np/m(0) , Zc, =1k, /n,(0)

For G(6): Zc,=m,cos0 , Zc,=nm0)/s , Zc,=nn,(0)¢,

®)

(©
Fig.2.4. (a) Plane wave incident on layered structure from reciprocity source, (b)Characteristic

impedances for analogous transmission line model, and (c) Transmission line equivalent circuit [6]

By solving the analogous transmission line model, G(8) and F(6) for Eg and Ep

components can be obtained, respectively as follows [6]:

G(9)=2Qf_ cos (2.5)
T

F@)=2 2.6,

©) M + jN 29

where
T= sin[ﬁ1 Z, ]sec[ﬂlB]sec[ﬂzt] (2.7)

0 = tan [, B]+ £ 28 oy [5.1] 23)
£, n,(0)
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P=--51_cos 49[1 - g—z-ﬂ—(-z)-tan [8,B Jtan [,th]:l

n,(6) & n,(0)

- Hy 1, (9)
M = tan[B,B]+ (@) tan [8,1]

Vet i el

with
By =kyn,(6)

B, =kyn, ()

and

n(0) =n,cosb, = \/n} —sin’ @

n,(6) =n, cos@, =+/n; —sin* 4

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

In general, the gain of the antenna can be evaluated exactly by a numerical

integration. However, Jackson and Alexopoulos have derived a simple formula for the

gain asymptotically, under the high gain resonance conditions.
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2.3.1. Resonance conditions and asymptotic formulas

In order for the equivalent circuit to be resonant, the following conditions for the

length of each section of the transmission lines should be met [13].

mB_mo =12, (2.16)
A, 2 )
Mz, _2n-1 pe10 2.17)
A 4

mt_2p=l po12,. (2.18)
J, 4

Under these conditions, when the superstrate permittivity becomes large (e,>>1),
a very high gain pattern is produced at the broadside (8=0). The method requires
physically thick layers at low frequencies, which may be a potential disadvantage for
some applications. Taking m, n, p=1 to obtain the thinnest layers possible, it is
observed that the dipole is in the middle of substrate for the resonance condition.

For the given antenna configuration, Jackson and Alexopoulos have reported the

gain, -3dB beamwidth, and -3dB bandwidth as follows [6]:

) nB( ¢,
gain ~ 8- (2.19)
o \ &M
-1/2
0, ~ LB 1 (2.20)
A & mp,

f,= L=h 38 A &K @2.2)




where f; and f; are the half-power frequencies. As can be observed from (2.21)
and (2.19), the bandwidth is inversely proportional to the gain, which means the gain

bandwidth product of this antenna is constant.

2.4. Applying Resonant-Gain Enhancement to MSP Antenna

Although the microstrip antennas have enjoyed a growing popularity since
1970’s, and it had been shown that an improvement in the directivity, and therefore the
gain, can be obtained by adding a dielectric cover layer in front of any antenna with a
ground plane, it was not applied to the microstrip patch antennas till late 1980°s. The
classical resonance conditions with a substrate thickness of a half wavelength were not
applicable to microstrip patch antennas, which causes degradation of the radiation
characteristics. Lin et al. adapted this technique for applying to the microstrip patch
antenna, due to its growing popularity at that time [14]. In addition, it is interesting to
obtain the gain enhancement in the microstrip antennas based on their original
configurations not only for the single element microstrip antenna applications, but also
for their arrays. Lin et al. proposed a modified technique which is convenient for the
microstrip antenna array applications. As it can be seen from Fig. 2.5, the radiating
element, rather than being located in the middle of the substrate is placed on the
substrate, i.e. as in the original case, covered by a superstrate at a proper height. They
proved the gain enhancement of this new configuration by a series of experiments for

several microstrip antenna arrays over X- to Ku frequency bands.
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Superstrate 3,13
Air gap : - &2,0
ent

Substrate & patch/ G A
Ground plane and feed prob /

Fig.2.5. Modified Superstrate-substrate geometry for MSP antennas [14]

2.5. Analysis of dielectric covered Microstrip Patch Antennas

The superstrate effects on .the antenna input characteristics have been
investigated earlier than their effects on the other characteristics of the microstrip
antennas. The superstrate as a radome was already used in order to protect the antenna
from environmental hazards. It may be also naturally formed, e.g. the ice layer, during
the flight or severe weather conditions. Sugio et al. [5] studied the gain enhancement
mechanism of dielectric covered antennas with a ground plane by the saddle point
method and the geometrical ray theory. They showed that the radiation beam becomes
sharp as the permittivity of the dielectric plate becomes large, provided that the
superstrate thickness and its spacing are selected properly. Later, they used a technique
based on the variational methods, to study the gain enhancement and the input
characteristic of the dielectric layer loaded antennas, assuming that the dielectric layer
“and ground plane are infinite transversally. They also analyzed the antennas loaded by
a finite dielectric layer, based on the solution of the former case, i.e. infinite dielectric

layer, by using Fourier analysis [12]. Generally, the problem of finite structures is
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difficult to handle analytically. On the other hand, investigating the property for finite
structures which is the practical case is important. A major breakthrough in this regard
was made by using integral equation methods, such as the moment method.
Formulations of boundary value problem using surface integral equations for the
combination of both conducting and dielectric bodies of revolution were used by
Kishk and Shafai [16] to calculate the electromagnetic scattering due to a plane wave
incidence. They investigated the performance of an electric dipole located between a
finite ground plane and a dielectric disc [16].

In order to calculate the radiation properties of a rectangular microstrip patch
antenna covered by a dielectric layer, Qasim and Zhong [17]. used the spectral domain
immittance (SDI) matrix approach. Using SDI method, they obtained the patch current
distribution, and also derived a set of formulas for the radiation pattern. They found
that the gain enhancement is possible by optimizing the thickness of cover layer and its
spacing. Their method, based on the moment method, is merely suitable for the
rectangular patch antennas covered by a single dielectric layer.

Radiation pattern calculations by using moment method for the microstrip patch
antennas in stratified dielectric media for more complex structures have been also
reported by Shen et al. [18]. Their method has also been used to study the resonant
gain enhancements for the microstrip antennas. Vandenbosch et al. developed a mixed-
potential form of the electric field integral equation (EFIE), so named because it
involves both vector and scalar potentials. This form is preferable to several other
possibie variants of the EFIE because it requires only the determination of potential

spectral Green’s functions, whose inverse Fourier transformation gives rise to
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Sommerfeld integrals, converging faster. It also results in spatial Green’s functions
less singular than their derivatives, which are needed in other forms of the EFIE. The
Ansoft Designer simulator, which has been used in this work, is also based on the
mixed-potential electric field integral equations. In the next section, its specifications

and the settings used in this work are discussed.

2.6. Ansoft Designer Simulator [23]

In Ansoft Designer, the surface of the geometric model is automatically divided into
triangles and rectangles (meshing). Ansoft Designer employs the mixed-potential
integral equation (MPIE) method. The method of moments (MoM) is applied to the
MPIE to solve for J, the current distribution on the surface mesh. Then the S-
parameters and the radiated fields are calculated from J. By defining a non-adaptive
solution setup, Ansoft Designer can be instructed to add narrow rectangles along the
edges of the model. These rectangles efficiently capture electromagnetic effects close
to the model edges, resulting in faster solution times and/or higher accuracy. Ansoft
Designer determines the length of the rectangles (the longer edges, which lie parallel
to the model edge) by making them smaller than a fraction of the guided wavelength at
the specified frequency. The width of the rectangles is determined by the ratio of the
rectangles’ length to the width. The ratio value should be between 0.02 and 0.2 to

prevent extremely narrow rectangles and extremely wide triangles [23].
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In order to obtain more accurate results, edge meshing is used. Edge mesh length
ratio of 0.1 was selected. The real parameters of materials are considered in modeling,
including permittivity and permeability, dielectric loss tangent, and bulk conductivity
for conductors. The confidence in simulated results has been taken from the directivity
cbnvergence to within the second decimal place of accuracy for different meshing

frequency.

2.7. Summary and Conclusion

In this chapter, the development of the resonant gain method was introduced in a
chronological order. The related ideas from the backfire and short backfire antennas
were also reviewed. The main idea in the resonant gain method is in using the
multiple-reflection phenomenon. The background theory was also introduced briefly.
The devised asymptotic formulas for the resonant gain and the development of more
rigorous numerical methods were reviewed. Finally, the Ansoft Designer simulator is

mtroduced and the applied settings for this work are discussed.
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CHAPTER 3

Single—superstrate Configuration

Introduction As it was seen in the preceding chapter, the gain of a single

element microstrip patch antenna can be improved significantly by using a superstrate
with the proper thickness and height. In this chapter the single-superstrate
configuration will be investigated extensively. First the superstrate effects on input
impedance will be discussed, and then the superstrate effects on the directivity of
microstrip patch antenna will be investigated. The effects of substrate (in the presence
of superstrate) on both input impedance and directivity will be studied next. Then the
tolerance analysis will be discussed, since the resonant gain is essentially narrowband,
so the relevant parameters should exhibit sufficient accuracy. There are also some
tolerances for available dielectric materials in the market and fabrication deviations are
inevitable. Next, the radiation characteristics in the frequency- and spatial domain will
be studied. Finally, the measured results of the fabricated antenna prototype are

demonstrated, in order to validate the simulated results.

3.1. Superstrate Effects on Input Response

One of the main characteristics of any antenna is its input characteristics. So the
effects on the microstrip patch antenna input impedance by adding superstrate is

considered, first. There are three basic parameters for the superstrate; the thickness, the
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dielectric constant and the height above the substrate. The effects of each of these

parameters will be demonstrated separately.

To study the effects of superstrate

parameters on the input response, a coaxial-fed rectangular microstrip patch antenna is

considered. At the frequency of 10 GHz, the original patch is matched with a 50 Ohm

probe feed. Its parameters are listed in Table 3.1,

Table 3.1. The specifications of the selected microstrip patch Antenna for the study of superstrate effects

Layer Material Geometry
Patch Copper Rectangular, 9.1x12 mm
Substrate Er=22 Thickness=1.575 mm
Ground Plane Copper Infinite
Feed Coaxial Probe Xp=-2.8 mm, Y=0 mm (location from the center of patch)

3.1.1. Superstrate Thickness Effects on Input Resistance

Different superstrate thicknesses are selected, while the superstrate relative

permittivity is kept fixed at the value of £3=9.2. Superstrates with thicknesses (t3) of

3.175mm (0.3243), 2.540mm (0.2523), 1.905mm (0.1923), and 1.524mm (0.1513) are

assumed to be above the patch at the height of #,, (the optimum air gap height for each

t5), Fig.3.1.
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Superstrate £3,13
Air gap €202
Ent;

Substrate & patch/
Ground plane and feed probe/

Fig.3.1. The single-superstrate microstrip Patch Antenna configuration

As it will be shown in section 3.2, for every superstrate thickness (#3), there is an
optimum air gap height (¢;,), required for obtaining the optimum directivity. The
variation of input resistance, i.e. Re{Z;}, with frequency are calculated for different
superstrate thicknesses and shown in Fig.3.2. Here, ¢,=c0, ;=0 means that there is no
superstrate above the patch, ie. the case of original microstrip patch antenna. The
resonant frequency (f. ) is defined as the frequency at which the input resistance,
Re{Z,;,} reaches its maximum value. The value of maximum input resistance is called
the resonant resistance; R,. Fig.3.2 shows that the resonant frequency of the original

patch is 9.4GHz. When the superstrate is added in the thicknesses of 0.15, 0.19, 0.25,

and 0.32 of A3, where the A= %; , the following effects are observed:
3

e The resonant frequency decreases from 9.4GHz to about 9.2GHz,
e The R, increases from 179 Ohms to 287 Ohms,
e The impedance bandwidth decreases from 6.4% to 1.9%.
- As seen in Fig.3.2, the frequency shift is about 2./% and almost invariant to this range

of superstrate thickness changes.
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Fig.3.2. Effects of the superstrate thickness on the input resistance of microstrip patch antenna and its

variations with frequency (e;=9.2, the other parameters are listed in Table3.1)

It can be seen in Fig.3.2 that, the superstrate also narrows the impedance bandwidth.

The impedance bandwidth is defined as [18]:

Mosor, — (2 =D rin-ossorr (3.1
f, I

where f; and f; are the frequencies at which the input resistance, Re{Zin}, equals
0.69R,. The bandwidth decreases to about 2%, but the bandwidth of the original patch

was 6.4%.
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The impedance resonant frequency f;, the corresponding resistance R, and impedance
bandwidths for different superstrate thicknesses are listed in Table 3.2. In conclusion, it
should be noted that, as the superstrate becomes one quarter wavelength in thickness
(t3=0.2543), the bandwidth becomes minimum, while the directivity is maximum, as will
be shown in section 3.2. Therefore, by changing the superstrate thickness, the impedance

bandwidth can be traded off with the directivity.

Table3.2. Comparison of the microstrip patch antenna input resistance characteristics for different

superstrate thicknesses (€3=9.2, fy =10GHz, the other parameters are listed in Table3.1)

t2 [mm] t; [mm] Rr [Ohm] fr [GHz] Af[GHz] BW [GHz]
12.5(0.416 2 3.175(0.32 23) 287 9.2 -0.24 0.17(1.9%)
13.1(0.436 29 2.54(0.25 43) 285 9.2 -0.21 0.18(2.0%)
13.7(0.456 1) 1.905(0.19 23) 256 9.2 -0.185 0.2(2.2%)
14(0.47 2) 1.524(0.15 23) 228 9.2 -0.18 0.24(2.6%)
Without superstrate 11 9 9.4 - 0.6(6.4%)

3.1.2. Superstrate Dielectric Constant Effects on Input Resistance

The effects of different superstrate dielectric constants on the input resistance are

investigated in this section, while the superstrate thickness and the air gap height are kept
fixed at As/4 and t,, respectively. Therefore, this study only assumes the case of the

maximum gain. The variations of the input resistance, Re{Z;,}, with frequency are
calculated for different superstrate relative permittivities and shown in Fig.3.3. Here, the

relative permittivity of unity means that there is no superstrate above the patch, i.e. the

25




case of original microstrip patch antenna. When the microstrip patch antenna is covered
by the superstrates with relative permittivities of 9.2, 6.0, 4.5, and 3.27, respectively, the

following effects are observed:

350 R A o R anans e

L L S FETY EPPRS (NS (TS CRTS SFPIY MU NS SO MU N S

950 doerie fd N b ea=00 |
T AN P E D —ee3=6.00
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Frequency [GHz]

Fig.3.3. Effects of the superstrate dielectric constant on the microstrip patch antenna input resistance, and
its variations with frequency (t;,=13.Imm (0.436 Ag), t;=15/4, f,=10GHz, the other parameters are listed in

Table3.1)

e The resonant frequency decreases from 9.4GHz to about 9.2GHz,
e The R, increases from 119 Ohms to 289 Ohms,
e The impedance bandwidth decreases from 6.4% to 2.0%.
By changing the superstrate dielectric constant, the observed effects are nearly the
same as when the superstrate thickness was changed. Therefore, as the superstrate
dielectric constant becomes larger, the impedance bandwidth decreases, but the gain

increases as it will be shown in section 3.2. Therefore, by changing the superstrate
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dielectric cbnstant, the impedance bandwidth can also trade off the gain. The impedance
resonant frequencies (f;) and the corresponding resistance (R,) and impedance bandwidth

(BW) for different superstrate thicknesses are listed in Table 3.3.

Table 3.3 Comparison of the microstrip paich antenna input resistance characteristics for different

superstrate dielectric constants (t;=13.1mm (0.436 o), t;=13/4, fy=10GHz, the other parameters are listed

in Table3.1)

t; [mm] &3 Rr [Ohm] fr [GHz] Af [GHZz] BW [GHZz]
2.5(0.254y) 9.2 289 9.2 -0.36 0.18(2.0%)
3.1(0.252y) 6.0 233 9.2 -0.29 0.23(2.5%)
3.5(0.252y) 4.5 198 9.2 -0.23 0.29(3.1%)
4.1(0.252¢) 3.27 169 9.25 -0.18 0.36(3.9%)

Without superstrate 119 9.4 - (6.4%)

3-1-3. Superstrate Height Effects

To complete the study of the superstrate effects on the input resistance, the superstrate
height above the patch (7,) is changed while the two other parameters are kept fixed at
€3=9.2 and 3=2.54mm, respectively. As it will be shown, the relation between input
impedance and the superstrate parameters becomes clear. The air gap height (2,) is given
values of 13, 12, 11, 10, 8, 6, and 4 mm. The input resistance, Re{Z;,} is calculated and
shown in Fig.3.4. It is observed that as the superstrate becomes closer to the patch, the
resonant frequency (f;) moves toward higher values, that is a positive frequency shift

occurs. In conclusion, the effects of each parameter can be summarized as follows:
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Fig.3.4. Effects of the superstrate height on the microstrip patch antenna input resistance, and its
variations with frequency,(€3=9.2, t;=2.5mm (A3/4), , fo =10GHz, the other parameters are listed in Table

3.1)

As the superstrate becomes thicker, or its dielectric constant increases, the resonant
frequency shifts to the lower frequencies, the resonant resistance increases, and the
impedance bandwidth decreases. On the other hand, as the superstrate becomes closer to

the substrate, the resonant frequency shifts to the higher frequencies.

3.1.4. Superstrate Effects on Imaginary part of Z;,
The variation of the input reactance Im{Z,} with frequency are calculated for

different superstrate thicknesses, dielectric constants, and heights, in the same way as
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was done for the input resistance, Re{Z;,}. Fig.3.5.a-c plots the variations of the input

reactance, Im{Z;}, with respect to frequency, for different superstrate thicknesses,

relative permittivities, and heights.
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Fig3.5. Effects of the superstrate on the microstrip patch antenna input reactance, and its variations with
Jrequency for different superstrate parameters (a) thickness, (b) dielectric constant (c) height ( f,=10GHz,

the parameters are the same as those of Figures 3.2,3.3,3.4, respectively)

As it is clear from Fig.3.5a-c, the effects observed for the input reactance, Im{Zin}

are quite similar to the effects for the input resistance, Re{Z;,}.

3.2. Superstrate Effects on Directivity

The effects of the superstrate parameters on the directivity of microstrip patch
antennas are considered in this section. The effects of the superstrate thickness and
dielectric constant will be demonstrated separately in subsequent sections. It will be

shown that the directivity varies with respect to the air gap height, and for each
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superstrate thickness and dielectric constant, the directivity can be optimized by the air

gap height above the patch.

3.2.1. Superstrate Thickness Effects on Directivity
At the frequency of 10 GHz, four different superstrates with the thicknesses (t3) of

3.175mm (0.3213), 2.540mm (0.25)3), 1.905mm (0.19A3), and 1.524mm (0.15)3) are used,

and the directivity in the z-direction (the broadside case, 8=0° versus the distance (air
gap height) are calculated, respectively. The dielectric constants are kept fixed at 9.2 for
each case. The results are shown in Fig.3.6. It can be seen that for each superstrate
thickness, the directivity first increases with the height f,, then reaches its maximum
value Dmax at a resonant distance t,r, and then decreases. So for each ts, there are a
corresponding #;,, and a corresponding Dmax. These values are listed in Table 3.4, where

A=Ay 8,,-1/2 and Ay is the wavelength in free space. Generally, the larger #; is, the
smaller tyr is, so we can conclude that t; can be offset by ¢,. This will be discussed in
more details in section 3.4.

It can be seen from Fig.3;6 that in order to obtain the highest directivity, the best
value of t; is  A3/4 (quarter wavelength in superstrate medium). The directivity of the
original microstrip patch antenna is 7.24dBi. By adding a dielectric plate with the relative
permittivity of 9.2 and the thickness of one quarter wavelength above it and adjusting the

distance t,, a directivity of 15.45dBi is obtained with a net increment of 8.2dB.
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Fig.3.6 Effects of the superstrate thickness on microstrip patch antenna directivity, and its variations with

superstrate height (€5=9.2, f;=10GHz, the other parameters are listed in Table 3.1)

Table 3.4. Comparison of microstrip patch antenna directivity for various superstrate thicknesses (€5=9.2,

Jo=10GHz, the other parameters are listed in Table 3.1)

to- [mm] t3[mm] Dmax [dBi]
12.5(0.416)g) | 3.175(0.321;) 14.85
13.1(0.4362,) 2.54(0.2543) 1545
13.7(0.4564,) 1.905(0.194;) 15.00
14.000.474,) 1.524(0.1523) 14.52
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3.2.2. Superstrate Dielectric Constant Effects on Directivity
To observe the effect of the superstrate dielectric constant on the directivity, the
variations of the directivity with respect to air gap height is computed for different values

of superstrate dielectric constants. Superstrates with relative permittivities (€3) of 9.2, 6.0,

4.5, and 3.27 are selected, respectively. At the frequency of 10 GHz the directivity is
calculated in the z-direction (broadside case, #=0°). The calculated results are shown in
Fig.3.7 and Table3.5. 1t is clear from Fig.3.7 that f; is almost constant for different
superstrate dielectric constants, and the peak value of directivity is only changed. It
should be noted that the superstrate thickness is one quarter wavelength. That resembles
the classic resonant condition, section 2.3.1. In Table 3.5, it is seen that the directivity
also varies almost proportionally with the superstrate dielectric constant as predicted by
the asymptotic gain formula (3.2) derived by Jackson and Alexopoulos [6]. For validating
this similarity, the asymptotic gain formula result will be compared with the exact
calculation given by the simulation for the above cases.

The asymptotic formula for gain (3.2) has been derived in the z-direction under
resonant condition for a Herzian dipole embedded at the middle of the substrate, while

superstrate relative permittivity €2>>1 as;

Gain = 8ﬂ(—82——) , 3.2)

o \ThE1H,

where
n, =& 4, (Substrate refractive index)
B= substrate thickness

Ag = free space wavelength
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Fig.3.7 Effects of the superstrate dielectric constant on microstrip patch antenna directivity variations

with superstrate height (t;=As/4, fy=10GHz, the other parameters are listed in Table 3.1)

Table 3.5 Comparison of the microstrip patch antenna directivity for various superstrate dielectric
constants (t2r=13. Imm(0.436 Ay), fy=10GHz, the other parameters are listed in Table 3.1)

t; [mm] 3 Dmax [dBi]
2.5(0.25 1) 9.20 15.3785
3.1(0.25 1) 6.00 13.94823
3.5(0.25 1) 4.50 12.90201
4.1(0.25 2y 3.27 11.71733
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€1, €2 My, and Y, are permittivity and permeability of substrate and superstrate
respectively. In order to validate that, at the frequency of 10 GHz, different superstrate
relative permittivities (€3) of 3.27, 4.50, 6.00, and 9.20 are considered. The gain is

calculated in the z-direction (6=0°) by both methods. The calculated results are listed in

Table 3.6.

Table 3.6 Comparison of the Asymptotic gain formula result with simulated gain result (t2r=13.1mm

(0.436 29),t5=A3/4, fy=10GHz, the other parameters are listed in Table 3.1 )

€3 Simulated gain [dBi] Asymptotic gain[dBi] Error [%]
3.27 11.72 11.16 —4.78%
4.50 12.9 12.55 -2.71%
6.00 13.95 13.8 -1.08%
9.20 15.38 1565 +1.76%

As it can be seen from the Table 3.6, the difference between the results becomes
smaller by increasing the superstrate relative permittivity, as expected [6]. Jackson and
Alexopoulos have shown that the asymptotic formula approaches the exact gain
calculation as the superstrate dielectric constant becomes larger, but it always gives a
smaller value for gain, Fig.3.8.

The only difference is that for the case of £3=9.2, the asymptotic formula gain is

greater than the simulated gain. This can be justified as follows. The asymptotic formula

derivation is based on a configuration consisting of only two layers (substrate-
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superstrate). But the simulation result is based on a configuration consisting of three

layers (substrate-air gap-superstrate). As a matter of fact, the substrate thickness had been
ignored and the asymptotic calculation was done by assuming &; =/ (free space
permittivity). However, an effective value for &; should have been defined, in order to
take into account both substrate and air gap layers. Then, the &; would be larger, so

asymptotic formula gain would become smaller.
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“a‘/»"°= 26
Qaln
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Fig.3.8. Comparison of asymptotic gain formula result with exact calculated gain [6]

3.3. Substrate Effects

The study of substrate effects has been done into two parts; a) the effect of the
substrate thickness on the directivity, and b) the effect of substrate thickness on the input

impedance.
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3-3-1. Substrate Thickness Effect on Directivity

In reference [6], the simplest resonant conditions in a two layer substrate-superstrate

configuration are described as, ;=A,/4, t;=A,/4, t;=As/4 for a Herzian dipole embedded in

the middle of substrate. For a coaxially fed microstrip patch antenna, A; /4 is too large for

t;. Some difficulties such as abnormal radiation patterns, high surface wave, and high
cross-polarization will be experienced [14]. This problem has been solved by making an
air gap between the substrate and superstrate, while the substrate can be kept thin enough.
In order to investigate the effects of the substrate thickness, a number of different
substrate thicknesses (t;) are considered, while the superstrate thickness is one quarter
wavelength. At the frequency of 10 GHz, for the superstrate relative permittivity of 9.2
and thickness of 2.54mm and for substrate dielectric constant of 2.2, with different
substrate  thicknesses of  0.254mm(01254,), 0.381mm(0194;), 0.508mm(0251)),
0.787mm(.039;), and 1.575mm(.0784,), respectively, the variations of the directivity with
respect to the air gap height are calculated in the z-direction (6=0°), and the results are
shown in Fig.3.9.

It can be seen from Fig.3.9, that when the superstrate thickness t3 is kept at the

optimal value of 0.254;, for different substrate thicknesses (), the optimum directivity

can be obtained by adjusting the distance t,. For each value of t;, there exists a different
resonant distance ty;, but the optimum directivity are almost the same. The substrate
thickness, optimum air gap height, and the corresponding directivity are summarized in
Table3.7. Therefore, the substrate thickness t; can be offset by the air gap height t;, in

order to obtain the maximum directivity.
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Fig.3.9 Effects of the substrate thickness on variations of the microstrip patch antenna directivity with

respect to the superstrate height (e3=9.2, t;=As/4, f=10GHz, the other parameters are listed in Table 3.1)

Therefore, in order to obtain the optimum directivity, the substrate thickness is not a
constraint, contrary to the classic resonant gain condition, but the combination of the
substrate thickness (7;) and the air gap height (¢;) are required to realize the resonance.
Hence, it provides one more degree of freedom. From Table 3.7, it can be also observed

that the peak value for the directivity is obtained for t;=0.025\,.

3.3.2. Substrate Effect on Input Impedance

Related to the superstrate effects on the input impedance which have been provided in
section 3.1, the investigation will be continued further in this section by considering the

variations of thickness for both substrate and superstrate. It will be concluded that the
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superstrate effect on the input impedance is stronger, as substrate thickness becomes

larger.

Table3.7 Comparison of the microstrip patch antenna directivity for various substrate thicknesses (e3=9.2,
13=As/4, fo=10GHz, the other parameters are listed in Table 3.1)

Substrate Air gap height (t2r) Dmax
thickness (t;) [mm] [mm] [dBi]
0.254(.01252,) 14.6(0.487 1) 15.70
0.381(.0192,) 14.4(0.48 1) 15.95
0.508(.0251,) 14.3(0.477 1) 15.99
0.787(.0392,) 14.000.467 Ay) 15.88
1.575(.078%y) 13.1(0.437 2y) 15.53

At the frequency of 10 GHz, for substrate dielectric constant of 2.2, the microstrip
patch antenna with different substrates thicknesses (¢;) of 0.787mm and 1.575mm are

matched with a 50 Okm coaxial feed. Their parameters are listed in Table3.8.

Table3.8. The selected specifications of the microstrip patch antennas for studying the Substrate

Effects on the input impedance

Xf (feed location from the
t1 [mm] &1 L x W [mm] center of patch) [mm]
0.787(.039%,) 2.2 9.4%12 2.1
1.575(0781) 2.2 9.1x12 2.8
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The patch is covered by a superstrate with €5 =9.2 and t;=2.54. The input impedance

are calculated and compared with the former case (uncovered patch) for substrate
thicknesses of 1.575 mm (0783,) and 0.787 mm (.0394;). Their plots are overlaid in
Fig.3.10. The values of R, the peak value of input resistance, the frequency shift, and the
impedance bandwidth for each case are summarized in Table 3.9 for comparison.

It can be seen from Table 3.9 that, the input resistance, resonant frequency shift and

the bandwidth of input impedance are affected more by the superstrate when the substrate

is thicker.
250 Y N ; T
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' : —o—1t1=1.575mm(0.078A 1), Cowered
200 4., I Geean.
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Fig.3.10. Effects of the substrate thickness on the microstrip patch antenna input resistance
characteristics variations with frequency (t,=t,, £3=9.2, t;=As/4, fy=10GHz, the other parameters are listed

in Table 3.8)
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Table3.9 Input resonant resistance, resonant frequency, and impedance bandwidth of a microstrip
patch antenna and its percentage changes after adding superstrate for two different substrate thicknesses

(t2=tan, £5=9.2, t3=05/4, f=10GHz, the other parameters are listed in Table 3.8 )

tl [mm] | R, [Ohm] | AR.[%] |f.[GHZ] | Af,/%] | BW [GHz] | ABW[%]

1.575 118 96% 9.4 -3.2% 0.6 -67%
0.787 63 51% 9.9 -2% 0.3 -50%

3.4. Tolerance Analysis

In this section, the acceptable tolerances of dielectric materials regarding the resonant
gain are investigated. The dielectric material is usually the most expensive part of a
microstrip patch antenna. That would be much more expensive in case of custom made
dielectric, rather than conventional materials available in the market. When the dielectrics
with desired specification are not available in the market, it could be replaced with
another comparable material. Thus, knowing tolerances would be considerably helpful in
this regard. Besides, there is always the issue of inaccuracies in fabrication which
requires adjusting.

The deviations from design values could be due to the superstrate dielectric constant
or thickness. The air gap height deviations also affect the directivity and are studied

accordingly. It will be shown that the superstrate and air gap effects on the directivity are
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rather similar. The air gap thickness can also compensate for the superstrate thickness
deviation to an acceptable degree, which will be used later in this study.

The amount that the input impedance would be affected, from different superstrate
loading when the microstrip patch antenna is already matched, will be investigated last.
Knowing that, helps us in practice with designing the prototype and then, adjusting the

parameters to obtain the optimum gain.

3.4.1. Superstrate Dielectric Constant Deviation

As it was discussed ‘in section 3.2, the directivity varies with superstrate dielectric
constant almost proportionally (3.2), so the directivity would be very sensitive to its
deviations. When there is no dielectric with the desired permittivity, the desired
directivity can be achieved by using another dielectric material with a higher dielectric
constant. But the air gap thickness (z;) needed to be offset from its optimum £, (#;,). As it
is clear in Fig.3.7 (section 3.2), the optimum directivity in the case of a superstrate, with
a relative permittivity of 3.27, can be also obtained with a higher dielectric constant
superstrate, e.g. a relative permittivity of 4.5, 6, or 9.2, but properly adjusting ¢, is

required. -

3.4.2. Superstrate thickness deviation

As it was discussed in Section 3.2, the quarter wavelength thickness of the superstrate
is the strict constraint for obtaining the maximum directivity. However, with other
superstrate thicknesses, the maximum directivity can be obtained by adjusting the air gap

height (). In order to compare the effects of the superstrate thickness and the air gap
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height deviations on the directivity, the directivity is calculated with respect to each of
these deviations while the other one is kept fixed. The antenna parameters selected for

this study, are listed in Table 3.10.

Table 3.10 The selected specification of the single-superstrate microstrip patch antenna for tolerance

analysis of the superstrates parameters (fy=10GHz)

Layer Material Geometry
Superstrate £=9.2 Thickness=2.5 mm
Air gap Air Height=13.1 mm
Patch Copper : Rectangular 9.1x12 mm
Substrate g=22 Thickness=1.575 mm
Ground Plane Copper Infinite
Feed Coaxial Probe X=-2.8 mm, Y=0 mm (location from the center of patch)

The directivity discrepancies from the optimum value are calculated for both cases.
The plots are shown in Fig.3.11.

It was expected that the superstrate thickness deviation affects the directivity more ,
as compared with the air gap height deviation, due to the greater superstrate dielectric
constant £;>>1. This is due to the fact that, the same deviation of the superstrate
thickness would be larger in terms of electrical length than that of the air gap height

deviation. Despite that, their effects are almost similar, and even for positive deviations
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(in right half plane) the air gap thickness deviation affects directivity more, as it can be

seen from Fig. 3.11.
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Fig. 3.11 Directivity variation versus the superstrate thickness and air gap height deviations (fy=

10GHz, the other parameters are listed in Table3.10)

To verify this further, another configuration with even a higher superstrate dielectric
constant is considered. This time, the superstrate relative permittivity of 25 is selected.
Similar to the previous case of superstrate with a relative permittivity e3=9.2, the
directivity is calculated with respect to the superstrate thickness or the air gap height
deviations, while the other one is kept fixed. The antenna parameters selected for this
purpose are listed in Table 3.11.

The directivity discrepancies from its optimum value are shown in Fig.3.12. These

results show good agreement with the previous results and prove the hypothesis that the

44



superstrate thickness and air gap height deviations have almost similar impact on the

directivity.

Table 3.11 The selected specification of the single-superstrate microstrip patch antenna for tolerance

analysis of the superstrates parameters (f;=10GHz)

Layer Material Geometry
Superstrate &-25 Thickness=1.5 mm
Air gap air Height=13.3 mm
Patch Copper Rectangular, 9.1x12 mm
Substrate =22 Thickness=1.575 mm
Ground Plane Copper Infinite
Feed Coaxial Probe X=-2.8 mm, Y=0 mm (location from the center of patch)

As it can be seen from Fig. 3.12, even if a much higher value for the superstrate
dielectric constant is considered, the effect of the air gap height deviation is almost the
same as that of the superstrate. This was mentioned earlier that, the air gap height can
compensate for the superstrate thickness deviation to some acceptable extent.
Considering Fig. 3.11 and 3.12, it can be concluded that the superstrate thickness and the
air gap.height deviations might cancel each other, when their values are similar but
opposite in the type of effect. This effect is investigated next, and will be used later in

this study.
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Fig. 3.12 Directivity variation versus the superstrate thickness and air gap height deviations (f;=

10GHEz, the other parameters are listed in Table3.10)

At the frequency of /0GHz, for the microstrip patch antenna with the parameters as
listed in Table 3.11, the superstrate thickness deviation is selected in a range of +/mm
(+0.4043/4), and the air gap height deviation with the opposite sign, that is #, + =
constant, the directivity discrepancies are calculated and shown in Fig.3.13. The
maximum difference from the optimum directivity is listed in Table 3.12.

As it can be seen in Table 3.12, the maximum change in the directivity is less than

10% for 40% superstrate thickness variations from the designed value and by comparing
Fig. 3.11 with Fig.3.12, the same result is expected for the case of £3=25. It should be

noted that, the compensation feature is considered only as an initial assumption which

could be helpful, particularly in the design and test of the antenna.
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Fig.3.13. Directivity discrepancies due to the superstrate thickness deviation with air gap compensation

(fo= 10GHz, the other parameters are listed in Table3.10)

Table 3.12 Directivity discrepancy due to 40% superstrate thickness deviation, with air gap

compensation (fy= 10GHz, the other parameters are listed in Table3.10)

Deviation D [dBi] | AD[%]

dts=+0.40A3/4=-dt, | 144 | -7%

dts=-0.40A3/4 =-dt; | 14.1 -9%
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3.4.3. Sensitivity of the Impedance-matching to Directivity center

Jfrequency

For the sake of simplicity, the frequency where the maximum directivity can be
obtained is called “directivity center frequency” f. In this section the sensitivity of input
impedance to the directivity center frequency will be investigated. It will be shown that,
over a reasonable frequency range, the effect due to changes in directivity center
frequency on the input response is negligible. The directivity center frequency can be

calculated by (3.3) as follows, which is also valid for the microstrip patch antenna case

[14].

27—;?3— (3.3)

50;

Jres = (3.4)
4,5,

where c is the speed of light in free space.
If the antenna is not matched at frequency (ﬁes), the gain is different from the
directivity, by as much as the the mismatch loss, as shown below:
Gaingpi= Dyapi + Lyap (3.5)
where Ly, is the mismatch loss. In order to investigate the correlation between the changes
in input impedance and the changes in directivity center frequency (by changing the

superstrate thickness), a microstrip patch antenna matched at 10GHz is considered with

the substrate thickness (¢;) of 1.575 mm. Then, in the range of twenty percent around the
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directivity center frequency, i.e. from & to 12 GHz, in steps of 0.5GHz, the optimum

superstrate thicknesses (t3,) are calculated by (3.3) which are listed in Table 3.13.

Table 3.13 The required superstrate thicknesses and air gap heights for directivity center frequencies

in the range of 8 to 12 GHz (the other parameters are listed in Table3.10)

directivity fp
[GHz] t3 [mm] .ty [mm]
8.0 - 31 12.5
8.5 2.9 . 12.7
9.0 2.8 12.8
9.5 2.6 13.0
10 2.5 13.1
10.5 2.4 13.2
11.0 23 13.3
11.5 2.2 13.4
12.0 2.1 13.5

The corresponding t); values are calculated based on the compensation property

(section 3.4.2), that is the deviation in t3, which can be compensated by a deviation in #,
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of the opposite sign. The input resistance variations with respect to frequency are

calculated and shown in Fig.3.14.
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Fig. 3.14 The input resistance (Re{Zin}) variations with respect to frequency for various directivity

center frequencies

As it can be seen from Fig. 3.14, the input resistance frequency response remains
almost invariant. Therefore, the simulation results for the antenna impedance matching,
ie. the input impedance response still will be useful, even in the case where there is some
deviation in the directivity center frequency due to the superstrate relative permittivity or

thickness tolerances.
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3.5. Radiation Characteristics

In this section, the radiation characteristics are studied. It includes the broadside
directivity variations with frequency and directivity pattern in the two main planes i.e. E-
plane and H-plane. In the first part, for obtaining the desired directivity, i.e. by selecting
the proper superstrate dielectric constant, the directivity as a function of frequency will be
shown for different superstrate thicknesses. It is shown that there are minor differences
among the broadside directivity variations, with respect to frequency, for different
superstrate thicknesses. Also the radiation pattern in the E-plane and H-plane are similar
for different superstrate thicknesses. Finally, the radiation patterns at center frequency (1)
and also at the half power frequencies (f;, f2) are plotted for comparison. It can be seen
that, the side lobe level (SLL) is larger for the higher half power frequency ( f2) , but the
cross-polarization is smaller, in comparison with the lower half power frequency (f7). In
the second part, the directivity variations with frequency for different superstrate
dielectric constants are shown and then their radiation patterns are compared. As it is
expected, the directivity bandwidth decreases with increasing superstrate dielectric

constant.

3.5.1. Superstrate Thickness Effects on Radiation Characteristic

Different thicknesses of 3.175mm (0.32143), 2.54mm (0.25723), 1.905mm (0.19313),
and 1.524mm (0.15423) are selected to investigate the broadside directivity variations
with respect to frequency. The superstrate relative permittivity of 9.2 is selected for this
purpose. The air gap height is also optimized to give the optimum directivity at /0 GHz.

The corresponding values for the air gap height are 12.5mm (0.4174y), 13.Imm (
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0.4374), 13.7mm (0.457 Xy), and 14mm (0.4671,), respectively. The broadside directivity
variations with frequency, in the range of 7.5 to 12.5 GHz, are calculated and shown in

Fig.3.15. The directivity of the simple patch is also plotted, as a reference.

20
P e = - at2=e 13=0
: t3=1. 524mm20 154)\33 12=14mm(0.467A0)
REEEEED t3=1.905mm(0.193A3), t2=13.7mm(0.457A0)
; —-—-— 13=2.54mm(0.257A3), t2=13.1mm(0.436A0)
¢ e t3 3. 175mm(0 32A3), t2=12. 5mmmm(0 416A0)

7/5 8:5 9:5 105 11, 5\\ 125 13.5

Frequency [GHz]

Fig. 3.15 Directivity variations with frequency for various superstrate thicknesses (£3=9.2, the other

parameters are listed in Table 3.1)

As it can be seen from Fig.3.15, the directivity shows a remarkable increment. On the
other hand the directivity bandwidth (-3dB bandwidth) decreases. In addition, the

directivity variations with respect to frequency are almost similar for different superstrate
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thicknesses. The maximum directivity and the corresponding directivity bandwidth for

each case are also summarized in Table 3.14.

Table 3.14 Maximum directivity, directivity bandwidth, and their products for various superstrate

thicknesses (3=9.2, f=10GHz, the other parameters are listed in Table 3.1)

t3fmm] tfmm] Dmax[dBi] | BW[ GHz] | directivity x BW
without superstrate 7.2 5.23(52.3%) 274.5
1.524(0.154 A3) | 14mm(0.4674y) 14.47 1.0 (10%) 279.9
1.905(0.193 A3) | 13.7mm(0.4572) 15.16 0.85 (8.5%) 278.9
2.54(0.257 A3) | 13.1mm(0.4371) 1549 0.80 (8.0%) 283.2
3.175(0.321 43) | 12.5mm(0.417y) 14.80 0.91(9.1%) 274.8

As it can be seen from Table 3.14, the directivity for £3/43=0.257, i.e. complying with
the classical resonant gain condition (2.18), is maximum and the directivity bandwidth is
minimum. It is ‘also verified that the directivity-bandwidth product is also constant, which
is predicted by the asymptotic formulas for the gain and bandwidth /6]. The radiation
pattern for different superstrate thicknesses at the center frequency (fp=I/0GHz) are

calculated and shown in Fig. 3.16.

53



E-plane C-pol Directivity Pattern [dBi]

H-plane C-pol Directivity Pattern [dBi]
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E-/H-plane X-pol Directivity Pattern [dBi]

(¢
Fig.3.16 a) Eg in E- plane, b) Eq in H — plane, and c) Eg in H —plane and Ey in E- plane (é3=9.2,

Jo=10GHz, the other parameters are listed in Table3.1)

The co-polarization components in the £- and H-planes are shown in Fig.3.16(a) and
(b) ,respectively, and the cross-polarization components in Fig.3.16 (c). As it can be seen
in Fig.3.16, the radiation patterns and side lobe levels (SLL) are almost the same for
different superstrate thicknesses. The cross-polarization component in the E-plane is
negligible, which is much lower than -30dBi. The values of beamwidths and side lobe
levels are listed in Table 3.15. As it is expected, the narrowest beamwidth belongs to the

superstrate thickness of one quarter wavelength, i.e. £; /1370.25).
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Table3.15 Beamwidths and Side Lobe Levels for various superstrate thicknesses (fo=10GHz, other

parameters are kept the same as in Table3.1)

E-plane H-plane E-plane
tsfmm] Dmax[dBi]
Beamwidth | Beamwidth | SLL [dB]

(without superstrate) 7.2 89° 76° -
1.524(0.154 43) 14.47 29° 28° -14.02
1.905(0.193 43) 15.16 28° 27° -14.85
2.54(0.257 13) 15.49 27° 25° -14.59
3.175(0.321 13) 14.80 30.5° 28° -13.08

The radiation pattern for resonant superstrate thickness, #; /13=0.25 at the center
frequency (fp=10GHz) and half power frequencies (f;=9.49GHz, and f>=10.3GHz) are

calculated and shown in Fig. 3.17.

At f and f,, where the broadside directivity falls 3dB, the main beam becomes wider. For
J2, the beam is wider, due to a dip that occurs at broadside and also shows a better side

lobe level, and also lower cross-polarization, as compared with the radiation pattern at f;

orfy.
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E-plane C-pol Directivity Pattern [dBi]

H-plane C-pol Directivity Pattern [dBi]

..................................................................

............................... "_ )
: : " r
""""""""""""""" fo=10GHz \T
e f1=9.49GHz : ;
""" —-4—- 2=10.3GHz IR
[ S N NS S 1PV S S :
Theta [degree]

..................

—  f0=10GHz
— f1=9.49GHz
—+—12=10.3GHz

.-

Theta [degree]

®)

57




............................

..... R fo=1'oeHz,H-ﬁane,X- of il

f1=9.49GHz , H-plane, X-pol
—+—12=10.3GHz , H-plane, X-pol
. : fo=10GHz , E-g ane, X-pol : :
""" f1=9.49GHz , E-plane, X-pol " 7rtttvtoot

—t—f2210.3GHz ,E-plane, X-pol

E-/H-plane X-pol Directivity Pattern [dBi]

Theta [degree]

©

Fig.3.17 The radiation patterns for the center frequency, fy=10GHz, and the half power frequencies,
J1=9.49GHz, and f,=10.3GHz, a) E- plane C-pol, b) H — plane C-pol, and ¢) H — and E- plane X-pol, (The
other parameters are listed in Table3.10)

3.5.2. Superstrate Dielectric constant Effects on Radiation Characteristic

Different superstrate relative permittivity of 9.2, 6.0, 4.5, and 3.27 are selected to
investigate the broadside directivity variations with frequency for resonant superstrate
thickness of 13/4. The air gap height has been also optimized to obtain the optimum
directivity at fp=10 GHz.

The broadside directivity variations with respect to frequency, in the range of 7.5 to
-12.5 GHz, are calculated and shown in Fig.3.18. The broadside directivity of the simple

patch is also plotted as the reference.
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Frequency [GHz]

Fig.3.18. Directivity variations with frequency for various superstrate Dielectric constants (

t,=13.1mm(0.4372y), ts=13/4) the other parameters are listed in Table 3.1)

As it is seen from Fig.3.18 the directivity increases with the superstrate dielectric
constant; but the directivity-bandwidth decreases. The peak value of the directivity and
the corresponding directivity-bandwidth for each case are summarized in Table 3.16.
The directivity bandwidth trade-off can be observed from Table 3.16. It is verified that
the directivity-bandwidth product is almost costant, which is predicted by the asymptotic
formulas for the gain and bandwidth /6]. The results in Table 3.16 show good agreement
with the asymptotic formulas for the gain and bandwidth.

The radiation patterns for different superstrate dielectric constants at the directivity
center frequency (fp=10GHz) are calculated and shown in Fig. 3.19. The co-polarization
components in the two main planes, E-plane and H-plane, are shown in Fig.3.19(a) and

(b) respectively, and the cross-polarization components for the E- and H-planes in (c). As
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it can be seen from Fig.3.19(c), the cross-polarization patterns are almost the same for
different superstrate dielectric constants. The cross-polarization component in the E-plane
is .negligible, i.e. it is much lower than -30dBi. The values of beamwidths and side lobe
levels are listed in Table 3.17. As it can be seen, the higher relative permittivity of the

superstrate is, the higher directivity is, and the side lobe level is also higher.

Table 3.16 Directivity for various superstrate relative permittivities ( 2=13.1mm(0.4371), the other

parameters are listed in Table 3.1)

directivity
&3 t; [mm] Dmax[dBi] | BW [GHz]

X BW
Without superstrate 7.2 52.3% 274.5
9.2 2.5(0.25 A3) 15.66 7.8% 287.1
6.0 3.1(0.25 43) 14.03 11.3% 285.8

4.5 3.5(0.25 43) 12.98 14.3% 284
3.27 4.1(0.25 43) 11.80 18.4% 278.5
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[{mY

E-/H-plane X-pol Directivity Pattern [dBi]

Theta [degree]

(c)
Fig.3.19. Radiation Pattern for various superstrate dielectric constants a) E-plane C-pol, b) H-plane
C-pol, and c)E- and H-plane X-pol ( t;=13.1mm(0.4372y), t;=As/4, f7=10GHz, the other parameters are

listed in Table 3.1 )

Table3.17 Beamwidths and Side Lobe Levels for various superstrate dielectric constants (

t;=13.1mm(0.4372y), t;=Ay/4, f=10GHz, the other parameters are listed in Table 3.1)

&3 Dmax[dBi] E-planeBeamwidth H-plane Beamwidth E-plane SLL [dB]
uncovered 7.2 89° 76° -

9.2 15.49 27° 25° -14.59

6.0 13.90 32.5° 30° -11.94

4.5 12.86 36.5° 34° -10.19

3.27 11.68 42° 40° -8.33
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As it is expected, the narrowest beamwidth, i.e. 27° in the E-plane and 25° in the H-
plane belongs to the largest superstrate relative permittivity of £3=9.2. It should also be
noticed that, as the directivity increases, the side lobe level also increases, i.e. the side
lobe level of -14.59dB for £3=9.2, compared with the side lobe level of -8.33dB for

£3=3.27.

3.6. Experimental Verifications

In order to confirm the simulation results, a microstrip patch antenna was designed to
verify the input and the radiation characteristics of a single-superstrate configuration. The
used substrate has a relative permittivity of 2.5, thickness of 0.38 mm (0.015 inch), and
loss tangent of tand=0.0022, on a ground plane of 150mm by 150mm. The patch length
and width are 11 by 15mm, respectively, which is fed by a 50 Q2 SMA probe, at 3mm
from the center of patch, along its length (Xzeg=—3mm). The antenna specifications are
summarized in Table 3.18. The superstrate with a relative permittivity of 9.8 and
thickness of 3.175mm (0.125 inch) , and loss tangent of tand=0.002 is placed above the
patch at the height of /7.25mm supported with plastic screws and nuts, to make the
resonant gain at 8.35GHz. It should be noted that the superstrate thickness is greater than
one quarter wavelength (t3>X1/4) , so it needs to be compensated by the air gap height, n
order to have the maximum directivity. The superstrate thickness has not been taken
equal to a quarter wavelength, i.e. the center frequency of 7.5GHz. Otherwise, less
accurate results would be obtained, due to the measurement setup failure in accuracy
around that frequency. The antenna was fabricated and tested in the Antenna Laboratory

at the University of Manitoba.
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Table.3.18 The parameters of the fabricated single-superstrate microstrip patch antenna

Layer Material Geometry
Superstrate £-9.8 Thickness=3.175 mm (0.27)3)
Air gap Air Height=17.25 mm (0.484)
Patch Copper Rectangular 11X15 mm
Substrate &§=2.5 Thickness=0.38 mm
Ground Plane Copper 150x150mm
Feed Coaxial Probe X=-3 mm, Y=0mm (location from the center of patch)

The antenna return loss variations with respect to frequency was measured by ANRITSU
ME 7808A Network Analyzer and is shown in Fig.3.20. The simulated return loss
variations, with respect to frequency, were also computed by Ansoft Designer simulator,
which is shown for comparison. It can be seen that the measured results agree well with
the simulated results, though there are ripples in the measured results. They may be the
result of, yet un-radiated, power of the guided waves diffractions from the finite
superstrate and ground plane edges. The radiation characteristics of the fabricated single-
superstrate microstrip patch antenna were measured in the anechoic chamber of the
Antenna Laboratory at the University of Manitoba. The measurement set up for
measuring far electric field is as follows. The fabricated antenna under the test, as a
receiving antenna, is sifuated at the origin of the coordinates. The patterns of 6 and ¢
components of the electric field (Eg and E¢) are measured as a function of 6 along ¢=0°
and 90° plane. These patterns are determined by rotating the antenna under the test, when

illuminated by the plane wave from the Compact Antenna Range.
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Its broadside gain variations with frequency are shown in Fig.3.21. As it can be seen
from Fig.3.21, the measured results agree well with the simulated results. As expected the
broadside gain rises slowly with frequency, reaching its peak at the resonant frequency
and falls off much more rapidly for />f, than for /<f; This is due to the fact that, for
JS<fo , the pattern merely broadens as the gain drops. However, for f>f;, the pattern
broadens slightly and the chief effect is that the pattern is scanned so that the main beam

peak is not at =0, but rather a dip appears at the broadside [6].

—— measured

i o H H . i
- -5 i -.
H . H ' - H
B I R LT LT, o e e TR NS N — ! P f :
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H H 1 1
H H 2 g B H
H H R 55 H H —-— Simulated
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Fig.3.20. The measured and simulated return losses for single superstrate microstrip patch antenna

(The parameters are listed in Table 3.18, f=8.35GHz),

20
—>—simulated
measured

15 4

...................................................................................................................................

.............................................................................................................................
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Brcadside Gain [dE1]

Frequency [GHz]

Fig.3.2]1 The measured and simulated gain variations with frequency for single superstrate microstrip

patch antenna (The parameters are listed in Table 3.18, f=8.35GHz)
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Next, the (return loss=-10dB) impedance bandwidth and (-3dB power) gain
bandwidth, extracted from the measured results, are compared with simulations. These

results are listed in Table3.19.

- Table.3.19 Comparison of the measured and simulated impedance-bandwidth and gain-bandwidth for

the single superstrate microstrip patch antenna (The parameters are listed in Table 3.18, f;=8.35GHz)

Impedance-BW{GHz] Gain-BW[GHz] D [dBi]
measured | Simulated | measured Simulated measured Simulated
0.19(2.3%) | 0.14(1.7%) | 0.36(4.3%) 0.29(3.5%) 15.25 15.91

The simulated results agree well with the measured results. The measured gain is
0.66dBi less than the simulated one. The measured gain-bandwidth is wider than the
simulated gain-bandwidth. This could be due to the smaller measured gain. The
difference could be also due to error happens in reading from the measuréd results which
distorted by ripples. It is interesting to note that the impedance-bandwidth can be
improved, but the only way to increase the directivity-bandwidth is to lower the
directivity. The radiation patterns in the two main planes are investigated next. In
Fig.3.22, the comparison of the simulated and measured gain patterns of the antenna at
8.35GHz is shown. As it can be seen from Fig.3.22(a), the measured and the simulated
co-polarization components are quite similar, except for the nulls observed in the
measured H-plane co-polarization plot at 8= —50° and +66°. This could be due to the
finite transverse size of superstrate. The measured pattern also shows asymmetry

compared with the simulated one. This could be mostly due to the fact that the simulator
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assumes a perfect even and parallel surface for superstrate, which is not so in practice.
For the cross-polarization components in Fig.3.22(b), there are differences between the
simulation and measurement. Some part of them is due to misalignment. However, the

power level of the pattern (<-20dBi) is also about the noise level of the measuring

equipments.
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Fig.3.22 Comparison of the simulated and measured Radiation Patterns a) Co-polarization components in
E- and H-plane and b) cross-polarization components in E- and H-plane (The parameters are listed in

Table3.18, f=8.35 GHz)
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3.7 Summary

In this chapter, the single-superstrate configuration was studied. First, the effects of

superstrate parameters on the input impedance and directivity were investigated. Then,

the substrate effects on input impedance and directivity were studied. Since fabrication

deviation, - from the design specifications and material tolerances, are inevitable,

acceptable tolerances were also investigated. Besides, the radiation characteristic in both

frequency- and spatial-domain was presented. For the single-superstrate microstrip patch

antenna it was shown:

The superstrate narrows the impedance bandwidth and also shifts the impedance
response to lower frequencies, depending on its thickness and dielectric constant
The directivity is optimum (Do), in the case where superstrate thickness is one
quarter wavelength. The directivity is almost linearly proportional to the
superstrate dielectric constant, and the air gap height offsets the substrate
thickness, that is, the air gap height is a function of the substrate thickness, in
order to maximize the directivity

In case the superstrate thickness is different from one quarter wavelength, the air
gap height can offset the superstrate thickness, in order to maximize the
directivity (but the directivity is less than D)

It is verified that the asymptotic formula underestimate the gain, but as superstrate
dielectric constant becomes large, the asymptotic formula overestimate the gain
The superstrate affects on the input impedance increases as the substrate thickness

increases
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The deviations of the superstrate thickness and air gap height affect the
directivity similarly

There is little correlation between the return loss center frequency and the
directivity center frequency

The directivity frequency response is almost invariant, when the superstrate
thickness deviation offset by the air gap height

The radiation pattern is almost invariant when the superstrate thickness deviation
is offset by the air gap height

At lower -3dB (half power) frequency, the cross-polarization component is lower,
and its side lobe level is smaller, compared to the higher -3dB frequency.

The simulated and measured results of the antenna for its input impedance,
bandwidths and radiation patterns were compared, and showed good agreements.
The measured impedance bandwidth and directivity of this antenna was 2.3% and

15.25dBi, respectively at 8.35GHz.
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Chapter 4

Multiple-superstrate configuration

Introduction The structure of this chapter is almost the same as the preceding

chapter. It studies characteristics of multiple-superstrates over a microstrip patch antenna.
Obtaining large resonant directivity with moderate dielectric constants is the main
impetus for this multiple-superstrate configuration study.

As the main objective of this thesis is enhancing the directivity of microstrip patch
antennas, the relation between directivity and multiple superstrates is investigated first,
searching for increasing directivity. The effects on the input impedance are discussed,
including different multiple-superstrate configurations with the same level of directivity.
These configurations are compared with the single-superstrate configuration. After
computing the tolerances due to the superstrate parameters deviations, the radiation
characteristics of multiple-superstrate microstrip patch antennas, in the spatial- and
frequency domains are studied. Their radiation characteristics are also compared with
those of the single-superstrate configuration. A prototype antenna with double-superstrate
configuration is fabricated and its characteristics are measured. The simulated and
measured results of the antenna, for the' impedance bandwidth, gain-bandwidth, and
radiation pattern are compared. They show reasonably good agreement. The measured
directivity of this antenna is 15.8 dBi, with the gain bandwidth of 7%, and the impedance

bandwidth of 1.8% at 13.64GHz.
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4.1. The Effects of multiple superstrates on Directivity

A double-superstrate configuration can be easily made by adding another superstrate

in parallel to and above the first one, as shown in Fig.4.1.

€s,l5
Air gap + supestrate 2 1 air,ty

€3,13
Air gap + supestrate 1

air,t;

€nt;

Substrate & patch

Ground plane and feed probe

Fig.4.1. The structure of Multiple-Superstrate Microstrip Patch Antennas (€., is each layer dielectric

constant and thickness, respectively)

This chapter is mostly devoted to the case of double-superstrate configuration. The
three superstrates case is also considered in this chapter. The dielectric layers are placed
above each other with odd number of indices, while the air gaps in between with even
number of indices. It is expected that a higher directivity can be obtained by adding
another superstrate. To investigate this, a microstrip patch antenna with a single-
superstrate is considered, first. The parameters of the single-superstrate configuration are
listed in Table 4.1. Its directivity with the superstrate relative permittivity of 3 (e5=3) is
11.50dBi, at 10 GHz. After adding another superstrate with a relative permittivity of 3
o (e5=3), the broadside directivity is computed with respect to the inter-superstrate height
variations (t;), for different superstrate thicknesses (t5) of 3.46mm (0.2As), 4.33mm

(0.25Xs),and 5.2mm (0.3As). The results are shown in Fig.4.2.
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Table.4.1 The parameters of the single-superstrate configuration for studying the properties of

multiple-superstrate configuration

Layer Material Geometry
Superstrate €3 Thickness=4.33 mm (0.251;)
Air gap Air Height=12.9 mm (0.43}y)
Patch Copper Rectangular 9.1x12 mm
Substrate £g~2.2 Thickness=1.575 mm
Ground Plane Copper " Infinite
Feed Coaxial Probe X#=-2.8 mm, Y~0 mm (location from the center of patch)

As it is seen from Fig.4.2, the directivity rises with the inter-superstrate height t; and

reaches its maximum at certain optimum height t4, and falls thereafter much similar to

17

: : : : : : | =-e=- t5=20%A5
16 7 E 5 i ; ; ; 2 t5=25%A\5
; : : ; R t5=30%A5

I T

DlaE]

t4 [mm]

Fig.4.2. Directivity variation with inter-superstrate height t, for a double-superstrate configuration,

with different superstrate thicknesses (es=3, fy=10GHz, the other parameters are listed in Table 4.1)
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the single superstrate case. Again, the optimum superstrate thickness of 0.25\s is
observed, which resembles the resonant mode in the T-line model derived in [14]. In
order to verify the optimum thickness of one quarter wavelength for the superstrate
further, the directivity over a range of thicknesses in steps of one hundredth of
wavelength are calculated and summarized in Table.4.2. It should be noticed that the
resonant thickness for the second superstrate agrees with the T-lines model for the
embedded Herzian dipole [15], but the resonant air gap height does not agree with that

model, i.e. ts4 is not equal to 0.25).

Table 4.2 Maximum directivity for a double-superstrate configuration with different superstrate

thicknesses (e5=3, fy=10GHz, the other parameters are listed in Table4.1)

ts [mm] ty[mm] D [dBi]
3.98(0.2345) 8.58(0.28640) 15.77
4.15(0.24 As) 8.49(0.2834y) 15.79
4.33(0.25 As) 8.28(0.27644) 15.8
4.5(0.26 1s) 8.19(0.2734) 15.79
4.68(0.27 4s) 8.1(0.274p) 15.77

Extending the asymptotic gain formula [6], the directivity of the double-superstrate
configuration may also vary proportionally with the second superstrate dielectric

constant. In other words, the directivity for a double-superstrate may be proportional to
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&s, as well as g3. This hypothesis can be simply verified by comparing the directivity of

the single-superstrate microstrip patch antenna with a double-superstrate microstrip patch

antenna when,
(4.1)

Eips X Esps = Esgs

where,

€3ps: first superstrate relative permittivity in a double-superstrate configuration
€sps: second superstrate relative permittivity in a double-superstrate configuration

€3gs: superstrate relative permittivity in a single-superstrate configuration.

For &355=9 and e3ps = &3ps =3, the directivity variations with respect to ty-t;; and ty-ty;,

respectively, are calculated and shown in Fig.4.3.

single superstrate(€3=9)

18 4

—=— double superstrate(e3=¢5=3)

Fig.4.3. Directivity variations for single- and double-superstrate configurations with t,-t;, and t;ty,

respectively (fy=10GHz, the other parameters are listed in Tables 4.1 and 4.3)
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As it is seen from Fig.4.3 the maximum directivities are equal, but the directivity
variation is flatter in the double-superstrate configuration, since the directivity for the
single-superstrate configuration has been plotted with respect to t,, while the directivity
for the double-superstrate configuration has been plotted with respect to t;, while the
lower air gap height (t,) affects directivity more, as it will be discussed in section 4.4.
The maximum directivities and the relevant parameters are summarized in Table 4.3 for

comparison.

Table 4.3 Comparison of the directivities for single-superstrate (¢3=9) and double-superstrate (e;=

&5=3) configurations (f=10GHz, the other parameters are listed in Table 4.1)

Layer relative permittivity and thickness (mn) D [dBi]

g=1, t,=13.15(0.44%¢)
15.63
&3= 9, t3=25(025/13)

&= 84=1, t2=129(044/10), t4=83(0272,0)
15.8
&3= 85=3, t3=4.33(0.25/13), t5=433(025/15)

In order to verify this hypothesis further, the directivities of a single-superstrate
conﬁguratiori with relative permittivity of ;=27 and a triple-superstrate configuration
with relative permittivities of 3, i.e. e3= es=g7=3, are calculated. The directivity variations
with respect to the superstrate height are shown in Fig.4.4. As it is seen the maximum
directivities are almost equal, but the directivity variation is much flatter in the triple-

superstrate configuration. This is already expected, since in the single-superstrate case,
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there is only one parameter, which is its thickness, but in the triple-superstrate case there

are five corresponding parameters, which are the three thicknesses of superstrates and the

two spacings between them.

) &)
4]

d [dB]

-B 4 -2 )

——single superstrate(e3=27)
—a—triple superstrate(e3=¢5=¢7=3)

Fig.4.4. Directivity variations for single- and triple-superstrate configurations with t,-t,, and tgts,

respectively (fy=10GHz, the other parameters are listed in Tables 4.1 and 4. 4)

Thus, changing the height of one superstrate, and keeping the two other parameters
optimum, does not affect the directivity as severely as the height of a single superstrate.
The relevant parameters are summarized in Table 4.4 for comparison. In conclusion, the

results from Tables 4.3 and 4.4 confirm the hypothesis that the directivity of multiple-
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superstrate microstrip patch antennas is proportional to the relative permittivity of each

superstrate layer.

Table 4.4 Comparison of the directivities between the single-superstrate (e3=27) and triple-superstrate

(e3= &5= £,=3) configurations (fy=10GHz, the other parameters are listed in Table 4.1)

Layer relative permittivity and thickness (mm) | D [dBi]

=1, t,=13.28(0.442,)

19.89
£3=27, t3=144(025}.3)
82=1, t2=129(044/1(1)
83=3, t3=433(025}.3)
84=], t4=83(027}.0)
20.08

£5=3, ts=4.33(0.254;)
es=1, t;=8.43(0.281y)

€,=3, t;=4.33(0.251,)

4.2. The Input Impedance of Multiple-Superstrate Configurations

In this section, the effects of higher superstrates on the input impedance will be
investigated. The importance of this section is due to the fact that superstrate effects on
the impedance bandwidth can be lowered in the multiple-superstrate configuration, while
the directivity is maintained constant. For this purpose the examples of the previous
section can be used. They are the single-superstrate cases with relative permittivities of 9

and 27, a double-superstrate case with relative permittivities of 3, and a triple-superstrate
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case with relative permittivities of 3. Considering the single- and the double-superstrate
configurations with similar directivities, variations of the input resistance with respect to

frequency are calculated and shown in Fig.4.5 for comparison.

300

250

200 -

150 o

Re(arg Oy

100 -

1 layer (e=9)
e 2 layers (e=3)

9 9.1 9.2 9.3 9.4 9.5 9.6
frequency [GHz]

Fig.4.5. Variations of the input resistance with frequency for single- and double-superstrate

configurations with similar directivities (the other parameters are listed in Tables 4.1 and 4.3)

Fig.4.6 shows the variations of the input resistance for single-superstrate (£5=27) and

triple-superstrate (e3=¢s= €7=3) configurations, having the same level of directivities.

400

1 tayer (e=27)
: ! —a--— 3 layers (e=3)
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350 4
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200 oo bomonoees £ Fo -t .
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100 H----nnnoee-E ) LTINS R ——

50 o eeeeeoenenes b e - brommemmnmnnn e TR g e

2] 9.1 9.2 9.3 9.4 9.5 9.6
frequency [GHz]

Fig. 4.6 Variations of the input resistance with frequency for single- and triple-superstrate

configurations with similar directivities (the other parameters are listed in Tables 4.1 and 4.4)
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Defining the impedance bandwidth as:

M).GQRr — (fz "’fl) IRin=O.69Rr 4.2
7 I (4.2)

the center frequencies (f) , peak input resistances (R,), and the bandwidths (BW) are

summarized in Table4.5 and 4.6 ,respectively.

Tables 4.5 Comparison of the input resistance characteristics for single-superstrate (e5=9) and
double-superstrate (e3= £5=3) configurations with similar directivities (the other parameters are listed in

Table 4.1)

Layer relative permittivity and thickness (mm) | f;/GHz] | R,f/Ohm] | BW[GHz] | D[dBi]

=1, t,=13.15(0.44)y)
9.27 301 0.1902%) | 15.63
5= 9, ;=2.5(0.2503)

&)= 84=1, t2=129(044/1d, t4=83(027110)
9.27 245 | 0.22024%) | 15.8
£3= 85=3, t3=4.33(0.25113), t5=433(025/15)

As it can be seen the impedance bandwidth for a single-superstrate shows about 15%
improvement, Table 4.5, and 50% improvement, Table 4.6, for the double- and triple-

superstrate configurations, respectively, while their directivities are maintained the same.
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Tables 4.6 Comparison of the input resistance characteristics for single-superstrate (e3=27) and triple-
superstrate (e3= e5= £,=3) configurations with similar directivity (the other parameters are listed in

Table4.1)

Layer relative permittivity
JolGHz] | R,[Ohm] | BW[GHz] | D [dBi]
and thickness (mm)

82=], t2=1328(0 44/10)

9.25 462 0.12(1.3%) 19.89
£35=27, t;=1.44(0.2513)
€2=1, t2=129(044/10)
€3=3, 1;=4.33(0.253)
84-_'1, t4=83(027/1(ﬂ
9.29 289 0.18(1.9%) | 20.08

85=3, t5=4. 33(02515)

e5=1, 15=8.43(0.282¢)

£ 7=3, t7=433(025},7)

Attempting to increase the impedance bandwidth further, a modified multiple-
superstrate configuration was devised. As it will be shown, deploying superstrate layers
in ascending order of dielectric constants will increase the impedance bandwidth further.
In order to verify this, two double-superstrate configurations are considered, while
keeping their directivities are the same. For this purpose, a double-superstrate
configuration with superstrate relative permittivity of 3 (g5=3, e5=3), and the modified
double-superstrate configuration with the superstrates relative permittivity of 1.5 and 6

(e5=1.5, &5=6) are considered. The calculated directivity of the modified double-
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superstrate configuration is 16.15dBi which is comparable to 15.8dBi of the conventional
double-superstrate configuration (g5=3, &5=3). The variations of input resistance with

respect to frequency are calculated and shown in Fig.4.7.

300

250

200

150

Re{Zin} [Ohm]

100

—&— double-superstrate(e3=¢5=3)

50

double-superstrate(e3=1.5,e5=6)

9 9.1 9.2 9.3 9.4 9.5 9.6
frequency [GHz]

Fig.4.7 Variation of input resistance with frequency for double-superstrate and modified double-

superstrate configurations with similar directivities (the other parameters are listed in Tables 4.1 and 4.7)

The center frequencies (fo), peak input resistances (R;), and the bandwidths (0.69R,) are
summarized in Table4.7 for comparison. As it is seen, the impedance bandwidth has been
improved by the modified double-superstrate configuration. This can be easily explained.
Placing the layer with a low dielectric constant above the patch hardly affects the
impedance bandwidth, this is equivalent to placing the high dielectric constant superstrate
away from the patch, which also minimizes its effect on the impedance bandwidth little,

while the resonant directivity is kept unchanged.
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Tables 4.7 Bandwidth improvement by Modified multiple-superstrate(e;=1.5, £5=6) in comparison with

the conventional double-superstrate(es= e5=3) configuration (the other parameters are listed in Table 4.1)

Layer relative permittivity and
JofGHz] | R.fOhm] BW[GHz] D [dBi]
thickness (mm)

&=1, ,=12.9(0.442,)

&5=3, t;=4.33(0.25;)

9.27 245 0.22(2.4%) 15.8
&=1, 1~8.3(0.2729)
e5=3, t:=4.33(0.2515)
&=, t;=12.6(0.4229)
=15, t;=6.12(0.25)3)
9.33 208 0.27(2.9%) 16.15

e~1, t~8.4(0.282y)

&5=6, 15=3.06(0.2515)

As it can be seen from Table 4.7, about 20% bandwidth improvement has been

obtained, while the directivity also shows 0.35dB increment.

4.3. Tolerance Analysis

In this section the directivity variations due to the deviation in the superstrate
parameters for multiple-superstrate configurations are studied. Here, a triple-superstrate
configuration is considered and its directivity variations with respect to the lower, middle,
and top superstrate layer parameters deviations are investigated. For this purpose the

triple-superstrate configuration considered in section 4.1 is used again. Changing the
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superstrate thicknesses over the range of +0.25 of the designed value, i.e. 4,/ 4\/67 for

each superstrate layer, the directivities are calculated and shown in Fig. 4.8.

N
¢,

D [dB]

——13,4.33,4.33 [mm]
—--4.33,t5,4.33 [mm]
——4.33,4.33,t7 [mm]

, : ol . : :
T T T U T T T

-1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2

superstrate thickness deviation [mm]

Fig. 4.8 Directivity variations due to the thickness deviations for the lower, middle, and top superstrate

layers in the triple-superstrate configuration (the parameters are listed in Tables 4.1 and 4.4)

As it can be seen from Fig. 4.8, the directivity is least sensitive to the top superstrate
thickness deviations, and is most sensitive to the lower superstrate layer thickness
variations. The peak directivity differences from the optimum directivity for a £25%

thickness deviation are summarized in Table 4.8.
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Table 4.8 Comparison of directivity differences from the optimum directivity due to superstrates
thickness deviation of 0.25 for lower, middle, and top superstrate layers in the triple-superstrate

configuration(the other parameters are listed in Tables 4.1 and 4.4)

Layer thickness deviation[%] | Directivity deviation[dB%]
At;=+0.25 -4%
At;7=—0.25 -4%
Ats=+0.25 -32%
Ats=—0.25 -23%
Ats=+0.25 -77%
Atz=—0.25 -56%

As it can be seen from Table 4.8, the directivity is affected the most by the thickness
deviation of the lowest superstrate, and vice versa. For the positive superstrate thickness
deviations, the directivity is reduced more, due to the formation of a dip at the broadside
[6], i.e. the peak of the directivity is scanned off the broadside direction, and the radiation
pattern becomes conical in shape.

For the superstrate dielectric constant deviation, regarding different superstrate layers,
the directivity variations are also calculated, in a similar way. For this purpose, the

superstrate dielectric constant deviation of £10% is considered for a specified layer,
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while the parameters of the other layers are kept unchanged. The results are listed in
Table.4.9.

Again, it is seen that the lowest layer dielectric constant deviation has the most
impact on the directivity. It is interesting to note that for a +10% deviation in &5 and &7, a
higher gain is observed. These layers must be still in resonance, since their dielectric
constant increment gives a higher directivity. It should be also noted that a 10% deviation
is far beyond the maximum tolerances of high quality materials, which are a few percent

at most.

Table 4.9 Comparison of directivity differences from the optimum directivity due to superstrates
dielectric constant deviation of 10% for lower, middle, and top layers in a triple-superstrate configuration

(the other parameters are listed in Tables 4.1 and 4.4)

Dielectric constant deviation[%] Directivity deviation[dB%]
Aez=—10% —11%
Aes=—10% —3.6%
Ae=—10% —2.1%

Aes=+10% —11%
Aes=+10% +0.4%
Ae~=+10% +1.7%
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4.4. Radiation Characteristic of multiple-superstrate configuration
In order fo investigate systematically the radiation characteristics of different
multiple-superstrate configurations, the following conditions are set;
1. The air gap heights are optimum in order to maximize the directivity (t=t,
i=2.4,.)
2. The superstrates are one quarter wavelength in thickness (t=A\/4, i=3,5,..)

3. &5 = &py X Espst = Eapsa X Espss  » that 1s the product of superstrates relative

<

permittivities are equal, where °‘ss' stands for a single-superstrate
configuration, ‘ps:’ stands for the first double-superstrate configuration, and

‘ps2’ stands for the second double-superstrate configuration.

By meeting these conditions, the directivity is kept almost equal among different
configurations. This is accomplished by the last condition, while the two first conditions
provide the optimum directivity. The multiple-superstrate configurations studied thus far
can be used for this purpose. The frequency- and spatial-domain radiation characteristics
are calculated and compared between multiple-superstrate configurations and the single-
supefstrate'case, with a similar directivity. In the first part, the broadside directivity with
respect to frequency is studied. The directivity bandwidths are also presented for
* comparison. After learning the frequency behaviour of the broadside directivity, the
radiation patterns for the center frequency and -3dB (half power gain) frequencies are
studied next.

The double-superstrate configurations with superstrate relative permittivities of

g3=e5=3, and &5=1.5, €5=6, respectively for the conventional and modified one, and the
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single-superstrate configuration with a relative permittivity of 9 are considered all

together. The broadside directivities are calculated with respect to frequency and shown

in Fig.4.9.

18

10 H-eeeeny A NN

. ——1 layer, £3=9
8 —a—2 layers, £3= €5=3
——2 layers, €3=1.5, €5=6

6 i T T T 5
9.4 9.6 9.8 10 10.2 10.4 10.6
frequency [GHz]

Fig.4.9 Directivity variations with frequency for single-superstrate, conventional double-superstrate,

and modified double-superstrate configurations (the parameters are listed in Tables 4.1, 4.3, and 4.7)

It is seen that the single-superstrate configuration has the widest directivity bandwidth
and the modified double-superstrate configuration has the narrowest. The directivity at
the center frequency and the directivity bandwidth are summarized in Table 4.10. The
directivity bandwidth of the modified double-superstrate configuration is the narrowest.
However, considering both the directivity-bandwidth and impedance- bandwidth, the

modified double-superstrate configuration provides a wider bandwidth compared with the
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conventional double-superstrate configuration, since the impedance bandwidth is still

more restrictive, Table 4.7.

Table 4.10 Comparison of the directivity bandwidth for single-superstrate (€3=9), conventional
double-superstrate (es= £5=3), and modified double-superstrate (e;=1.5, e5=6) configurations (f=10GHz,

the other pa-rameters are listed in Table 4.1)

Layer relative permittivity and
D [dB] BW[GHz]
thickness (mm)

=1, t,=13.15(0.4429)
15.63 | 0.798(7.98%)
&5=9, 1;=2.5(0.2543)

&=, t,=12.9(0.443¢)
£=3, t;=4.33(0.25)
15.80 | 0.577(5.77%)
&=1, t=8.3(0.273)

£5=3, t;=4.33(0.2515)

&=1, t;=12.6(0.422,)
&3=L5, t;=6.12(0.2523
16.15 0.435(4.35%)
e~1, t~8.4(0.28%y)

&5=6, t;=3.06(0.2515)

The directivity of these configurations in the E-plane and H-plane are calculated and

shown in Fig.4.10 (a) and (b), respectively. As it can be seen, the E-plane co-polarization
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Fig.4.10 Comparison of directivity pattern for single-superstrate (€3=9), conventional double-
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(b)

superstrate (e;= £5=3), and modified double-superstrate (£3=1.5, 65=6) configurations a) E-plane and b) H-

plane, (f;=10GHz, the parameters are listed in Table 4.1 and Table 4.7)
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components are almost similar, but the side lobe level is lower (SLL=-11.5dB) for the
modified double-superstrate configuration. The E-plane cross-polarization components
are below -30dBi, so they are not seen in Fig.4.10 (a). As it can be seen in Fig.4.10(b),
the H-plane copolarization components are quite similar for different configurations,
except for a minor lobe, pencil beam in shape, for the modified double-superstrate

configuration at 8=75". The H-plane cross-polarization components are almost similar.

4.5. Experimental Verifications

In order to confirm the simulation results, a double-superstrate covered microstrip
patch antenna prototype has been designed and fabricated in the Antenna Laboratory at
the University of Manitoba. A superstrate with a relative permittivity of 3.2 and the
thickness of 0.06 inch (=1.52 mm), and loss tangent of fand=0.003 has been chosen for
this purpose. The superstrate thickness has been taken equal to 3.05 mm by ﬁsing two
dielectric layers, putting one layer on top of the another layer without sticking them
together. So, the resonant frequency would be kept within the Ku-band (about /3.75
GHz). The specifications of the fabricated antenna are listed in Table 4.11. In order to
obtain the optimum directivity, the inter-superstrate heights are optimized to ¢,=10.25
(0.4720) and t,=6mm (0.2754), respectively, by the Ansoft Designer simulator. The patch
is fed by a 50 £ coaxial cable, using an SMA connector. The antenna return loss was
computed by using Ansoft Designer, and measured by ANRITSU ME7808A Network
Analyzer. The simulated and measured return loss variations with respect to frequency

are shown in Fig.4.11.
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Table.4.11. Parameters of the fabricated double-superstrate configuration

Layer Material Geometry
Superstrate2 £-3.2 Thickness=3.05 mm (0.2543)
Air gap2 Air Height=6 mm (0.275X;)
Superstratel £-3.2 Thickness=3.05 mm (0.254;)
Air gapl Air Height =10.25 mm(0.471y)
Patch Copper Rectangular 6.5%10 mm
Substrate £=2.5 Thickness=0.38 mm
Ground Plane Copper 48%48 mm
Feed Probe(SMA connector) X¢~=-1.6 mm, Y=0 mm (origin: the center of patch)

In Table 4.12, the simulated and measured minimum return loss and the impedance-

bandwidths are summarized. The impedance-bandwidth is defined as:

(fz - S ) |s,1=—10d3

(4.3
7 (4.3)

BW =

As it can be seen from Fig.4.11, there are some differences between measured and
simulated return losses. The difference between the measured and the simulated value of
the center frequency is 0.145GHz (=1.0%). This could be due to errors in fabrication, in
the patch length or the feed location, since the diameter of the inner conductor of feed
probe (1.27mm) is comparable to the patch length (6.5mm). It was hard to place
accurately the feed on the patch, and the difference can be ignored since, it does not

affect the main objective, i.e. directivity measurements.
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Return loss [dB]

Frequency [GHz]

Fig.4.11 Comparison between the measured and simulated return loss with frequency for double-

superstrate microstrip patch antenna (the parameters are listed in Table 4.12)

Table.4.12. Comparison of the measured and simulated return loss of the double-superstrate

microstrip patch antenna (the parameters are listed in Table 4.11)

Sfol[GHZ] Return loss [dB] Impedance BW
Measured Simulated Measured Simulated Measured Simulated
0.24 GHz 0.19 GHz
13.64 13.78 -26.5dB -13.75dB
(1.75%) (1.4%)

The radiation characteristics of the fabricated antenna were also measured in the

anechoic chamber in Antenna Laboratory at the University of Manitoba. The

‘measurement setup for measuring far-field electric field is similar to that explained in

section 3.6. The broadside gain variations with frequency were measured and compared

with simulated results, as it is shown in Fig.4.12. The measured and simulated values

for gain and gain-bandwidth are summarized in Table4.13. As it can be seen from
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Fig.4.12, the gain levels are almost the same, but the gain-bandwidth are different. The
measured gain-bandwidth is about 2 times greater. The smaller measured gain implies a
larger gain-bandwidth that is using the asymptotic formulas (2.21 and 2.22). This is not

enough on its own to explain the larger gain-bandwidth. In order to explain this, more

study is required.
20 . , ; ; ; : T y
T3 St A S S AU -t S S SO S
10 foooeidiinn. L :
- I S AR S Ky S FO AU D N SO
i : .
Z o0 : i : : : : : el
g G135 127577 13-/13:25 135 1375 14 14125 145 1475 15
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Fig. 4.12 Comparison between the measured and simulated broadside Gain with respect to frequency

Jor double-superstrate microstrip patch antenna (the parameters are listed in Table4.11)

Table.4.13 Comparison of the measured and simulated gain characteristics with respect to frequency

Jor double-superstrate microstrip patch antenna (parameters are listed in Tabled.11 )

(-3dBpower) Gain-BW
fo[GHY Gain [dBi]
[GH7]
Measured Simulated Measured Simulated Measured Simulated
1.02 0.44
144 13.75 15.06dB 15.8dB
(7%) (3.2%)
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The radiation patterns in the two main planes (E- and H-plane) are studied next.
Fig.4.13 shows the measured and simulated E-plane components. As it can be seen from
Fig.4.13 (a), the simulated and measured patterns are quite similar in the range of 8<50".
There is a null at about 6=+20°, in the measured results, and the measured E-plane co-

polarization component also falls more rapidly.

.....................................................................................................
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Fig.4.13 Measured and simulated Radiation pattern for double-superstrate microstrip patch antenna;

a)E-plane C-pol component and b) E-plane X-pol component (the parameters are listed in Table4.11)
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The simulated E-plane cross-polarization component level is below -50dBi. Fig.4.14
shows the measured and simulated H-plane components. As it can be seen from Fig.4.14
(a), the simulated and measured patterns are quite similar in the range of 6<15. There are
ripples in the measured H-plane co-polarization component. In Fig.4.14 (b), the measured
and simulated H-plane cross-polarization components are depicted. The differences
between the co-polarization components could be due to:

e The superstrate is not uniform, as there is a small air gap between its two pieces.

e The dielectﬁc and ground plane sizes are finite.

e The deviations in the air gap height.

For the cross-polarization components, there are differences between the simulation
and measurement. Some of the differences are due to misalignment and the power level
of the pattern (<-20dBi) being also about the noise level of the measuring equipments. In
addition, surface wave radiation from the edges of the superstrate layers or diffractions

from setup (support and connecting cables) around the device under test could be the

reason as well.
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@
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Fig.4.14 Measured and simulated Radiation pattern for double-superstrate microstrip patch antenna;

a)H-plane C-pol component and b) H-plane X-pol component (the parameters are listed in Table4.11)
4.6 Summary and Conclusion
In this chapter, the multiple-superstrate microstrip patch antennas were studied. The
effects of higher superstrates on the directivity were investigated, and then the input
impedance of the multiple-superstrate conﬁguration‘ was studied. Based on the
asymptotic gain formula it was verified that the directivity of the multiple-superstrate
configuration at resonance is proportional to the product of superétrates relative
permittivities. Different combinations of superstrate dielectric constants were studied and
a modified double-superstrate configuration for improving the impedance bandwidth was
proposed. Tolerance analysis was also conducted and then, the radiation characteristics in
both frequency- and spatial-domain were presented. In conclusion, for the multiple-
superstrate microstrip patch antenna it was shown that:
e In order to optimize the directivity, each superstrate layer thicknéss should be a
quarter wavelength in superstrate (Ag) and the superstrate air gap heights should

be adjusted in turn from the bottom up
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e For optimizing the directivity, the substrate thickness is offset by the air gap
height
e Multiple-superstrate configuration generally, gives a wider impedance bandwidth
than the single-superstrate configuration for a similar directivity, since the
superstrate layers affect the input impedance less, due to either smaller superstrate
dielectric constant or a larger superstrate height
e Lower superstrate layers have more impact on directivity
e Directivity bandwidth of a double-superstrate configuration is narrower than the
single-superstrate configuration for a similar directivity
e The radiation pattern for the conventional double-superstrate configuration is
.almost similar to that of the single-superstrate configuration (for a similar
directivity), but for the modified double-superstrate configuration, a minor lobe,
pencil beam in shape, is observed in H-plane.
A prototype antenna was fabricated and measured in the Antenna Laboratory of
Uhiversity of Manitoba. The simulated and measured results of the antenna for its input
impedance, bandwidths and radiation patterns were compared, which showed acceptable
results. There was a difference between simulated and measured gain-bandwidth results
which requires more study. Measured directivity of the antenna prototype with a
superstrate relative permittivity of 3.2 is 15.07 dBi, with a gain-bandwidth of 7%, and an

impedance-bandwidth of 1.8% at 13.64GHz.
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Chapter 5

Modified single-superstrate configuration

Introduction In chapter two, it was mentioned that resonant superstrate gain

enhancement method and that of the short back-fire antenna rely on the multiple
reflection phenomenon. An idea that inspired by Shafai et al. is the combination of these
techniques [22]. A basic feature of the short back-fire antenna which can be applied to the
single-superstrate configuration is its simple subreflector that can be implemented by a
parasitic patch attached to the superstrate. Adding a parasitic patch is useful when the
superstrate with the desired thickness is not commercially available. For instance, the
resonant superstrate at one GHz with a relative permittivity of 9 should be 25mm in
thickness. It will be shown that a superstrate of thickness smaller than one quarter wave-
length with a parasitic patch can give the same level of directivity obtained by the
~ superstrate of one quarter wave-length in thickness. In this regard, the directivity
variations with respect to the radius of the parasitic patch are investigated. The effects of
the single-superstrate configuration (SSC) with a parasitic patch on the microstrip patch
input response are studied next. Then, the radiation characteristics in frequency- and
spatial-domain are investigated, and the measured results of a prototype antenna will be
illustrated in order to validate the simulation results. The measured and simulated results
show reasonable good agreement. The measured directivity of this antenna is 15.61 dBi,

with the directivity-bandwidth of 7.3% at 4.8GHz.
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5.1. The directivity of the modified SSC microstrip patch

In order to obtain the directivity of 15dBi at SGHz, a conventional single superstrate

configuration microstrip patch antenna, with a superstrate relative permittivity of 9.8 is

designed. The specifications of this antenna are listed in Table5.1.

Table5.1 The specifications of the conventional single-superstrate configuration MSPA for studying

the properties of the modified single-superstrate configuration

Layer Material Geometry

Superstrate £-9.8 Thickness=4.79 mm (0.25A3)

Air gap Air Height=29.4 mm (0.49))

Patch Copper Rectangular 18.5x25 mm

Substrate £~2.5 Thickness=0.38 mm

Ground Plane Copper Infinite

Feed Coaxial Probe X~=-5 mm, Y~0 mm (location from the center of patch)

As it is seen from Table5.1, the required superstrate thickness should be 4.79mm. In
case a superstrate of 3.175 (0.66)X3/4) in thickness is to be used instead, the directivity is
decreased to 11.36dBi. The simplest way to compensate for the directivity reduction is to
optimize the air gap height (section 3.4.2). The results are shown in Table5.2. As it is
seen from Table5.2, optimizing the air gap height (tyo=31mm), can not restore the
directivity to the designed value of 15dBi. Then, a parasitic patch, i.e. a conducting
subreflector, is added underneath the superstrate a) before optimizing t;, Fig5.1(b), and b)

after optimizing t;, Fig5.1(c) in order to restore the directivity.
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Table5.2 Directivity compensation of the single-superstrate configuration MSPA with 13=0.6613/4 by

the air gap height optimization (fy =5GHz, the other parameters are listed in Table5.1)

£2[mm] D/[dBi]

31.1(0.518%9) | 14.06813

31.000.5174g) | 14.14128

30.900.5154) | 12.6148

Fig.5.1. The structure of the modified single-superstrate microstrip patch antennas; a) conventional
SSC, b) Parasitic patch added SSC with t3<Ay/4, and ¢} Modified SSC with t3<A3/4 (¢, t;is each layer

dielectric constant and thickness)

Fig.5.1(a) shows the conventional single-superstrate configuration, that is the superstrate
with one quarter wave-length thickness (A3/4) and its corresponding air gap height, i.e.
tropt Of 29.4mm. Fig.5.1(b) shows the single-superstrate configuration when the
superstrate thickness is less than one quarter wave-length with an added parasitic patch
underneath the superstrate in order to compensate for the directivity before re-optimizing
the air gap height, i.e. ,=29.4mm. Fig.5.1(c) shows the single-superstrate configuration
when the superstrate thickness is less than one quarter wave-length with an added

parasitic patch underneath the superstrate, but after re-optimizing the air gap height, i.e.
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the new tyop Of 31mm. Next, the directivity is computed under both conditions, i.e.
without re-optimizing the air gap height or t,= 29.4mm and with re-optimizing the air gap
height or t;=31mm, respectively. The calculated directivity with respect to the parasitic
patch radius is illustrated in Fig5.2. As it can be seen, in the case of without re-
optimizing, the directivity shows little increment. But, in the latter case, which will be
called the modified single-superstrate configuration from now on, the directivity rises
proportionally with the parasitic patch radius. The directivity variations have been also
" computed for t, of 32mm (greater than tyre.opt), and t; of 30mm (smaller than tye-opt), While
tore-opt =31mm. So, it is justified that the case with t;=31mm gives the maximum
directivity and for a parasitic patch radius of 25mm, the design value of directivity is

restored, that is 15.53dBi.

@ 10 e presernesoes deenneneee Joenmeseeen ferseenees AR AR
= : : : : : :
a 8o preseserenes rosenenene jromoresnecs e Fromesenoeees AR
P R S T TR FUUU T —o—12=29.4mm(0.49)0) _|
—a—{2=30mm(0.5A0)
Sl ARt S —a—t2=31mm(0.517A0) |
7 Attt ALLRCECEEEES EECELRER R feeemne e —x—t2=32mm(0.53A0)
0 ; ; : : ; ;

0 4 8 12 16 20 24 28

Parasitic patch radius [mm]

Fig.5.2. Comparison of the directivities without and with re-optimizing the air gap height for

£3=0.66)5/4 (fy =5GHz, the other parameters are listed in Table5.1)
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5.2. The effects of the modified SSC on microstrip patch input resistance

In this section, the effects of the parasitic patch size on the input resistance will be

investigated. Considering the modified single-superstrate configuration with different

parasitic patch radii, variations of the input resistance with respect to frequency are

calculated and shown in Fig.5.3 for comparison.

Input Resistance [Ohm]

80 ; . ; ; ; T
—e—r=5mm(0.083A0)
L A (R —u—r=10mm(0.166A0) "]
60 - —a—r=15mm(0.25A0)
—3—=20mm(0.33A0)
5O domemee b —%—r=25mm(0.416A0) _|
g Y14 ‘ . —o— no parasitic patch
. N / A\ Y N ' '
L I D A e
30 -
p.Jo J S bemeeeanes ;
10 ........... Leancwvwad ol e ceevenedanuarsnsssdensnovnnsvdovsennnsosnePPI ecrvonssloosennses o
0 L) ¥ T T T T T T 1

4.8 4.85 4.9 4.95 5 5.05 5.1 5.15 5.2
requency [GHz]

Fig.5.3. Variations of the input resistance with frequency for modified single -superstrate

" configuration for different parasitic patch radii ( t,=31mm(0.517 1), t;=3.175mm (0.6613/4), fy =5GHz,

the other parameters are listed in Tables 5.1)

As it is seen from Fig.5.3, the effects on the input resistance due to the single-superstrate,

.with an added parasitic patch, are different from those of the superstrate alone. The only
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similarity is the shift of the input resistance frequency response to lower frequencies. But,
its value is much smaller, i.e. the percentage of the frequency shift is much smaller than
that of the conventional single-superstrate. The maximum input resistance (R,), resonant
frequency (f;), and the percentage of frequency shift (df;%) and bandwidth (BW) for
different parasitic patch radii (#’s) are summarized in Table 5.3, where the bandwidth is

defined as (3.1).

Table5.3. Comparison of the microstrip patch antenna input resistance characteristics for different
parasitic patch radii (v) attached underneath the superstrate (t,=31mm (0.517 Ag), t;=3.175mm (0.6643/4),

Jfo =5GHz, the other parameters are listed in Table5.1)

r [mm] | R, [Ohm] | f,[GHZ] | df. [%] | BW [GH]

0 67.2 4.99 - 0.055(1.1%)

5 672 499 0 | 0.055(1.1%)

10 64.05 4985 | -0.1% | 0.055(1.1%)

15 62.77 4.98 -0.2% | 0.0575(1.2%)

20 61.29 4975 | -0.3% | 0.055(1.1%)

25 593 49675 | 0.45% | 0.0575(1.2%)

As it is seen from Table 5.3, the impedance bandwidth does not show much difference
from that of a superstrate alone. The main difference is in R, reduction, which decreases

with the parasitic patch radius.

5.3. Experimental verifications

In order to confirm the simulation results for the modified single-superstrate
configuration, a microstrip patch antenna prototype with an added parasitic patch

superstrate has been designed and fabricated in the Antenna Laboratory at the University
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of Manitoba. A superstrate with a relative permittivity of 9.8 and thickness of 0.125 inch
(=3.175 mm) has been chosen for this purpose. At the frequency of 5GHz, the superstrate
thickness is equal to 0.66A3/4, that is the directivity would not be maximum. In order to
restore the resonant directivity, the radius of the parasitic patch is taken equal to r=25mm
(0.417)) attached underneath the superstrate after re-optimizing the superstrate height to
=31 mm (0.517)) by the Ansoft Designer simulator. The patch is fed by a 50 Ohm
coaxial cable, using an SMA connector. The specifications of the fabricated antenna are

listed in Table5.4.

Table5.4 The specifications of the modified single-superstrate configuration MSPA for measurement

Layer Material Geometry
Superstrate £-9.8 Thickness=3.175 mm (0.66A3/4), 150x150mm>
Parasitic Patch Copper Circular, radius=25 mm (0.417)
Air gap Air Height=31 mm (0.517A)
Patch Copper Rectangular, 18.5%25 mm
| Substrate £=2.5 Thickness=0.38 mm, 150x150mm*
Ground Plane Copper 250x250mm*
Feed Coaxial Probe X=-3 mm, Y=0 mm (location from the center of patch)

The antenna return loss was computed by using Ansoft Designer, and also measured
by ANRITSU ME7808A Network Analyzer. The simulated and measured return loss
variations with respect to frequency are shown in Fig.5.4. As it can be seen from Fig.5.4,

there are some differences between the measured and simulated return losses. The
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difference between the measured and simulated center frequencies (fp) is 0.175GHz. This
is due to the error in fabrication. The difference can be ignored since it does not affect the
main objective, i.e. directivity measurements, but the mismatch loss should be considered
in this regard. The antenna impedance matching is not attempted here, since the same
radiating patch was supposed to be used with different parasitic patches. Therefore, the
mismatch loss Ly, is calculated by equation (2.32), and will be considered later on. The
simulated and measured return loss, mismatch loss and the corresponding center
frequencies are summarized in Table 5.5. The radiation characteristics of the fabricated
antenna were also measured in the anechoic chamber in Antenna Laboratory at the
University of Manitoba. The measurement set up for measuring far-electric field is
similar to that explained in section 3.6. The broadside gain variations with frequency
were measured and compared with simulated results, as it is shown in Fig.5.5. Table5.6
summarizes the measured and simulated values for directivity, corresponding center

frequency, and directivity-bandwidth.

Table5.5 Comparison of the measured and simulated return loss, mismatch loss, and their
corresponding center frequencies for the modified single-superstrate microstrip patch antenna (the

parameters are listed in Table 5.4)

Jo [GHZ] Return loss [dB] Mismatch loss [dB]
measured | simulated | measured | simulated | measured | simulated
4.825 5.0 -6.05 -10.54 -1.24 04
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Fig.5.4. Comparison between the measured and simulated return loss variations with frequency for

modified single-superstrate microstrip patch antenna (the parameters are listed in Table 5.4)

20 - .
: : : : measured
15 Jovecmnnnnns : D .- - JO Nt A

—¢—simulated "~

Gain [dBi]

Frequency [GHz]

Fig.5.5. Comparison of the directivity variations with respect to frequency between the simulated and

measured results (the parameters are listed in Table 5.4)

106



Table5.6 Comparison of the measured and simulated directivity, the corresponding center frequency ,

and directivity-bandwidth for the modified single-superstrate microstrip patch antenna (the parameters

are listed in Table 5.4)
Jo [GHZ] D [dB] directivity-bandwidth [GHz]
measured | simulated | measured | simulated | measured simulated
4.8 5.0 15.61 ' 15.53 0.35(7.3%) 0.40(8%)

As it can be seen from Fig.5.5, the frequencies where the maximum gains are obtained
are the same frequencies at which the return loss is minimum, for both the measured and
simulated results, as expected. The difference between the peak simulated and measured
gains can be explained by considering the mismatch loss (L), that is in case of
impedance matching, the measured gain would be 15.61dBi. This agrees well with the
simulated result of 15.53dBi. The measured and simulated directivity-bandwidth are
7.3% and 8%, respectively. The radiation patterns in the two main planes (E-plane and H-
plane) are studied next. Fig.5.6(a,b) show the measured and simulated co-polarization
components in the E- and H-planes. As it can be seen from Fig.5.6(a,b), the measured and
simulated E- and H-plane co-polarization patterns are quite similar. The difference in the
broadside gain between the measured and simulated results can be explained by the
mismatch loss which should be considered for the measured result. There is a null at
about 8=40°, in the measured patterns, which should be due to the finite extent of the
superstrate transverse to the broadside direction. Th¢ measured H-plane co-polarization

component is different from the simulated result for the 6>40°, this should be due to the
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Fig.5.6. Comparison of the directivity patterns between the simulated and the measured results for a) E-

plane co-polarization components, and b) H-plane co-polarization components (the parameters are listed

in Table 5.4)
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Fig.5.7 Comparison of the directivity patterns between the simulated and the measured results for a) E-
plane cross-polarization components, and b) H-plane cross-polarization components (the parameters are

listed in Table 5.4)
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surface waves or diffractions radiated from the edges of superstrate. Fig.5.7(a,b) show the
measured and simulated cross-polarization components in the E- and H-planes. For the
cross-polarization components, there are differences between the simulation and
measurement. Some of the differences are due to misalignment and the power level of the
pattern (<-20dBi) being also about the noise level of the measuring equipments. In
addition, surface wave radiation from the edges of the superstrate layers or diffractions
from other set up support and connecting cables around the device under test could be the

reason as well.

5.4. Summary and Conclusion
In this chapter, the modified single-superstrate configuration for the microstrip patch
antennas was studied. The effects of the added parasitic patch underneath the superstrate
on the directivity were investigated, and then the input resistance of the modified single-
superstrate configuration was studied. It was verified that the directivity of the modified
single-superstrate configuration increases proportionally with the radius of parasitic
patch. Different radii of parasitic patch were studied, in order to restore the directivity
while the superstrate thickness is smaller than one quarter wave-length. The radiation
characteristic in both frequency- and spatial-domain was presented. In conclusion, for the
modified single-superstrate microstrip patch antenna it was shown that:
e In order to restore the directivity when the superstrate thickness is much smaller
than one quarter wave-length, compensation by re-optimizing the air gap height

would not be sufficient
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e For restoring the directivity of the conventional single-superstrate configuration
when the superstrate thickness is smaller than one quarter wave-length, a parasitic
patch with a proper radius underneath the superstrate is added after re-optimizing
the air gap height which called “modified single-superstrate configuration”

e The directivity of the modified single-superstrate configuration increases with the
parasitic patch radius proportionally

e The modified single-superstrate decreases the peak resonant input resistance and
shifts the input resistance frequency response toward the lower frequencies, but
the bandwidth remains almost constant

e The directivity-bandwidth for the modified single-superstrate remains almost
unchanged, that is about 8%, compared with the conventional single-superstrate

configuration.

A prototype antenna was fabricated and measured in the Antenna Laboratory of
University of Manitoba. The simulated and measured results of the antenna for its input
impedance, bandwidths and radiation patterns were compared, which shows acceptable
results. There was a difference between simulated and measured gain which was due to
the mismatch loss. The measured directivity of the antenna prototype with superstrate
relative permittivity of 9.8 is 15.61 dBi with a superstrate thickness of 0.66)3/4, with

directivity-bandwidth of 7.3% at 4.8GHz.
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CHAPTER 6

Conclusions

This thesis has provided a comprehensive study of the dielectric covered microstrip
patch antennas as a resonant gain enhancement method. In this method, one or more
dielectric layers (superstrate), with proper permittivities, thicknesses, and heights are
placed above the patch. Under these conditions, the resonance is created for the field
inside the layered ‘structure of the antenna, which results in a high directivity. The
structures used for the designs and simulations in this thesis can be categorized into two
groups, namely the single-superstrate configuration (SSC) and multiple-superstrate
configuration (MSC). The former group consists of a conventional SSC and a modified
SSC (MSSC). The conclusions arising from this study are outlined below.

For the SSC of microstrip patch antenna:

o The directivity maximizes at a particular superstrate height near half wavelength,
while its thickness is one quarter wave-length

e The input resistance peak value moves to lower frequencies and increases, and its
bandwidth becomes narrower, all in proportion to the superstrate thickness or permittivity

e The substrate and superstrate thicknesses can be offset with their air gﬁp height

o The superstrate thickness deviations can be tolerated by directivity compensation

e The directivityxbandwidth as predicted by the asymptotic formulas, is justified

e The measured and simulated results are in good agreement. The measured
directivity of the fabricated antenna with the superstrate relative permittivity of 9.8 and

thickness of 3.175mm is 15.25dBi with the directivity-bandwidth of 4.3% at 8.35GHz
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For the MSC of microstrip patch antenna:

e The directivity maximizes at a particular inter-superstrate height, while the
superstrate thicknesses are all one quarter wave-length

e A large resonant directivity can be obtained even with moderate superstrate
dielectric constants, in contrast to the single-superstrate configuration

e The asymptotic formulas for directivity can be extended for MSC, that is the
directivity varies rather linearly proportional to each superstrate relative permittivity

e The input impedance variations with frequency is less affected compared to SSC,
and that would be reduced even further by deploying superstrate layers in ascending
order of permittivities

e The lowest (superstrate) layer parameters has the most impact on the directivity
and vice versa

e The directivity-bandwidth is narrower compared to SSC with a similar directivity

e The measured and simulated radiation patterns are almost in agreement, but the
measured directivity-bandwidth is much wider which needs to be studied further. The
measured directivity of the fabricated double-superstrate microstrip antenna with the
superstrates relative permittivity of 3.2 and thickness of 3.05mm is 15.06dBi, with an
impedance-bandwidth of 7% at 13.64GHz

e Using moderate dielectric constant superstrates requires thicker layers, which can
be made by placing two layers on top of one another (dual dielectric layer)

For the MSSC of microstrip patch antenna:

e Resonant gain can be obtained even with superstrate layers thinner than one

quarter wave-length (in contrast to single-superstrate configuration)
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e The directivity increases with the parasitic patch radius after re-optimizing the
superstrate height, while its thickness is smaller than one quarter wave-length

e The input impedance peak value moves to lower frequencies and decreases, in
proportion with the parasitic patch radius

e The measured and simulated radiation characteristics are in good agreement. The
measured directivity of the fabricated modified single-superstrate microstrip antenna with
the superstrate relative permittivity of 9.8, thickness of 3.175mm (0.66}3), and the
circular parasitic patch radius of 25mm is 15.61dBi with a directivity-bandwidth of 7.3%

at 4.8GHz. The thesis is ended with some notes for the future research scope.

Future work

This work still has several scopes for future research, while improving the
directivity bandwidth still remains as the main challenge. They can be summarized as
follows:

o A detailed study of the effect of finite ground plane and superstrate size and shape

a A detailed study from the aperture antenna point of view

aMore experimental verifications to confirm the accuracy of the simulations

0 More studies on single-superstrate-patch configuration

o Studies on EBG materials, in regard to realizing wide-band directive MSAs
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APPENDIX
A. Terminology
In this section some terms or definitions are reviewed briefly which are either

unclear or inconsistent in the literature. It includes “Directivity”, “Gain” and their

Bandwidth. These terms are defined in a way that is intended here.
A.1 Directivity and Gain

The directivity shows how much an antenna concentrates energy in one direction in
preference to radiation in other directions and is equal to its power gain if the antenna is
100% efficient. Here, power gain is expressed relative to an isotropic radiator as the
reference [20].

Toward the definition of directivity, the definition of radiation intensity is needed.
Radiation intensity is the power radiated in a given direction per unit solid angle and has
the units of watts per square radian (or steradian) and is calculated by:

U8,p)=S0,p).r (4.1)
where,

S : pointing vector [watts per squared meter]

r, 6 and ¢ : spherical coordinates

Directivity is defined as the ratio of the radiation intensity in a certain direction to
the average radiation intensity, or:

U6,p) _47U(0,p)
U P

ave rad

D(6,¢) = (4.2)

where,

P..q: total radiated power [watts]
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When the directivity is quoted as a single number without reference to a direction,

maximum directivity is usually intended. Maximum directivity follows from (4.2) as:

DU _ 47U, 3
Uave l)rad

Directivity is solely deter-mined by the radiation pattern of an antenna. When an
antenna is used in a system we are actually interested in how efficiently the antenna
transforms available power at its input terminals (Py,) to radiated power, together with its
directive properties, so power gain (or simply gain) is defined:

47U (8, 9)
P,

in

GO,p)= (4.4)

The portion of input power (Pj,) that does not appear as the radiated power is

absorbed on the antenna or reflected back. This prompts us to define the radiation

efficiency e; as
B
g =14 4.5
" P (4

Using (4.5) in (4.4) and (4.3) gives:

G,0) =, 22D _ . pg,0) 16
rad
Similarly, for maximum gain:
G=eD (4.7)
“e.” can be written as:
e, =ee,(1-7 (A4.8)

where

e, : conduction efficiency (implying the conduction losses)
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eq : dielectric efficiency (implying the dielectric losses)

I": reflection coefficient at the input terminals of the antenna.

Since the gain is a power ratio, it can be calculated in decibels as follows:
Gggi = 10 logio G (4.9)
Similarly for directivity:
Dgg; = 10 log1o D (4.10)
‘i’ in dBi stands for isotropic, since in their definitions, average power (isotropic
radiator) is used.
If the conduction and dielectric losses can be ignored, by using high quality
materials, the radiation efficiency in decibels is:
10 logyo &= 10 logio(1-T?) =Ly (4.11)
where Lm is the mismatch loss. That is the loss due to reflection or mismatch losses
between the antenna and the transmission line. Finally, the relation between gain and
directivity in its simplest form is:

Gagi= Dagi + Lm (4.12)

A.2 Directivity Bandwidth

The bandwidth of an antenna is defined as “the range of frequencies within which
the performance of the antenna, with respect to some characteristic, conforms to a
specified standard” [21]. The bandwidth can be considered to be the range of frequencies, |
on either side of a center frequency (usually the resonance frequency), where the antenna

characteristics (such as input impedance, pattern, beamwidth, polarization, side lobe
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level, gain, beam direction, radiation efficiency, etc.) are within an acceptable value of
those at the center frequency.

For the directivity, the center frequency is that frequency where the directivity is
maximum. The -3dB (or half power) frequencies are the frequencies on either side of
c.enter frequency where the directivity falls -3db below its maximum value. Therefore the
“_3dB directivity bandwidth” is the range of frequencies between -3dB frequencies. The

“.3dB gain bandwidth” definition is defined in the same way.
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