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ABSTRACT:

A microstrip antenna operating at the fundamental TM;; mode generates a
broadside radiation pattern. As the higher order modes are excited, boresight-nulled
patterns are formed and the beam peak direction moves toward the endfire, as the mode
order increases. The phase centre of the microstrip antenna, when it is excited at a single
mode, is located at the center of the patch. But, when two or more modes are excited, the
phase centre is no longer located at the center of the patch and phase loci may exist
instead of a single point.

In this thesis, the phase centre of multi-mode circular microstrip antennas is
studied. To guarantee exact mode excitations, stacked patch configurations are
considered and three cases are investigated, stacked TM;; and TM,; modes, TM,; and
- TMo; modes, and TM;1, TM»; and TMy; modes. In each case, the investigation is carried
out for the phase centre, main beam tilt angle, radiation patterns and copolar and
crosspolarization in terms of different mode amplitude and phase excitations. All three
cases are treated both analytically and numerically. The case of special interest is when
the beam is at broadside, generated by mulﬁple modes, and the phase centre moves away
from the patch center. This is equivalent to virtual antennas and has applications for
remote sensing, and wireless communications. bependence of the phase centre location
on the mode excitation is investigated. Effects of the mode excitations on the radiation

patterns, especially the crosspolarization are also studied.
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Chapter 1

Introduction

1.1 Preface

Microstrip antennas have been receiving widespread attentions in communication
systems due to their attractive features of light weight, low cost, conformal profile, and
ease of fabrication. The concept of these antennas was first proposed by Deschamps [1]
in 1953 and patented in France in 1955 by Gutton and Baissinot [2]. The microstrip
antenna consists of a very thin metallic strip or patch placed on a small fraction of a
wavelength above a ground plane rso that the patch and the ground plane are separated by
a dielectric sheet. The radiating patch may have any geometrical shape like square,
rectangular, circular and elliptical [3]. They can also be used as a feed for the reflector
antennas in satellite or terrestrial applications. In this particular application, it is
important to know the phase cent;e of the feed and to have low crosspolarization. There
are a number of work dealing with the phase centre and polarization properties of
microstrip antenna, operating in the fundamental mode. This thesis investigates the phase
centre and polarization properties of a circular microstrip patch antenna operating at the

r

fundamental and higher order modes and shows how they can be controlled.



1.2 Literature review

In some applications, like high-performance radio local area network
(HIPERLAN) [4], global positioning systems (GPS) [5], radar and military applications,
boresight-nulled radiation patterns are desired. This feature can be provided by microstrip
patch antennas operating at higher order modes. The peak direction of these patterns
moves toward the endfire by increasing the mode index number [6], which will be
explained in detail later. Moreover, in some particular applications like GPS, radar, and
military programs, it is important to know the phase centre location of the antenna.

Although there are many papers dealing with the theoretical and experimental
aspects of higher order microétrip antennas, there are only a limited publications related
to their phase centre. In [7], a phased array antenna was developed using self scanning
elemen'ts, which could be N-stacked circular microstrip patch antennas, operating at the
TMa; modes. It was shown that, the element radiation pattern can be shaped and scanned.
This can reduce the grating lobe effects by setting a null of the element pattern at its
location and enhance the array gain, allowing the use of fewer elements than in
conventional phased array antennas. The concept also simplified the reduired beam
forming network due to the smaller number of elements.

Authors in [§8] studiéd the input impedance of a circulaf microstrip antenna at the
fundamental and higher order moges, as well as the effects of feed probe and the ground
plane size, on the resonant frequency.

Microstrip patch antennas can be used as a feed for reflector antennas. They can
be either a single feed fori a prime-focus reflector or an array feed for offset or dual

reflectors [9]. However, they suffer from narrow impedance bandwidth, asymmetrical



radiation pattern and high backlobe level, which have made them impractical for reflector

r

feeds in the past. In [10], the circular microstrip antennas were optimized to overcome
these problems. It was shown that, the backlobe level can be reduced by adding a 4

choke to the side wall or the ground plane of the antenna, and the crosspolarization can
be reduced by controlling the ground plane size, which affects the symmetry of the
radiation pattern. The bandwidth can be improved by stacking technique or parasitic
coupling to adjacent patches. The effects of ground plane size, feed location, dielectric
permittivity of the substrate and substrate thickness on the radiation patterns and mode
excitation of circular microstrip antennas were also studied in [11]. It was shown that, the
patch size and the feed position can control the mode excitation efficiency. As a rule, by
moving the feed toward the edge of a circular microstrip antenna, the efficiency of higher
order mode excitation is increased.

In [12], authors did investigations into defining an “effective point of radiation”
(EPR) for a rectangular microstrip antenna operating at the fundamental mode through
two methods: “phase-centre method” and “group-delay” method. However, no
investigation has been conducted .on the phase centre of circular microstrip antennas,
when operating simultaneously 1n multiple modes, including the TM;;, TM;; and TMq,
ques.

This thesis investigates the phase centre and polarization properties of circular
microstrip antennas, excited at the fundamental mode and the next two higher order
modes in a stacked configuration. rIt is shown that, by controlling the excitation amplitude
and phase of each mode, one can control the radiation pattern, phase centre location and

crosspolarization of the ‘antenna. These have been done both analytically and



numerically. It is shown that, the peak radiation pattern and the phase centre location can
be controlled simultaneously. In particular, when the peak radiation pattern is at the
boresight angle, the phase centre location can be moved away from the antenna center.
This case can lead to the virtual antenna concept, and the antenna can be made to have
more than one phase centre by altering sequentially its excitation. That is, it becomes
equivalent to multiple antennas. This property can be used in many applications in remote

sensing and signal processing techniques.

1.3 Structure of the thesis

“The thesis is presented in seven chapters. Chapter one covers introduction and
literature review on the topic ar;d describes its overall goals. Chapter two gives the
background theory on circular microstrip antennas, to show how they radiate at the
fundamental and higher order modes, through formulation of the problem. The definition
of phase centre is also reviewed in this chapter along with the proposed theory. The
radiation properties and the phase centre of a two-layer stacked circular microstrip
antenna operating at the TM;; and TMj; modes is addressed in chapter three, which are
treated both analytically based on the cavity model, and numerically by a Method of
Moment, MOM, using Ansoft Designer version 2. In this chapter, two cases are
considered in terms of the angle between the two excitation ports of the modes, when
both are along the X-axis and when placed 45 degrees away from each other. Chapter
four repeats the same procédure as chapter three for thé fundamental TM;; mode, and

TMy, mode, except due to the symmetry of TMy, mode, only one case is reported. A

three-layer stacked circular patch antenna operating at the first three modes is studied in



chapter five, in terms of the ra’diation patterns, main beam tilt angle, phase centre
location, copolarization and crosspolarization. It is shown that, by adding a proper ratio
of the TMy, mode, the crosspolarization of this structure can be decreased. In chapter six,
practical techniques to feed the proposed antenna are introduced. Finally, the conclusion

and future work are given in chapter seven.



Chapter 2
Circular Microstrip Antenna Theory

2.1 Introduction

Microstrip antennas are well known because of their attractive features, like light
weight, low cost, capability of integrating with active circuits and ease of fabrication,
which makes them good candidates for wireless applications. On the other hand, they
have a few disadvantages, like narrow bandwidth, surface wave excitation, that need to
be overcome. Basically, a microstrip antenna consists of a patch etched on a grounded
dielectric substrate. The geometry of the patch can be any shape: rectangular, circular,
triangular etc, among them the circular microstrip antenna is studied in this thesis.

There are several methods to analyze a circular microstrip antenna, the cavity
model, mode matching with edgc; admittance, the generalized transmission-line model,
finite difference time domain (FDTD), and integral equation approach [13]. Here, the
cavity model has been used to formulate the problem, which is accurate for our studies.
As mentioned before, to vefify the results, simulations have also been done using Ansoft
Designer package version 2, which employs the full wave analysis by using the Method
of Moment.

In this chapter, the basic background theory of circular microstrip patch antennas,
operating at the fundameﬁtal and higher order modes, is reviewed along with the

definition of the phase centre. The proposed theory is also introduced.



2.2 General principles of circular microstrip antenna

When the substrate thickness is much smaller than the wavelength, the normal
fields can be assumed constant in the cavity region, between the patch and the ground
plane, assuming the patch is parallel to the x-y plane. Therefore, the electric field within
the cavity has only the normal combonent and the magnetic field has only transverse
components. For this structure, the electric current on the microstrip patch has no
component normal to the edge of the patch, implying a negligible tangential component

of the magnetic field along the edge (6Ez /0n= O). With these assumptions, the circular

patch antenna can be modeled as a cylindrical cavity bounded by electrical walls at its top
and bottom and magnetic wall all along the periphery [13]. Thus, only the transverse
magnetic or TM,,, modes can be ‘excited in this type of antennas, and for small heights
the TE modes are non-propagating.

The circular microstrip patch antennas can prodﬁce broadside radiation patterns
while operating at the fundamental mode (TM;;). They produce boresight-nulled
radiation patterns while working ‘at the higher order modes. The peak radiation moves
toward the endfire direction as “n”, the mode index, increases, and they are capable of

covering a fairly wide angular range up to 70 degrees from the broadside [6].

2.2.1 Resonant frequency

r

The basic geometry of a circular microstrip patch antenna is shown in Fig. 2.1
including a thin metalized circular disk on a grounded dielectric substrate. By using the
cavity model [13] the fields within the dielectric region of the microstrip cavity, for the
TM,m modes, can be determined by solving the wave equation. When there is no

r

excitation current, this equation can be expressed as:



(V2+k2)E=0 k=27z, /2, @.1)
Where ¢, is the dielectric constant of the substrate, A is the free space wavelength, and &
is the propagation constant. The solution of equation 2.1, in the cylindrical coordinates,
which must satisty thg magnetic wall boundary conditions is:

E,=E,J, (kp)cosng (2.2)

Where J, (kp)are the Bessel functions of order# .

Fig 2.1 Configuration of a circular microstrip patch antenna

‘

Since the electric field has only the z-component and JOE, /dz =0, the magnetic field

components will be:



, == B, I g 1 (kp)sinng 2.3)
oup 0¢  wup
Hy= eL% -k E,J. (kp)cosng (2.4)
oy op wu

Where the prime sign indicates differentiation with respect to the argument. The other

field components are zero inside the cavity,

E,=E;,=H,=0 ‘ (2.5)
The magnetic wall boundary condition requires that the tangential magnetic field at the
edge of the disk to be zero,

H,(p=a)=0 | (2.6)
Where a is the radius of the circulér patch. Thus,
J (ka)=0 2.7)

Therefore, for each mode, a particular radius can be fouhd associated with the zeros of

the derivative of the Bessel functions [14]. Thué, the resonant frequency of circular

microstrip antennas can be determined from the following equation:

_ Z'nmc
fnm - 272&6\/-5

Where 7 'wi is the m™ zero of J, (ka), C is the velocity of light in free space, and a, 1s

2.8)

the effective radius of the patch, taking into account the fringing effect.
The first seven order modes are listed in Table 2.1 in ascending order of ¥ w» value. It

shows that the mode corresponding to n=m =1 has the smallest radius, or resonant

frequency, and is known as the dominant mode.



Mode (n,m) | 0,1 1,1 2,1 0,2 3,1 4,1 1,2

Root

Fmork a| O | 184118 | 3.05424 | 3.83171 | 420119 | 5317 | 5331

Table 2.1 Roots of J ,, (ka) =0 for TM,,, modes for circular microstrip patch [13 ]
As mentioned before, the effective radius of the disk is slightly larger than the physical
one, due to the fringing fields along the edge of the resonator. For the fundamental mode,

the following relationship gives an etror less than 2.5% for a/A>>1 [15]:

1/2
a =d1+-2" (lni”i+1.7726) (2.9)
me, \ 2h

Based on [16], the fringing effects should be modified for higher order modes by taking
into account the mode variables, n and m, to obtain a better accuracy. Therefore,

equation 2.9 should be modified as below for all modes [16],

1/2
a, =a|l+ 2h (m mz.ﬂ3+1.7726 ‘ (2.10)
meg, \ 2ha
where,
nnzl
a= {1 O} , for all values of m when S =m 2.11)
5n = .

All above equations are valid when the patch is etched over an infinite ground plane.
At a given frequency and identical dielectric constant, the radius of a disk antenna
becomes larger at higher order modes, because the corresponding eigenvalues increase as

shown in table 2.1.

10




2.2.2 Radiation Pattern

The radiationv patterns of the circular disk, in the upper half space, are derived
using the image theory and replacing the infinite ground plane by doubling the equivalent
magnetic current [14]. The antenna is located at the center of the coordinates. As one can
expect, displacing the antenna from the origin of the coordinates produces a phase term,
playing a prominent role, in our studies due to its impact on the phase centre of the
antenna. Based on this fact, we have considered the general case, when the center of the

circular disk is placed at (r0,¢0 ,0), as shown in Fig. 2.2.

Feed location

Fig. 2.2 The geometry of a circular disk antenna when its center is located at ("o » &, ,0)

11



The far fields corresponding to the TM,,, modes are given as,

~ Jkor .
E,=—j" Kﬁzi_e__ glrosin0eslé-b) (L asing)—J,,(kasin®)|cosn(g—4.) (2.12)
r .

- 'kor .
E;=j" %——;——eﬂ"’"’ sindeosd-®)[y _ (koasin 0)+J,,,(kyasin6)|cos@sinn(p-¢ ) (2.13)

Where ¥V, =hE,J,(y ») and is known as the edge voltage at ¢ =0, a is the physical
radius of the patch and ¢, * is the angular location of the feed, k, is the free space

propagation constant and (r0,¢0) is the coordinates of the antenna center. The term

Jhorysindeos(d=th) stands for the far field phase of the antenna and depends on the location of

e
the antenna as we expected. In order to simplify equations 2.12 and 2.13, the mode

constant factor, C, , may be defined as,

C

n

C=nlt0 s Cn:

La (2.14)

n

In the above equations, the effect of dielectric substrate, h, on the phase
distribution has been neglected since it is very small with respect to wavelength for the
microstrip patch antennas. Otherwise, an additional phase term, e”*"**  due to the z-
displacement, should be added to the equations 2.12 and 2.13.

Figure 2.3 shows the magnitudes of Eg and E, for the. dominant modé, and the
next two higher order modes, including TM3; and TMy, modes. As can be seen, the peak
radiation patterns are moved toward the endfire direction. These patterns have been
plotted for a single patch antenna with €=1.15 and H=1.5mm over an infinite ground

plane, based on equations 2.12 and 2.13.

[I30 1 1

* Please note that the index “m™ in “¢n,“is not the same as the one in the mode index
“nm”. ¢p, just shows the angular location of the feed.
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2.2.3 Feed point location

Conventional microstrip patch antennas ﬁave a small bandwidth in each mode,
due to their resonant structures. It is, therefore, important to excite each mode properly, in
order to have a relatively pure mode, which depends on both disk size and location of the
feed [8]. In reality, however all modes are excited, although only one mode is required. It
is possible to eliminate the effects of other modes by placing the feed at the optimum
location.

In [8], the input impedance of a circular microstrip patch antenna was studied for
the dominant and higher order modes: The input standing wave ratios of the antenna,
versus feed location, are shown in Fig. 2.4. The antenna was considered on a finite

ground plane, when the radius of the ground plane was 1.3 times that of the disk.

13
| T
SWR -
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"
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Fig. 2.4 Circular patch antenna input standing wave ratio (SWR) versus feed location [8]

As a summary, Table 2.2 lists the best feed location for the first four modes of the

circular patch antenna based on Fig. 2.4.
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Mode - | Feed Location (p .l a)
TM;y,; 0.25
TMy,; 0.5
TM;; 0.65
TMy, 0.7

Table 2.2 Ratio of feed location to disk radius for some modes

From the above information, one can conclude that, the location of the probe feed moves
away from the patch center as the mode index, 7, increases. Another study in [11] shows
the effect of feed location on thg excitation efficiency of the TM;; and TM,; modes.
Figure 2.5 illustrates these effects on the fundamental and TM,; modes. As can be seen,
for the TM; mode, moving the feed toward the edge of the patch increases the effects of
TM,; and TMy; modes, while for the TM,; mode the best feed location, in terms of

having minimum effects of other modes, is at p , =0.75a [11].

Among all TM,,;, modes, TMg, modes have found special attention in applications where
circular symmetric patterns_ are needed, as they can generate omnidirectional patterns, in
azimuth, similar to a monopole. The TMy; mode is the static mode. Thus, in this thesis,
we will study the properties of the TMp, mode, which will be shown to have a
pronounced effect on crosspolarization. The excitation of the »=0 modes needs a

central feeding probe, wherg: the electric field is the strongest [17].
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Fig. 2.5 The effect of feed position on the excitation efficiency of

(a) TM,;; mode (b) TMymode [11]

2.2.4 Directivity

The directivity is a measure of the directional properties of an antenna, compared
to that of an isotropic antenna [13], which has equal radiation intensity in all directions,
thus, its directivity is unity. The directivity is defined as the ratio of the maximum power
density in the main beam direction to the average radiated power density.

Mathematically, it is given by [13],

. 2
1 : o r Q 2 2) -
ERe(E€H¢~E¢H6>|9=9W o Eol" +|Ey| -ty
D= i = o (2.15)
P/ 4mr P l4n
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Where 77, =120z, E, and E, have been expressed in equations 2.12 and 213 and P, is

the radiated power, which can be obtained by equation 2.16 for a microstrip antenna over

an infinite ground plane [13]:

P, =i27fﬂf({E€}2 +|E¢]2)r2 sin GdGd g (2.16)
215 § 4

Table 2.3 gives the directivity of the circular patch antenna, for some modes, in terms of
different relative dielectric constants, at the frequency of 10GHz over an infinite ground

plane.

Mode & =2.2 & =1.25 & =1.21 & =1.15
TMy, 6.827 7.964 8.039 8.158
TMy; 5.095 5.49 5.535 5.65
™3, 6.18 5.369 5.437 5.534

Table 2.3 Directivity of circular patch antenna over infinite ground plane,
h=1.5mm and f=10GHz.

As listed in Table 2.3, the directivity increases by decreasing dielectric constant for all

modes, while for a given €, the fundamental mode has the highest directivity.

2.3 Phase Centre

Based on IEEE staﬁdard 145-1993, the term of “phase Centre” is defined as “the
location of a point associated with an antenna such that, if it is taken as the center of a
sphere whose radius extends into the far-field, the phase of a given field component over
the surface of the radiation sphere is essentially constant,'af least over that portion of the

surface where the radiation is significant” [18].
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In this thesis, we have studied the phase centre of circular microstrip patch
antennas, operating at its dominant mode and higher order modes. As mentioned earlier,
such an antenna generates a broadside radiation pattern when operating at its fundamental
mode, while it has a null at broadside when it operates at the higher order modes. For
each mode, we determine the phase centre of the antenna at a given plane around its main
beam, unless otherwise specified.

If a circular microstrip patch antenna operates at a single mode, whether the
dominant or a higher order mode, its phase centre will coincident with the physical center
of the antenna. However, if two or more modes are excited, the phase centre location may
change and the entire antenna may not have a unique phase centre. Instead there may be a
locus of the phase centre. !

Figures 2.6 and 2.7 show the magnitude and phase of the copolar patterns in the
E-plane, for the dominant mode of the disk antenna, when it is located at the coordinate
origin, over an infinite ground plane, with ¢~=1.15 and A =1.5mm , at £=10GHz. As can

be seen, the phase of E-plane patterns is constant over all observation angles, which

means the antenna phase centre is at its physical center.
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Fig. 2.6 Magnitude of E-plane pattern at ¢=0 plane for TM;; mode over an infinite ground plane,

g, =1.15 and h=1.5mm, f~=10GHz.

Phase of Eé-(degr'ee)

i 1 A
80 B0 . A0 2

0 ™ a0 e 8y

Fig. 2.7 Phase of E-plane pattern at $=0 plane for TM,; mode when the antenna is located at the

coordinate origin, data same as Fig. 2.6.

Figures 2.8 and 2.9 show the magnitude and phase of the E-plane pattern for the TMj,
mode of a disk antenna, located at the coordinate origin, having the same parameters as
Fig. 2.6. This mode produces a boresight-nulled radiation pattern and the phase around
each beam is constant leading again to a phase centre at the physical center of the

antenna. This conclusion may be in conflict with the IEEE definition, because there is a

19



Jump in the phase value at the origin. But as mentioned in the IEEE definition, this
depends which beam is considered, the right or the left beam, the phase around that beam

is constant.

Magnifude of E (dB)

" Phasé of E_{dearee)

Fig. 2.9 Phase of E-plane pattern at $=0 plane for TM,; mode when the antenna is located at the

r

coordinate origin, data same as Fig. 2.6.
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Based on equations 2.12 and 2.13, the far field phase is mainly described by the

following term,

o

® = k,r, sin 9cos(¢—¢o) =27 7o sin 9005(¢‘¢0) (2.17)

Thus, when we have two or more modes, it should be possible to obtain a constant phase
distribution around the main beam, by changing the location of the antenna to the

(ry,9,), assuming the antenna has been placed on the x-y plane. Thus, the coordinates of

the center of the antenna will be given by 1, and ¢, as in Fig. 2.2.

2.4 Proposed study

By employing a multilayer structure and using probe feeds, we have investigated
the phase centre location, the tiltled main beam and the copolarization and
crosspolarization properties of the circular microstrip patch antenna for the following
three cases:

1. A two-layer circular microstrip patch antenna operating at the TM;; and TMjy;
modes (TMU on top layer , TM;; on middle layer, and ground plane in the
bottom layer)

ii. A two-layer circular microstrip patch antenna operating at the TM;; and TMg,
modes (TM;; on top layer , TMp,; on middle layf;r, and ground plane in the
bottom layer)

iii. A three-layer circular mircrostrip patch antenna operating at the TM;;, TMy; and
TMy2 modes (TMy; on top layer , TM»; on middle layer, TMy,; on middle layer,

and ground plane in the bottom layer)
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As each patch has been excited through an individual probe feed, one can change the
magnitude and phase of each port, in order to control the main beam direction and phase,
thus the phase centre location of the antenna. Adding the TMy; mode, which has an
omnidirectional pattern in the azimuth, to the TM;; and TM,, modes, provides an option
to reduce the crosspolarization of the antenna as well. To clarify this idea, surface current
distributions for a disk antenna are shown in Fig. 2.10 [19], for mode indices from zero to
three. Since n =0 case has a circular symmetry, by adding a proper amount of this mode
to the TM;; and TM,; modes, one may make the direction of current distribution

constant, resulting in a lower crosspolarization.

n=2 n33 :

e

—»— Current in Top Plate
e Magneti; Fleld -
«x - Electric Field

Fig. 2.10 Fields and surface current distributions for various modes (n=0,1,2,3, m=1) [19]
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2.5 Summary

In this chapter, a brief background theory on the circular microstrip patch antenna
was introduced for both fundamental and higher order modes, including the radiation
properties, resonant frequency, feed location and directivity. Then, the antenna phase
centre was defined based on the IEEE standard definition, and it was extended for the
applications in microstrip antennas. Finally, the proposed concept was explained, in
which by varying the excitation amplitude and phase of each mode, one could control the

phase centre location, main beam tilt angle and the crosspolarization properties.
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Chapter 3
Stacked Patch Circular Microstrip Antenna

operating at TM; and TM,; modes

3.1 Introduction

In this chapter, a two-layer circular microstrip patch antenna is studied, when the
lower patch generates the TMj; mode, which has a boresight-nulled radiation pattern, and
the upper patch produces the TM;; mode which has a broadside radiation pattern. This
structure is first treated analyticallfy to better understand the problem in which the ground
plane of the antenna is assumed to be infinite in size and the mutual coupling between the
two ports is neglected for simplicity. The analysis is based on the cavity model. In order
to verify the results, the same structure with a finite ground plane has been simulated by
Ansoft Designer version 2, which uses 2 Method of Moment. Two cases are presented in
this chapter, when both patches are fed along the x-axis or placed 45° apart from eac_h
other. For each case, the phase centre location, main beam tilt angle and crosspolarization
properties are studied in terms of the amplitude ratio and phase difference between the
two modes. It will be shown thrat, the phase centre location is perpendicular to the

antenna polarization direction, when two patches are placed 45° apart.
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3.2 Case I, both patches are fed along X-axis

3.2.1 Analytical model

3.2.1.1 Radiation amplitude and phase patterns

In this section, we develop a Matlab program to calculate the far field radiation
patterns based on the cavity model which was formulated in chapter 2. Thus, the entire
antenna is over an infinite ground plane and the mutual coupling between its two ports
has been neglected. If they are fed through coaxial probes, these probes may shift the
excitation phase. Therefore, the probe effects have been neglected as well to simplify the
problem. However, in the numerical simulations, conducted later, these effects are

automatically included. Both patches are fed along the x-axis as shown in F ig. 3.1.

Sy td

TM,, probe feed : "z

TM21 4TM21 4
(pf ?¢m )

e

"
X r

TMy, : 1h2
TM,, e e
TM,, probe feed o L SO PHL ) "
( M1 mn) /Zzzzzzzzzz;;;m '
Pr st Infinite Ground Plane
(@ ®)

Fig. 3.1 (a) Top view (b) cross-section view of a stacked patch microstrip antenna operating at
TM,; and TM;; modes over an infinite ground plane, when both patches are fed along x-direction
g, =115, by =h, =1.5mm, ay,, =6.8mm,ay,, =12.42mm, f~10GHz.
The antenna was designed to resonate at 10GHz. The patch sizes were determined

using equations 2.8 to 2.11, where the eigenvalues for the TM;; and TM,; modes are

1.841 and 3.054, respectively. Both layers have the same thickness of 1.5mm, and

Is
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g~1.15. As discussed in section 2.2.2, due to the small dielectric thickness of each patch,
the effect of h; and h, on the phase distribution can be ignored. Thus, for the TM;; and
TM3 modes, using equations 2.12 ,2.13 and 2.14, the far field in spherical coordinates,

with the coordinates of the patch centers at (r, ¢,,0) according to Fig. 2.2, can be

expressed as,

TM1 Mode (4,, =0):

—jkor
elo

E, =—jC, ~--r—efk°’oSi“"“’s(f”-*”“[J0 (kya, sin@)—J,(k,a,sinO)cosg  (3.1)

= jkor

E, = jC,°% r° eHrasnoesté-t)[ 1 (1 4 sinO)+J, (k,a, sin6)|cosOsing  (3.2)

TM;; Mode (g, =0):

—Jjkor

E,=+C, £ e Si“f‘9°°s(¢"¢°)[Jl (k,a,5in8)—J,(kya, sind)|cos2¢  (3.3)
r

- 7k,
e]o’

E, =-C,——¢’" sinfcos(g~fo) [/, (k,a, sin6)+ J, (k,a, sin6)|cosOsin 24 (3.4)
r

Where a, and a, are the radii of the patches for the TM;; and TM;; modes, respectively,
and (r0 o ,O) are the coordinates of the antenna center (two patches are concentric).

The combined far fields are:

—Jjkor

(3.5)

¥

L C
E, ____jCleIkorasln0005(¢‘¢0){[J0 (ul)_,JZ (u,)]cos¢+jF2[J, (,)-J, (1, )]cos 2¢} i

1

e—jko"

(3.6)

E, = jqemsfnecosw—m{[JO )+, sing + 22 1)+, )]sin2¢}cos0
] r

1
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u, =kya, sin@ C, . o ) ..
Where ] and — 1is the excitation ratio (TMj; to TMy;) and it is a
u, =k,a,siné C,

complex number in general, C, = ]Cllzal andC, = |C2|4a’2.

In ¢=0 plane, the Eq pattern is the contribution of both TM;; and TM;; modes, while the

Ey is zero. Therefore, we have considered the Eg for this case. Now, by changing the

excitation ratio —Cl (both magnitude and phase) we can change the main beam direction
1

and phase centre location. Figures 3.2 and 3.3 show the magnitude and phase of the Eg at

¢=0 plane, respectively, when the excitation ratio is in-phase, i.e. &, — &, = 0, and the

antenna is located at the coordinate origin. It illustrates that, by increasing the absolute
value of the excitation ratio, the peak radiation direction moves toward the main beam
direction of the pure TM;; mode and the phase pattern becomes that of the pure TM,;. It
also shows that for the in-phase excitations, phase patterns for non-zero excitation ratios
are no longer constant, which imply that, the location of the antenna phase centre has
been changed. In order to have a‘constant phase distribution around the main beam, we

must add a negative-slope phase term to the initial phase pattern.
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Now, let us consider the out of phase excitations, |or; —,| <90°, of these two

modes by assuming that o; and o, are the excitation phase for TM;; and TM»; modes,
respectively. As shown in Fig. 3.2, for non-zero and in-phase excitations, there is a
symmetric radiation pattern with two peaks, one at ¢$=0 side and the other at $=180° side
(in the above figures, they have been illustrated by positive € and negative &,
respectively). The out of phase excitation makes the radiation pattern to have only one
peak, which depends on the sign of the phase difference in such a way that for positive

«; —a, , the main beam moves to positive 8, or ¢=0 side, and for negative «, -, , the
main beam moves to negative 8, or $=180° side.

Figures 3.4 to 3.7 show the magr)itude and phase of the E-plane patterns at ¢=0 plane,
when the two modes have an out of phase excitation, but equal amplitude, while the

antennas are located at the coordinate origin. It is important to note that a quadrature
phase difference, lal —a2| =90°, makes the far field phase pattern flat over the entire
observation angle range, which in turn pushes the phase centre location to the center of
the antenna. The reason is that, a 90° phase shift neutralizes the effect of j coefficient for

the TM;; mode, as shown in equations 3.1 and 3.2. More details on phase centre location

and the main beam tilt angle will be discussed in the next section.

~
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the origin and both patches are fed along x-axis.

Fig. 3.5 Phase patterns of E,at ¢
excitations, o, =0 and lCll = |C2| =1 for the antenna shown in Fig. 3.1
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Fig. 3.7 Phase patterns of

.Egatqﬁ

=1 for the antenna shown in Fig. 3.1, when it is located at

=0 and |C}| =|C,].

excitations,

the origin and both patches are fed along x-axis.
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3.2.1.2 Phase centre location and main beam tilt angle

As shown in the preceding section, by adding the TM,; mode to the dominant
mode, which has a constant phase pattern, the far-field phase patterns change over the
angles of the main beam axis, and are not constant, except with a quadrature phase
excitation. This means, the signals are not emanating from the center of the antenna or, in
other words, the antenna phase centre has moved. In order to find the new phase centre
location, one may displace the antenna from the coordinate origin; so that a new phase
term can be introdu’ced to the antenna function, which will be dependent on the
displacement. Enforcing the constant phase values over the main beam will allow

determination of the displacement coordinates, (r,,4,). For all non-zero amplitude

excitations and phase differences less than 90 degrees, the slope of the phase patterns are

positive versus the angle off axis ¢, implying that one should add negative slope to the

r

phase pattern' to obtain a constant phase. As discussed earlier, the term e/*0sn?<s(¢-h)
accounts for the phase shift due to the displacement, which depends on the location of the

antenna (7,,d, ). For a given #,, there is a unique 7, that can make the phase distribution

constant. Therefore, there will be a locus for the phase centre of the antenna instead of a

single point. This is because of the fact that the slope of the additive phase due to the

antenna displacement is basically governed by the term 2ﬂ%cos(¢—¢o), which needs to be

constant with opposite sign of the initial phase pattern’s slope over the range of interest.

-

27:/;—0 cos(¢ — ¢, ) =-constant = %" cos(p—@,)=~K (3.7)

0 0
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Thus, for a given ¢, the locus of the phase centre, in the cylindrical coordinates, will be a
line perpendicular to the ¢ -direction in the x-y plane, passing through the point
(ro: 8 = ¢ + 7).

As an example, let us consider the case with in-phase, ¢, =«,, and equal
amplitude excitation. The phase centre of the E, pattern of the antenna is located on the

solid line shown in Fig. 3.8 while it is passing though the point (r0 =0.214,¢, = 7z)

180

270

Fig. 3.8 The locus of phase centre of the E-plane patterns of the antenna shown in Fig. 3.1, for
equal amplitude and in-phase excitation &, = &,, when both patches are fed along x-axis.

In this section, the results for phase centre location of the E-plane patterns are
presented. The effects of amplitude excitation ratio on the phase centre location and main

beam tilt angle are shown in Fig. 3.9 and 3.10, respectively, for different excitation

phases. As can be seen, for all excitation phases, except o, —a, =390° that keeps the
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phase centre at the coordinate origin, thev phase centre moves from the center. The
distance of the phase centre from origin increases until the mode amplitude ratio C,/C, of
unity, beyond which it decreases. That is, the phase centre moves back to origin as the
amplitude of TM3; mode increases, and in the limit of pure TMj,; mode, it returns to the
coordinate origin. The main beam tilt also moves toward the TM;; mode peak. It is
interesting to note that, for the in-phase excifation, o, = «,, with amplitude ratio C,/C,
up to unity, the main beam remains at the boresight angle, while the antenna phase centre

moves away from the antenna physical center leading to the virtual antenna concept.
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Fig. 3.9 Effect of %

1
phases over main beam, for the anténna shown in Fig. 3.1, when both patches are fed along x-

axis while ¢, =180°.

on phase centre location of E, at ¢ =0° plane for different excitation
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Fig. 3.10 Effect of on main beam tilt angle for E, at ¢ =0° plane for different excitation

1
phases of the antenna shown in Fig. 3.1, when both patches are fed along x-axis while

4, =180°.

The effects of the excitation phase difference on the phase centre location and
main beam tilt angle were also studied, which are shown in Fig 3.11 and 3.12,
respectively, for certain selected amplitude excitation ratios. They show that, the phase

centre converges to the center of the antenna for the quadrature phase difference,
Ia, —a2| =90°. The main beam direction remains almost constant, over all excitation
phases, when the amplitude ratio exceeds two, C,/C;> 2, while the phase centre location
changes. This is due the fact that, at higher amplitude ratios, the TM,; mode has more
profound impact on the antenna function. For Co/C1<1 and ¢, = «,, all main beams are

along the boresight, and the peak radiation direction moves away from the boresight as

the excitation phases increase.
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3.2.1.3 Polarization properties

The polarization of a radiated wave at a single frequency describes the shape and
orientation of the locus of the extremities of the electric field vector as a function of time
[9]. The polarization of a wave may be linear, circular or elliptical. In this thesis, we are
deéling with linearly polarized wave. The field with linear polarization is described by
copolar and crosspolar components. Based on Ludwig’s third definition [20], the copolar

and crosspolar components of the electric field of an x-polarized wave are defined as:

Ew(@,gzﬁ):cosgéEg—singﬁE{zj 3.8)
Ey(0,4)=singE, +cosg E, G-
If the electric field is aligned along the y-direction, we have:
E,,(0,¢)=singE, +cos$ E, 39
EX(9,¢)=COS¢E0—Sin¢E¢ )

The antenna under study in this section, which is operating at the TM;; and TM>;

modes, when both patches are fed along the x-direction, generates an x-polarized field. Its
copolar and crosspolar patterns can then be found using equation 3.8, where E, and E p
are already expressed by equations 3.5 and 3.6.

As shown in the previous éection, the phase centre of E, at ¢ =0° plane is a line
as discussed before. Generally, microstrip antennas have asymmetric E- and H-plane
radiation patterns, which cause different phase centre locations at different ¢ -planes. In

order to find a global phase centre, the copolar radiation pattern may be considered. To

clarify how the phase centre of copolar radiation pattern will be independent of ¢, an

example of equal amplitude ratio, C,/C;=1, and in-phase excitation, a;=c, is considered
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for the antenna shown in Fig. 3.1. The phase patterns of copolar radiation pattern, at
different ¢-planes, are shown in Figs. 3.13 and 3.14, when the antenna is located at the
coordinate origin and at the point (r,=0.212, $,=180°), respectively. As shown in Fig.
3.14, the phase patterns are constant around the boresight angle for all ¢-planes. This
means that, the point (r,=0.212, $,=180°) is a global phase centre.

The effect of amplitude excitation ratio on the phase centre location of the copolar
radiation pattern is Shown in Fig. 3.15, when the antenna works at the TM;; and TM;,
modes and both patches are fed along the x-axis, as shown in Fig. 3.1. These phase
centre locations are found to be global for any excitation phase and amplitude ratio less
than unity, at all ¢-planes. For excitation amplitude ratios more than unity, there will be
multiple phase centres, since the peak radiation directions of the E- and H-plane patterns

will not be the same.

 (degree)

copol

Phase of E

Fig. 3.13 Phase patterns of copolar radiation pattern at different $-planes, when
C/Ci=1 and oy=o for the antenna shown in Fig. 3.1, when it is located at the origin and both
patches are fed along x-axis.
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The copolar and crosspolar patterns at different ¢-planes are as below:

Eco l¢=o: Ee l¢:o

e Atg =0plane: _ _ (3.10)
Expol l¢=0_ E¢ l¢=0__ 0
E, |¢=9o°: —E, l¢=9o"

e Atg =90°plane: _ ‘ 3.11)
Expol |¢=900 - EB l¢:900

e At ¢ =45°plane:

E_ ]¢=45,, = (cos¢E6, —sin¢E¢)|¢=4so
: 3.12
Expol l¢=450:(sm¢E9+cos¢E¢)| (3.12)

g=45°

As can be seen, at ¢ =0 plane, the crosspolarization is zero since E s for both modes

- vanishes on this plane. Figure 3.16 shows the copolar and crosspolar patterns at ¢ = 90°

plane for different mode excitation ratios.
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Fig. 3.16 Normalized copolar and crosspolar components at ¢ =90° plane of the antenna
shown in Fig. 3.1, when both patches are fed along x-axis

C, c C C
—2.=0.5£0, () —2=0.7520, (c) =2 =120, (d) =2 =1.25.0
(a) C (b) C (c) C (d) c

1 1 1 1
Crosspolarization at ¢ =90° plane is mainly due to E, of the TM,; mode and it
increases with higher mode ratio, as illustrated at Fig. 3.16. At ¢ =45° plane, both TM;

and TM3, modes contribute to the crosspolarization patterns, as shown in Fig. 3.17. The

normalized crosspolar to copolar levels versus excitation amplitude ratio, are plotted in
Fig. 3.18 and 3.19 at ¢ =90 and ¢ = 45° planes, respectively. They show that, at both

planes, the crosspolarization is lower for small excitation amplitude ratios, since by
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increasing this ratio, the effect of TM,; mode increases and crosspolarization level

increases.
10 T T ; - = I. » 10‘:‘ : . - i
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Fig. 3.17 Normalized copolar and crosspolar components at ¢ = 45° plane of the antenna shown
in Fig. 3.1, when both patches are fed along x-axis
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3.2.2 Design Example

In order to verify the above analytical results, a two-layer antenna was simulated
by Ansoft Designer package version 2 which is based on a Method of Moment. The
geometry of the antenna is shown in Fig. 3.20. Since the radius of the patch increases
with the mode index number, the upper patch is chosen to operate at the TM;; mode, and
the middle patch at TM,; and the lower patch is a finite ground plane. One type substrate

was used for both layers, with &, =1.15. The dielectric thickness for both patches is

identical and is equal to 1.5mm. The operating frequency is 10GHz. The finite ground

plane was considered, since it can be fabricated practically.

Fig. 3.20 The geometry of stacked patch antenna operating at TM,; and TM;, modes over a finite
ground plane

Amn = 7485771}7’1, Ano = 1302mm, a =15mm

ground

pr =2.12mm, g =0
p;MZI — 6mm, ¢’:M21 =0

h =h, =1.5mm, ¢, =1.15
Two individual probes were used to excite the antenna, one for the TM;; mode

and the another for TM»; mode. The feed location was optimized in order to excite each
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mode properly, based on the discussion in chapter 2, section 2.2.3, and to have a good
impedance match condition at 10GHz. The scattering parameters of the antenna are
shown in Fig. 3.21. As can be seen, the return losses for both ports are well below -10dB
at 10GHz, which provide good impedance match, while the coupling between the two

ports, is about -24dB at the frequency of operation.

B e o o s s G By
sf O
i R AN T R
: Hooon R |
L e et £ e s et o :
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m o5l b
T T O o e
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oo o gL ——
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e}
N
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E-N

" Frequency(GHz)

Fig. 3.21 Scattering parameters of stacked patch antenna in Fig. 3.20 operating at TM,; and
TM>; modes over a finite ground plane.

As is known, a probe feed has a reactance and adds phase shift to the input signal.
In the present simulations such phase shifts will be automatically included in the results
and will alter the required phase shift between the two modes, in investigation of the

phase centre locations. In order to compare the current simulation results with previous
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analytical ones, in equation 3.5, we must determine the relationship between the mode

constants, C,, and V,, as well as the phase shift values for each probe.

2
Based on equation 2.14, ¥, = (;c" ,thusif C, =C,:

n'o

NG _zn 3058 cse9 (3.13)
V2 a, ru 1.841

The numerical simulator, Ansoft Designer version 2, can only excite the antenna in
currents. Therefore, the above voltages must be converted into currents. If there is a good
impedance match condition at each port, one can assume that the input impedance of
each port is 50 ohms. Therefore, there will be a linear relationship between voltage and

- current based on the Ohms law, ¥ = ZI . By this assumption, the amplitude of currents

for each mode will be |1, | =82.94mA4, |I,,,,/| = 50md . Now, we have to choose the

proper phase for each mode to cancel the probe introduced phase shift. These values are
Ly, =45°, LI, =~90°. They were chosen to make the analytical and numerical
phase distributions identical as shown in Fig. 3.23 and Fig. 3.26. This means, the

identical mode coefficients, C;=C, and «, = «,, in the analytical approach correspond to

the following current excitations in numerical simulations, as shown in table 3.1:

Iy = 83mAL45°, I, = 50mAL — 90°, A = —135° (3.14)
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Excitation Ratio Amplitude | Phase

(degrees)
C 1 0
Analytical (=% )
Cl
0.6024 -135°

I
Numerical (—2£2L)

M1

Table 3.1 Relation between excitation ratios Cy/C; in analytical method (Fig. 3.1) and current
excitation ratios I/I; in numerical method (Fig. 3.20) for the stacked patch antenna operating at

M, and TM;; modes, when both patiches are fed along x-axis.

As we are interested in having antennas with broadside radiation patterns, with the phase
centre displacement from the origin, we present two cases, for excitation amplitude ratios
of 0.5 and 1. Figures 3.22 and 3.23 show the magnitude and phase of the E, pattern of
the antenna when the antenna is located at the coordinate origin, with C,/C;= 1.0 £0.
Figure 3.24 shows the phase paftern of the same antenna, after displacing the entire

antenna to the point (ro =0.24,9, =180°). Figures 3.25 to 3.27 compare the same

properties as above for Co/Ci= 0.5£0. This time, the phase centre moves to an
intermediate point (ro =0.14,4, = 180").

These results confirm that after displacing the experimental antenna of Fig. 3.20 by a

distance of r, =0.24 in Fig. 3.24, and », =0.14 in Fig. 3.27, the phase patterns become

uniform. These indicate that the antenna phase centre has moved along the negative x-
direction by the excitation of the TMy; mode, exactly by the same distances as predicted

by the analytical method.
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Figure 3.28 and 3.29 show the copolar and crosspolar radiation patterns at

¢ =45° and ¢ =90° planes, for the above two different amplitude ratios. As can be seen,

the crosspolarization at ¢ = 45° plane does not have a symmetric pattern. The reason is

that, due to the finite size of the ground plane, the peaks of the E-plane and H-plane may
not be at the same directions, which lead to asymmetric crosspolarizations. By reducing
the ground plane size to less than 0.8 [10] (the antenna under study has a ground plane
with diameter 1 ) one may obtain symmetric copolar radiation patterns, which in turn will
give symmetric crosspolarization. This may be achieved by increasing the dielectric
constant of the substrate, which reduces the size of each patch and, thus, the ground plane
size can be reduced.

The normalized crosspolarization levels in the simulation results are slightly
lower than what was obtained from the analytical ones in Figs. 3.18 and 3.19. This is due
to the fact that, the analytical results of Figs. 3.18 and 3.19 were obtained when the
antennas had an infinite ground plane. The case with a higher dielectric constant, which

makes the crosspolar pattern symmetric, will be further discussed in chapter 5.
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Fig. 3.29 Normalized copolar and crosspolar radiation patterns of the antenna shown in
Fig. 3.20, when both patches are fed along x-axis, (C2 /1C, = 0.540) at

@ ¢=45°, (1) ¢ =90°
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3.3 Case I, patches fed 45 degrees apart

3.3.1 Analytical Model

3.3.1.1 Radiation amplitude and phase patterns

In this section, we study the same antenna as in section 3.2, except that the feeds

for the TM,; and TMy; patches are placed 45° away from each other, as shown in Fig.
3.30. The TMy; patch is fed at ¢, =0 and the TM;, patch is fed at ¢, =45°. Using

equations 2.12 and 2.13, the total far fields become:

= Jkor
E, =—jC e sin6c05(¢'¢o){[Jo (,)—J, ()] cos ¢ + j% [/, ()~ J, @, )]sin 2¢}—-—e ’ (3.15)
1 r

] ) ) C » ~ jkor
E, = jCe*" smgcosw-%){[‘]o )+, )]Sm¢ - J?z [7,6s) + 7, (24, )]C032¢} cos§° (3.16)
1
S z"
Q"‘//)‘;’ i &
7/ TM,, probe feed
}MZI’¢;M21)
x" T]\rr -—-—-—1
. v ™, - iy hi Tl
B e
FEN ) Infinite Ground Plane
(a) . ‘ ()

Fig. 3.30 (a)Top view (b) cross-section view of a stacked patch microstrip antenna operating at
TM;; and TM;; modes over an infinite ground plane, when the TM,;; and TM; paiches are fed at

9, =0 and ¢, =45°, respectively, £, =1.15, b = h, =1.5mm ,
Ay = 6.8mm, ag,, =12.42mm, f=10GHz.

In this case, E, at ¢ =0 plane is due to only the TM;; mode, which has a

constant phase pattern. The E ; pattern, however is due to both TM;; and TMy; modes,
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and is considered for studying the effect of both modes for this structure. Figures 3.31

and 3.32 show the magnitude and phase patterns of the E s at ¢ =90° plane, respectively,

when the excitations are in-phase, &, = «,, and the antenna is located at the coordinate

origin. They illustrate that, by increasing the absolute value of the excitation ratio, the
amplitude and phase patterns move towards those of the TM,; mode. It also shows that
for the in-phase excitations, there is a null at the boresight, when C»/C;>>1. In addition,
the phase patterns for non-zero excitation ratios are not constant implying‘that, the phase
centre of the antenna has moved from the origin. In order to have a constant phase
distribution around the main beax;1, we must add a phase term with a negative-slope to

compensate for the initial phase radiation.

\d

Maghyi.tu,de of E. {dB)

: B SN o
BT B o 3 e SR IR Y QPRI MY
e b T f h e TS
: § i B 1 y
. . [ T 4 S ] F

s L
B0 R 200 20 TR0 LN

BE)

Fig. 3.31 Magnitude patterns of E for combined TM;; and TM;; modes at ¢ =90° plane for

different amplitudé ratios and in-phase excitations, o, = «,, for the antenna shown in Fig. 3.30,
when (r0 =0,4, = 0) and two patches are fed 45° apart.

54



150

100 fzzts

50,

Phase of E‘v(de,_gree)
[}

100

150,

Y e R IO SN

P oear
Fig. 3.32 Phase patterns of E; at ¢ =90° plane for different amplitude ratios and in-phase

excitations, &, =&, , for the antenna shown in Fig. 3.30, when (r0 =0,4, = O)and two patches
are fed 45° apart.

Now, let us consider out of phase excitations, |, — a2I <90°, of these two modes

by assuming that o, and «, are the excitation phases for TM;; and TM,; modes,

respectively. Again, out of phase excitation makes the radiation pattern to have only one
peak, which depends on the sign of the phase difference in such a way that for positive

@, —a,, the main beam moves to positive &, or ¢ =0 side, and for negative «, —«,,

the main beam moves to negative ¢, or ¢ =180° side.

Figures 3.33 to 3.36 show the magnitudes and phases of the E, patterns at

¢ =90° plane, when the two modes have an out of phase excitation, but equal amplitude,

while the antenna is located at the coordinate origin.
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It is important to note that a quadrature phase difference, |o, — | =90°, makes

the far field phase pattern flat over the entire observation angle range, which in turn
pushes the phase centre location to the physical center of the antenna. The reason is that,

a 90° phase shift cancels the effect of j coefficient in the expression for the TM;; mode,

as shown in equations 3.16.

LA

‘Maghitude of E_ (dB)

. p(degree) . .

Fig. 3.33 Magnitude patterns of E, at ¢ =90° plane for different negative values of &, phase

excitations, &, =0 and ICIl = !C’zl =1 (Antennas located at the origin and two patches are fed
45° apart as shown in Fig. 3.30).
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Fig. 3.35 Magnitude patterns of E, at ¢

excitations, ¢, =0 and |C'1] = |C2| =1 (Antennas located at the origin and two patches are fed

45° apart as shown in Fig. 3.30).
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Fig. 3.36 Phase patternS‘ of E 5 at ¢ = 96" plane for differenf pokslz;tl;{‘)‘e vazues of a, phase
excitations, ¢, =0 and lCli = |C2I =1 (4ntennas located at the origin and two patches are fed
45° apart as shown in Fig. 3.30).

r

3.3.1.2 Phase centre location and main beam tilt angle

The locus of the E, pattern phase centre is a line passing through the point
(r0 0 = 270") and perpendicular to ¢ =90° direction as illustrated in Fig. 3.37, based on

the discussion in section 3.2.1.2. -
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180

270

Fig. 3.37 The locus of the E ¢ pattern phase centre at ¢ = 90° plane of the antenna shown in Fig.

3.30, when ¢, =0, 4, =45 and %:1 20

TM 21
1

In this section, the results for phase centre location of the E s patterns are

pi*esented. The effects of excitation amplitude ratio on the phase centre location and main
beam direction are shown in Figs. 3.38 and 3.39, respectively, for different excitation
phases. As can be seen, fqr all excitation phases except for 90° phase difference, that
keeps the phase centre at the coordinate origin, the phase centre moves from the center
until the excitation amplitude ratie becomes unity. Beyond that, it returns to the antenna
center, since in the limit we have only the TM;, mode, and the phase centre must be at
the coordinate origin. The main beam also moves to that of the TM,; mode. It is
interesting to note that, for the in-phase excitation, with amplitude ratios of up to unity,
the main beam remains at the boresight direction, while the antenna phase centre moves

away from the antenna center, leading to a virtual antenna concept.
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The effects of the excitation phase difference on the phase centre location and
main beam direction were also studied and are shown in Figs. 3.40 and 3.41, respectively,

for different excitation amplitude ratios. They show that, the phase centre converges to

the antenna center for the quadrature phase difference, ]a, - a:,_l =90°. The main beam
. L . . C,

direction is almost constant, over all excitation phases, when the amplitude ratio, —2 >2
1

, while the phase centre location changes, which are the interesting cases. For the

amplitude ratios % < 1, all main beams originate from the boresight, and their tilt
1

increases with higher excitation phases.

02—

. s B : S
B : . : T B
: < N P B
g.15 idSeas Pmeme=tipene A A A A
o ST : 1 [EE
B ' 1 :
T

)

TR 1020 3B 40 50 €0 70 80 90
R e |0'1"0-2| (degree) : BRI

Fig. 3.40 Phase centre location of E; at ¢ =90° plane versus phase difference excitations

2

Sor different , over main beam, of the antenna shown in Fig. 3.30, when two patches are fed

1

45° apart, while ¢, =270°.
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Fig. 3.41 Main beam tilt of E, at ¢ =90° plane versus phase difference excitations

2

C
for different Cl of the antenna shown in Fig. 3.30, when two patches are fed 45° apart, while

1

., =270°.

3.3.1.3 Polarization properties
The antenna under study in this section operates at TM;; and TM;; modes, when

patches are fed 45 degree away. It is an x-polarized antenna and the copolar and
crosspolar patterns can then be calculated, using equation 3.8, where E, and E 4 are
given in equations 3.15 and(3.16.

Similarly, as discussed in section 3.2.1.3, there is a global phase centre location,
when the copolar radiation pattern is considered. Figure 3.42 shows the effect of

amplitude excitation ratio on this phase centre location. This time, the phase centre is at

8, = 270°.
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Fig. 3.42 Effect of C on phase centre of copolar radiation pattern of the antenna shown in

1

Fig. 3.30, when ¢, =270° over main beam.

The expressions for the copolar and crosspolar patterns at different ¢ -planes are given as

below:

E, |¢=0= E, |¢=o

~

o Atg=0plane: (3.17)
Expol |¢=O: E¢ |¢=0
E, |¢=9o°: —E, I¢=9o°
o Atg =90°plane: _ _ (3.18)
Expol |¢=900 - E,g I¢=900 - O
o At ¢=45plane:
Eolysse= (cos¢E9 —sin¢E¢)|¢=45,,_ _
A : (3.19)
E . |¢=450 = (sm;zﬁEg + cos¢E¢)]¢=4SG

As can be seen, at ¢ =90° plane, the crosspolarization is zero, since E, for both modes

vanishes on this plane. Figure 3.43 shows the copolar and crosspolar patterns at ¢ =0°
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plane, for different mode excitation ratios. The crosspolarization, at ¢ =0° plane, is

mainly due to the E 4 component of the TM3; mode and it increases with higher mode

ratios.
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Fig. 3.43 Normalized copolar and crosspolar components at ¢ =0° plane of the antenna shown
in Fig. 3.30, when two patches are fed 45° apart

c, - C o C
=2 20540, () =2 =0.7520, () =2 =140, (@) =2 =1.25£0
(@) C (b) c (¢) C (d) C

1 1 1 1

~

At ¢ =45° plane, both TM;; and TM;; modes contribute to the crosspolarization
patterns, as shown in Fig. 3.44. The normalized crosspolarizations versus the excitation

amplitude ratio are plotted in Figs. 3.45 and 3.46, at ¢ =0° and ¢ =45° planes,

~
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respectively. They show that, at both planes, the crosspolarization is lower for the small
excitation amplitude ratios, since by increasing this ratio, the contribution of the TMy;

mode increases and the crosspolarization level increases.
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Fig. 3.44 Normalized copolar and crosspolar components at ¢ =45° plane of the antenna
shown in Fig. 3.30, when two patches are fed 45° apart

C, o c, . C
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3.3.2 Design Example

The geometry of the antenna is the same as Fig. 3.20 except that, the feeds are 45

degree away from each other. The phase centre of the E 4 Dattern for equal amplitude

ratio, is located at (r =024,4, = 270") and for %=O.540 it is at

’ 1
(ro =014, 4, = 270"), the same as the phase centre of the E, patterns, when both

patches are fed along the x-axis, except ¢, is different. Therefore, we don’t repeat them

here. But we have a symmetric crosspolarization patterns at ¢ = 45° plane as shown in

Figs. 3.47 and 3.48. As can be seen, the crosspolarization level is almost the same as the
numerical results. The small difference is due to the finite ground plane size, mutual
coupling between the two ports, and infinite size of dielectric substrate in the numerical
simulation.

Here, by placing the feeds 45 degree away from each other, the phase relationship

between the two ports changes to £I,,,, =60°, ZI,,,,, =-100°, based on the discussion
in section 3.2.2. It means, the identical mode coefficients, C;=C, and «, = a,, in the

analytical approach correspond to the following current excitations in numerical

simulations, as shown in table 3.2:

Ly, = 83mAL60°, Ig,,, = 50mAZ —100°, Ag = —160°  (3.20)
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Excitation Ratio Amplitude | Phase
' (degrees)

C 1 0
Analytical (—=%)

Cl

I 0.6024 -160°
Numerical (=242L)
™1

Table 3.2 Relation between excitation ratios C/C; in analytical method (Fig. 3.30) and current
excitation ratios I)/I; in numerical method for the stacked patch antenna operating at TM;; and
TM,; modes, when two patches are fed 45° apart.
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Fig. 3.47 Normalized copolar and crosspolar radiation patterns of the stacked patch antenna
shown in Fig. 3.20, when two patches are fed 45° away, (C2 /C, = 140) at

(@ ¢=45°, () $=0°
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Fig. 3.48 Normalized copolar and rcrosspolar radiation patterns of the stacked patch antenna
shown in Fig. 3.20,when two patches are fed 45° away, (C2 /C, = 0.540) at

(@) $=45°,(b) $=0°

0
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3.4 Summary

In this chapter, the phase centre location, main beam tilt angle and polarization of
the antenna with a combined TM;; and TM,; mode excitations, when used as a stacked

antenna, were studied both analyticaliy and numerically. Two cases were considered in
terms of the feed location for the TM3; mode, one at ¢, =0, and the other at ¢, =45°

plane. That is, the patches were fed along the x-axis or 45° apart. There was a good
agreement between analytical results using the cavity model, and numerical results using
the Method of Moment for the two design examples in sections 3.2.2 and 3.3.2. In these
design examples a finite ground plane was assumed, which affected the crosspolarization.
Thus, the crosspolarization results of these examples with the analytical ones were not
completely the same. Moreover, adding the TM,; mode to the dominant mode resulted in
increased crosspolarization levels.

It was shown that, there is a global phase centre location when the copolar

radiation pattern is considered. When both TM;; and TM3; patches were fed along the x-

axis, the antenna (case I) was x-polarized. This antenna was found to have a global phase

centre location at (r0,¢0 =180° ), for excitation amplitude ratio less than unity. Similarly,

the antenna of case Il was also x-polarized. This antenna had also a global phase centre

location for excitation amplitude ratio less than unity. But, its global phase centre was
located at (r0,¢0 = 270"). It means that the phase centre location of such an antenna is

perpendicular to its polarization direction.
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Chapter 4
Stacked Patch Circular Microstrip Antenna

operating at TM;; and TM,, modes

4.1 Introduction

In this chapter, a two-layer circular microstrip patch antenna is studied, when the
lower patch generates the TMy, mode, which has a circularly symmetric radiation pattern
with a null at the boresight. The upper patch produces the TM;; mode and has a
broadside radiation pattern. Again, this structure is first treated analytically, using the
cavity model, to better understand the problem. For simplicity, the ground plane of the
antenna is assumed to be infinite in size and the mutual coupling between the two ports is
neglected. The analysis is based on the cavity model. In order to verify the results, the
same structure with a finite ground plane is investigated by Ansoft Designer version 2,
which uses a Method of Moment for the antenna analysis. The phase centre location,
main beam tilt angle, and crosspolarization properties are studied in terms of the

amplitude ratio and phase difference between the two modes.

4.2 Analytical model

4.2.1 Radiation amplitude and phase patterns

In this section, we develop a Matlab program to calculate the far field radiation
patterns based on the cavity model, which was formulated in chapter 2. The entire

antenna is over an infinite ground plane and the mutual coupling between the two modes

~
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is neglected. Due to the fact that, the TMy, mode can be excited by a probe at its center,
where the electric field is the strongest, we considered just one case when both probes are

aligned along the x-axis as shown in Fig. 4.1.

yll

TM,, probe feed

A
( p;mz, ¢’:M02)

"
b ¢ TMTMn — T
02 ' ht 1)
TM,, probe feed gl y
(P?m,ﬂml) Infinite Ground Plane
(@) (b)

Fig. 4.1 (a) Top view (b) cross-section view of a stacked patch microstrip antenna operating at
TM,; and TMy; modes over an infinite ground plane, when both patches are fed along x-direction

g, =115,h =h, =1.5mm , ay,, = 6.8mm, ay,, = 1527mm,f=10GHz.

The antenna was designed to resonate at 10GHz. The patch sizes were determined
using equations 2.8 to 2.11, where the eigenvalues for the TM;; and TMj, modes are
1.841 and 3.8317, respectively. Both layers have the same thickness of 1.5mm, and are
etched on the same type substrate with £, =1.15. Similarly, the effect of dielectric
thickness on the phase distribution is ignored, as discussed in chapter 2, section 2.2.2. For
the TM;; and TMy,; modes and using equations 2.12, 2.13 and 2.14, the far fields in
spherical coordinates, with the pétch centers at (o, §o, 0) according to Fig. 2.2, can be

expressed as,

TMH Mode:

- jk

E, =—jC, f-;ir-ef"o'oji“"m(?’"*’ﬂ[‘fo (koa, sin0)—J, (k,a, sin)|cosg  (4.1)

= jkor

E, = jC, f—;—i—ef"v'o inocoslé=k)[ 1. (ko sin6)+ J, (k,a, sin0)|cosOsing  (4.2)
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TMg2 Mode:

—Jjkor X .
E, =+2C, S Mvwosinoeslon) 1 (1 4 sin @ (4.3)
é 0 r 100

E, =0 (4.9
Where a, and g, are the radii of the TM;; and TMy,; mode patches, respectively,

and (r,,4,.0) is the location of the antenna center, as the two patches are concentric.

The combined far fields are:

~Jkor

Ey= "jclejkor° smgms((é%){[*’o (ul )_Jz (ul )]COS ¢+ 2j%°‘=’1 (uo )} ° (4.5)
1 r
. . —Jjkor
E, = jC,e"» e 6b)[ 1 (u, )+ T, (u, )|cosOsing " (4.6)

7

u, =kya, sind Co . o .
Where ] and —- is the excitation ratio (TMy, to TM;;) and can be a
u, =kya, sind C

complex number in general, C, =|Cl|405l and C, = !Coléao.
If we look at the far fields at the ¢ =0 plane, the E, pattern will be due to the

contributions of both TM;; and TMy; modes, while the £ 4 pattern is zero. Therefore, we

. . . - . C
have considered the E, pattern for this study. Now, by changing the excitation ratio —>
1

r

(both magnitude and phase), we can change the main beam direction and phase centre

location. Figures 4.2 and 4.3 show the magnitude and phase of the E, pattern at the

=0 plane, respectively, when the excitations are in-phase, o, — «, = 0, and the
P P Y. P 1 0
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antenna is located at the coordinate origin. They illustrate that, by increasing the absolute
value of the excitation ratio, the peak radiation direction moves toward that of the pure
TMo, mode, and the phase pattern is like that of the pure TMy; mode. They also show
that for in-phase excitations, «, = «,, the phase pattern for non-zero excitation ratios is
no longer constant, implying that the location of the antenna phase centre has been

moved. In order to have a constant phase distribution around the main beam, we must add

a negative-slope phase term to the initial phase pattern as we did in chapter 3.
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Fig. 4.2 Magnitude patterns of E,, for combined TM,; and TMy, modes at ¢ =0 plane for

different in-phase, a, = &, amplitude ratios for the antenna shown in Fig. 4.1, when it is
located at the origin and both patches are fed along x-axis.
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Fig. 4.3 Phase patterns of E, at ¢ =0 plane for different in-phase amplitude ratios for the
antenna shown in Fig. 4.1, when it is located at the origin and both patches are fed along x-axis.

Now, let us consider out of phase excitations, ]al - aol <907, of these two modes
by assuming that ¢, and ¢, are the excitation phases for the TM;; and TMp; modes,
respectively. As can be seen in Fig. 4.2, for the in-phase, «; =«,, and non-zero
amplitude excitations, there is a symmetric radiation pattern with two peaks one at ¢ =0
side and the other at ¢ =180° side (in the above figures, they have been illustrated by
positive & and negative 8, respectively). The out of phase excitation, «, # «,, makes the

1

radiation pattern to have only one peak, which depends on the sign of the phase

difference in such a way that for positive &, —¢,, the main beam moves to positive &, or
# =0 side, and for negative ¢, —«,, the main beam moves to negative &, or ¢ =180°

side.
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Figures 4.4 to 4.7 show the magnitude and phase of the E-plane patterns at ¢ =0 plane,

when the two modes have an out of phase excitation and the excitation amplitude ratio is

C . - . . .
(—5‘-’— = 0.5) , while antennas are located at the coordinate origin. Again, the quadrature
1

phase difference, chl - aol = 90°, makes the far field phase pattern uniform over the
main beam, which pushes the phase centre location to the antenna center. The reason is
that, for a 90° phase shift, the factor j for the TM;; mode is cancelled, as shown in

equations 4.1 and 4.2. More details of the phase centre location and the main beam tilt

angle will be discussed in the next section.

o

Magnitﬁde of E .(dB)

e RS S
o(degree)

Fig. 4.4 Magnitude patterns of E, at ¢ =0 plane for different negative values of &, phase

C r
excitations, @, =0 and |—>| = 0.5 for the antenna shown in Fig. 4.1, when it is located at the

1
origin and both patches are fed along x-axis.
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Fig. 4.5 Phase patterns of E,at ¢ =0 plane for different negative values of &, phase

C
excitations, &, =0 and | =~ = 0.5 for the antenna shown in Fig. 4.1, when it is located at the
I
origin and both patches are fed along x-axis.
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Fig. 4.6 Magnitude patterns of E, at ¢ =0 plane for different positive values of « phase
c .
excitations, &, =0 and |—%| = 0.5 for the antenna shown in Fig. 4.1, when it is located at the

1
origin and both patches are fed along x-axis.

,
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Fig. 4.7 Phase patterns of E,at ¢ =0 plane for different positive values of a, phase

C
excitations, &, =0 and |—=>| = 0.5 for the antenna shown in Fig. 4.1, when it is located at the

i
origin and both patches are fed along x-axis.

4.2.2 Phase centre location and main beam tilt angle
In this section, we study the phase centre of E, in the E-plane pattern of the
antenna operating at TM;; and TMy, modes, since this plane shows the effects of both

i
modes. The E; pattern is just due to the fundamental mode. Based on the discussion in

section 3.2.1.2, the phase centre locus is a line passing through the point (ro, ¢, = 180° ),

. . . C
and is parallel to the y-axis. As an example, let us consider the case of =% = 0.4£0.
1

The phase centre of the E, patterns of the antenna is located on the solid line shown in

Fig. 4.8, while it is passing thougl the point (, = 0.194, g, = 180°).
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Fig. 4.8 The locus of phase centre of the E, patterns of the antenna shown in Fig. 4.1, with

C
EO— = 0.4£0, when both patches are fed along x-axis.

1

The effects of excitation amplitude ratio on the phase centre location and main

~

beam tilt angle are shown in Figs. 4.9 and 4.10, respectively, for different excitation

phases. As can be seen, for all excitation phases except for Ial - a0| = 90° phase

difference that keeps the phase centre at the coordinate origin, the phase centre moves
away from the antenna center. The distance of the phase centre from the origin increases
until the amplitude ratio of 0.45, beyond which it decreases. That is, the phase centre
moves back to the origin as the amplitude of TMq, mode increases, and in the limit of
pure TMy, mode, it returris to the coordinate origin. The main beam tilt also moves
toward the TMy; mode peak direction. It is interesting to note that, for the in-phase

excitation, &, = &, with the amplitude ratio up to 0.45, the main beam remains constant

at the boresight angle, while the antenna phase centre moves away from the antenna

center, leading to the virtual antenna concept.
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Fig. 4.9 Effect of —C—° on phase centre location of E, at ¢ = 0° plane for different excitation
1

phases, over main beam, for the antenna shown in F ig. 4.1, when both patches are fed along x-
axis while ¢, =180°. '
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Fig. 4.10 Effect of —C—O— on main beam tilt angle for E, at ¢ =0° plane for different excitation
1
phases of the antenna shown in Fig. 4.1, when both patches are fed along x-axis while

4, =180°.
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The effects of the excitation phase difference on the phase centre location and
main beam tilt angle were also studied, which are shown in Fig 4.11 and 4.12,
respectively, for certain excitation amplitude ratios. They show that, the phase centre

converges to the center of the antenna for the quadrature phase difference,
a, — a, = 90°. The main beam direction is almost constant, over all excitation phases,

when the amplitude ratio is equal or greater than 0.75, while the phase centre location
changes. For the amplitude ratio equal to 0.25, the main beam is along the boresight, and

increases with higher excitation phases.
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Fig. 4.11 Phase centre location of E, at ¢ =0 plane versus excitation phases for different |—~

»

1

~

over main beam, for the antenna shown in Fig. 4.1, when both patches are fed along x-axis while

4, =180°.
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Fig. 4.12 Main beam tilt angle of E, at ¢ 0 plane versus excztatzon phases for different

——|, for the antenna shown in Fig. 4.1, when both patches are fed along x-axis while
1

¢, =180°.

4.2.3 Polarization properties

Based on equations 4.5 and 4.6, the electric field for the antenna under study is an
x-polarized field, so we can use Ludwig’s third definition for the x-aligned field as
expressed in equation 3.8.

Similarly, there will be a global phase centre for the antenna operating at TM;

and TMy, modes, as discussed in chapter 3, section 3.2.13. For this antenna, such a phase
centre is located at ¢, =180° for excitation amplitude ratio less than 0.45. The effect of

amplitude excitation ratio on the phase centre location of the copolar radiation pattern is

shown in Fig. 4.13. Again, there will be a multiple phase centres beyond the excitation

~
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amplitude ratios shown in Fig. 4.13. The reason is that, the peak radiation directions of E-

and H-plane patterns will not be the same at all ¢ -planes for Cy/C>0.45.

ro(a)

C
Fo on phase centre of copolar radiation pattern of the antenna

1

Fig. 4.13 Effect of

shown in Fig. 4.1, when ¢, =180° over main beam.

The copolar and crosspolar patterns at different ¢ -planes are as below:

p , E, l¢=o: E, l¢=o @)
o Atg =0plane: )
Expol |¢=O: E¢ I¢=0: O

Eo limorr = "E4 lss0r
e Atg =90°plane: _ (4.8)
Expol l¢=9o°— Eq I¢=90° _
o At ¢ =45°plane:
E_ I¢=45,, = (cos¢E6, —sin¢E¢)|¢=4sa
. 4.9)
E . |¢=450 = (smgzﬁEe +cos¢E¢)[¢=450
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As can be seen, at ¢ =0 plane, the crosspolarization is zero since E, for both

modes vanishes on this plane. Figure 4.14 shows the copolar and crosspolar pattern at

¢ =90° plane for different mode excitation ratios.
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Fig. 4.14 Normalized copolar and crosspolar components at ¢ =90° plane of the antenna
shown in Fig. 4.1, when both patched are fed along x-axis

C, C C - C
0 20.1£0, ) -2 =0320, (¢) -2 =0.520, (d) = =0.7£0
(a) C (b) C () C @ C

1 1 i 1

Crosspolarization at ¢ =90° plane is mainly due to E, of TMp,; mode and it increases

with higher mode ratio as illustrated at Fig. 4.14. At ¢ = 45° plane, both TMj; and TMy;

modes contribute to the crosspolarization patterns, as shown in Fig. 4.15. The normalized

crosspolar to copolar levels versus excitation amplitude ratio are plotted in Figs. 4.16 and
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4.17 at ¢ =90° and ¢ =45° planes, respectively. They show that, at both planes, the

crosspolarization is lower for small excitation amplitude ratios since by increasing this

ratio, the effect of TMy, mode increases and the crosspolarization level increases.
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Fig. 4.15 Normalized copolar and crosspolar components at ¢ = 45° plane of the antenna
shown in Fig. 4.1, when both patched are fed along x-axis
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plane of the antenna shown in Fig. 4.1, when both patches are fed along x-axis and & = &,,.
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4.3 Design Example

In order to verify the above analytical results, a two-layer antenna was designed
by Ansoft Designer package version 2, which is based on a Method of Moment. The
geometry of the antenna is shown in Fig. 4.18. A stack configuration of two patches has
been used, in an ascending order from TM;; to TMy; patches, over a finite ground plane

to design a practical antenna. One type substrate was used for both layers with £, =1.15.

The dielectric thicknesses for TM;; and TMy,; modes are 1.5mm and 3mm, respectively.
The operating frequency is 10GHz. The finite ground plane was considered since it can

be fabricated practically.

— i *
~ Finite Ground Plane

Fig. 4.18 The geometry of stacked ﬁatches operating at TM;; and TM,; modes over a finite

ground plane
appyy = 7.52mm, Qg =18mm, @,y = 25mm
,D;M”=2.16mm, ¢$M11 =0
p}Moz =0mm, ¢M%=0

b, =1.5mm, h, =3mm, &, =1.15
Two individual probes were used to excite the antenna, one for the TM;; mode

and another for TMy; mode. The feed location was optimized in order to excite each
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mode properly, based on the discussion in chapter 2, section 2.2.3, and to have a good

impedance match condition at 10GHz. The scattering parameters of the antenna are

shown in Fig. 4.19. As can be seen, the return losses for both ports are well below -10dB

at 10GHz, which provides good impedance matches, while the coupling between the two

ports is about -18dB at the frequency of operation.
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Fig. 4.19 Scattering parameters of stacked patch antenna in Fig.4.18 operating at TM;; and TMo;

modes over a finite ground plane.

As is known, a probe feed introduces phase shift in real situation. In the present

simulations such phase shifts will be automatically included in the results and will alter

the required phase shift between the two modes in investigation of the phase centre
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locations. In order to compare the current numerical results with previous analytical ones

in equation 4.5, we must determine the relationship between the mode constants, C,, and

2C

n

¥V, as well as the phase shift values for each probe. Based on equation 2.14, V, = s
a,Rky

n

thus, if C, =C, and a, = a,:

14 ' :

o A2 38317 _ 5 0813 (4.10)
Vo a xu 1841

Under a good impedance match condition, one can easily convert the above voltages into

the currents, based on the discussion in section 3.2.2. Therefore, the amplitude of currents

for each mode will be II TM”| =104mA,

I TMOZI =50mA. Now, we have to choose proper

phase for each mode to cancel the probe phase shift. These values are

Ll =55%, Ll =105°. They were chosen to make the analytical and numerical

phase distributions identical as shown in Fig. 4.21 and Fig. 4.24. It means, the identical
mode coefficients, C;=Cy and «, =¢,, in the analytical approach correspond to the

following current excitations in numerical simulations, as shown in table 4.1:

Loy, =104mAL55°%, Iy, = 50mAL105°  (4.11)

Excitation Ratio Amplitude | Phase

(degrees)
C 1 0
Analytical (—2) ,
G
0.48 +50°

I
Numerical (=2(%)

™1l
Table 4.1 Relation between excitation ratios Cy/C; in analytical method (Fig. 4.1) and current

excitation ratios Iy/I; in numerical method (Fig. 4.18) for the stacked patch antenna operating at

TM,; and TM,y; modes, when both patches are fed along x-axis.

r
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As we are interested in having antennas with broadside radiation patterns, bﬁt
phase centres away from the origin, we present two cases, with excitation amplitude
ratios of 0.4 and 0.25. The phase centre movement is in good agreement with analytical
one. Figures 4.20 and 4.21 show the magnitude and phase of E, pattern of the antenna,
when located at the coordinate origin and has an amplitude ratio of 0.4. Figure 4.22 gives
the phase pattern after displacing the whole antenna to (fo = 0.194, ¢, = 180° ) Figures
4.23 to 4.25 show the same properties as above for a quarter amplitude ratio. This time,

the phase centre goes to (ra = 0.1254, ¢, = 180").

(dB)

[

Mégnitude of E

o (degree)

Fig. 4.20 Magnitude pattern of E, at ¢ =0 plane for the antenna shown in Fig. 4.18, when both
patches are fed along x-axis and located at the origin, (C, /C, =0.4£0)

~
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Fig. 4.23 Magnitude pattern of E,, at ¢

Fig. 4.24 Phase pattern of E, at ¢

patches are fed along x-axis and located at the origin, ( 0 /Ci = 0.2540).
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Fig. 4.25 Phase pattern of E, at ¢ =0 plane for the antenna shown in Fig. 4.18, when both
patches are fed along x-axis and the antenna center moved to (’”o =0.124,¢, = 180") with
(C,/C, =0.2520).

Figure 4.26 and 4.27 show the copolar and crosspolar radiation patterns at ¢ = 45° and
¢ =90° planes for the above two different amplitude ratios. As can be seen, the
crosspolarization at ¢ = 45° plane, does not have a symmetric pattern. The reason is that,

due to the finite size of ground plane, the peaks of the E, and E, patterns may happen at

-

the different directions which lead to asymmetric crosspolarizations. By reducing the
ground plane size to less than 0.84 [10] (the antenna under study has a ground plane with
diameter 1.67.1) one may obtain symmetric copolar radiation patterns, which in turn will
give symmetric crosspolarizationf. This may be achieved by increasing the dielectric

constant of the substrate, which reduces the size of each patch and, thus, the ground plane
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size can be reduced. However, the amount of asymmetry comparing to the antenna of

case I in chapter 3 is considerably lower.

—— Analical Copol
-=: Aniavtical Crosspol. -

== Analytical Copol - - :
.30 . Al === Analytical Crosspol R} :
| : . 3 —=-Simufated Copol R -~ Simulated Copol:
: ’ 377 | e Simulated Crosspol : : : e Simulated Crosspol.:
| = R S S - Pooer Ao
ol i : il i o & o ERE i i
B 407, 20 20 40 £0 B0 4D 2 40 80

-t
‘8:{degree)

(@) (@)

Fig. 4.26 Normalized copolar and crosspolar radiation patterns of the antenna shown in
Fig. 4.18, when both patches are fed along x-axis, (C, /C, = 0.4£0) at

(@) ¢ =45, (b) $=90°
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Fig. 4.27 Normalized copolar and crosspolar radiation patterns of the antenna shown in Fig.
4.18, when both patches are fed along x-axis, (Co /1C, = 0.2540) at
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The normalized crosspolarization level of the designed antenna is almost similar to what
was obtained from analytical one. The case with higher dielectric constants, which makes

the crosspolar pattern symmetric, will be discussed in the next chapter.

4.4 Summary

In this chapter, the phase centre Iocatioﬁ, main beam tilt angle and polarization of
TM;; and TMg, modes, when used as a single stacked antenna, were studied both
analytically and numerically for a practical design example. Due to the central feeding of
the TMy; patch, just one case was considered when the feeds are located along the x-axis.
There was a good agreement between analytical results, using the cavity model, and
numerical results based on the Method of Moment, except due to the finite ground plane
size, the crosspolarization pattern at ¢ =45° plane is somewhat asymmetric. Again,
adding the higher order TMy, ‘mode to the fundamental mode resulted in higher
crosspolarization and multiple phase centres.

It was shown that, there is a global phase centre location when the copolar
radiation pattern is considered. The antenna can be assumed as an x-polarized field, when

both TM;; and TMy, patches are fed along the x-axis. This antenna was found to have a

global phase centre location at ¢, =180°, for excitation amplitude ratio less than 0.45.



Chapter 5
Stacked Patch Circular Microstrip Antenna

operating at TMy;, TM,; and TM,, modes

5.1 Introduction

- In this chapter, a three-layer circular microstrip patch antenna is studied. The
lower patch operates at TMg, mode, which has a circularly symmetrical pattern with a
- null at broadside. The middle patch generates TMy; mode, and also has a boresight-nulled
radiation pattern. And, the upper patch produces TM;; mode which has a broadside
radiation pattern. This structure is first treated analytically to better understand its
properties. For simplicity, Fhe ground plane of the antenna is assumed to be infinite in
size and the mutual couplings between its three ports are neglected. The analysis again is
based on the cavity model. In order to verify the results, the same structure is then
designed with a finite ground plane and simulated by Ansoft Designer version 2, based
on a Method of Moment.: The case when all feeds are located along the x-axis is
considered in which the phase centre location, main beam tilt angle, and croéspolarization
properties are studied in terms of the amplitude ratio and phase differenée between the
three modes. It will be shown that, one can decrease the crosspolarization of the antenna
and keep the phase centre lpcation unchanged by properly exciting the TM;;, TMa1, and

TMg; modes.
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5.2 Analytical model

5.2.1 Radiation amplitude and phase patterns

In this section, we have developed a Matlab program to calculate the far field
radiation patterns based on the cavity model, which was formulated in chapter 2. Thus,
the entire antenna is over an infinite ground plane and mutual couplings betw;een the
three ports are neglected. However, in the design example using numerical simulations,
these effects are automatically included. All patches are fed along the x-axis as shown in
Fig. 5.1. The antenna was designed to resonate at 10GHz. The patch sizes were

determined using equations 2.8 to 2.11.

TM,, probe feed

( p}woz’ ¢:MOZ) TM,, probe feed

(p;mn,%r‘mx) z

X"

‘ T™,, —
™, 2 =
hl "
TM,, probe feed >y
( ™1 mu) !
Pr >Pn Infinite Ground Plane
(@) (b)

Fig. 5.1 (a) Top view (b) cross-section view of a stacked patch microstrip antenna
operating at TM;; ,TM;; and TMy; modes when all patches are fed along x-direction

hy = h, = hy = 1L.5mm , ap,,, =5.1mm, ay,, =9mm, ay., =11.2mm,
g, =2.32 and f~10GHz.

As mentioned earlier, in order to obtain the symmetric patterns, which in turn
results in a symmetric crosspolarization patterns, one may decrease the ground plane size.
Therefore, we selected a higher dielectric constant for the antenna in this chapter in order

to have smaller antenna dimensions. All layers have the same thickness, 1.5mm, and are

~
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etched on a similar substrate with £, = 2.32. However, some results will be shown at the
lower dielectric constant of 1.15, the same as used in chapters 3 and 4, for the sake of
comparison. Again, the effect of substrate thickness on the phase distribution is neglected
based on the discussion in chapter 2, section 2.2.2. For the TM;;, TMj3; and TMy; modes,
using equations 2.12, 2.13 and 2.14, the total far fields in spherical coordinates, with the

patch centers at (1o, ¢0,0), can be expressed as,

E, = ‘J.Clejm smgws(é-m{[*]o(“l) - Jl(ul)] cos ¢ + j% [Jx(uz) - Ja(uz)] cos 2¢ + Zj% Jl(“o)}'e_—ﬂ"i (51)

1 r

—jkor
Ey = JGe™" smewsw_%){[‘]o(ux) + J2(ul)] sing + j % [Jl(uz) + Jz(uz)] sin 2¢} cos 6 % : (-2)

1 r

u, =kya,sinf
Where Ju, =kya,siné;, C,,C, and C,are the excitation coefficients corresponding to

u, =kya,sin@
the TM;1, TMy; and TMy, modes, respectively and they are complex numbers in general,
C, =|C|4a,, C, =|C,|£a, and C, = [Cy|La,.
If we look at the far fields at ¢ =0 plane, the E, pattern will be the contribution
of all three modes, while the E, pattern will be zero. Therefore, we considered E, in the

E-plane for this case. Now, by changing the excitation coefficients (both magnitude and

phase) we can change the main beam direction and phase centre location, as before.

Figures 5.2 and 5.3 show the magnitude and phase of the E, pattern at ¢ =0 plane,

respectively, when all excitation coefficients are in-phase, o, = «, = «,, and the

antenna is located at the coordinate origin. It illustrates that, by increasing these factors,
the peak radiation direction moves toward the endfire direction and the phase pattern is

almost constant over each beam. It also shows that, for in-phase excitations, the phase
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pattern, for non-zero excitation ratio, is no longer constant, which implies that, the
location of the antenna phase centre is changed. In order to have a constant phase
distribution around the main beam, we must add a phase term having appropriate slope to

the initial phase pattern. These figures show the amplitude and phase patterns for

different TMy; excitation coefficient, C,, at a given TMy; to TM; excitation ratio, —.
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Fig. 5.2 Magnitude patterns of E, at$ =0 plane for different C,, of the antenna shown in Fig.
5.1, when it is located at the origin and all patches are fed along x-axis with in-phase excitations,
o, =, = a,.
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Fig. 5.3 Phase patterns of E, at ¢ =0 plane for different C, of the antenna shown in Fig. 5.1,
when it is located at the origin and all patches are fed along x-axis with in-phase excitations,
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Now, let us consider out of phase excitations, |, —,| <90° and 0 < e, < 90°,

of these three modes by assuming that, ¢, «, and «, are the excitation phases for
TMi1, TM,; and TMg, modes, respectively. As shown in Fig. 5.2, for non-zero in-phase
excitations, there is a symmetric radiation pattern with two peaks, at ¢ =0 and ¢ =180°

(in the above figures, they have been illustrated by positive & and negative 6,
respectively). The out of phase excitation makes the radiation pattern to have only one

peak which depends on the sign of the phase difference between these modes.

Figures 5.4 to 5.7 show the magnitudes and phases of the E, patterns at ¢ =0
plane, when |C1I = ICzl =1, |Coi =0.5 for different value of «, at a given o, —«,, while
the antennas are located at the coordinate origin. It is important to note that for o, = 0,

a quadrature phase difference between the TM; and TM;; modes, Io:l - a2[ =90°, makes

the far field phase pattern flat over the main beam, which in turn pushes the phase centre
location to the physical center of the antenna. The reason is that, a 90° phase shift,
cancels the effect of j coefficient for the TM;; mode, as shown in equation 5.1. More
details on phase centre location and the main beam tilt angle will be discussed in the next

section.
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Figures 5.8 and 5.9 illustrate particular cases, when the phase patterns may have negative

slopes, when the entire antenna is located at the coordinate origin.

e, =607

Magnitude ofE (dB)

E 0 - R ’-Q’quo 060 8
g{degree} R R N fL.oie(degree)

(@ @®)

Fig. 5.8 Magnitude patterns of E, at ¢ = 0 plane for different negative values of «, and

lCll = !Czl =1, ICOI = 0.5, of the antenna shown in Fig. 5.1, when it is located at the origin and
all patches are fed along x-axis
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Fig. 5.9 Phase patterns of E,at ¢ =0 plane for different negative values of &, and
G| =ICl=1,

Co] = 0.5, of the antenna shown in Fig. 5.1, when it is located at the origin and

all patches are fed along x-axis
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5.2.2 Phase centre location and main beam tilt angle

As shown in the preceding section, by adding two higher order modes to the

dominant mode, which has a constant phase pattern, the far-field phase patterns change
over the angles of the main beam axis and are not constant, except when ]al - a'2] =90°
and «, = 0 . This means, the signals are not emanating from the center of the antenna,

or in other words, the antenna phase centre has moved. In order to find the new phase
centre location, one may displace the antenna from the coordinate origin, so that a new
phase term can be introduced to the antenna function, which will be dependent on the
displacement. Enforcing the constant phase values over the main beam will allow
determination of the displacemenf coordinates. For all non-zero amplitude excitations,

positive «, —«, and positive «,, phase patterns have positive slope versus angle of axis

implying that, one must add a negative slope to the initial phase pattern to obtain a

constant phase distribution. But there are some cases with negative value of «, ata given
positive value of &, —«,, in which the phase patterns may have negative slopes, as in
Fig. 5.9. In order to recognize thes:e cases, the phase centres are plotted versus x, instead
of 7, in such a way that positive x, means the phase centre is located at ¢, =0 and
negative x, means it is located at ¢, =180°.

For the antennas discussed in chapters 3 and 4, the locus of the phase centre at a

given ¢ in the cylindrical coordinates is a line perpendicular to the ¢ direction passing
through the point (r0,¢0 =g+ 7:), as discussed in sections 3.2.1.2 and 4.2.2. While for the

TMi1, TMy; and TMy,; modes , since the phase pattern slbpes may change depending on
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the sign of «,, the locus will be lines perpendicular to the ¢ direction passing through
either (r,,4, =@ +7) or (r,,4, = 9).
Figure 5.10 shows the phase centre loci of the E, patterns of the antenna shown

in Fig. 5.1 for the two different cases. Figure 5.10a depicts the phase centre locus, which

is shown by the solid line passing through the point (ro =0.1641,4, =7r), when all

excitations are in-phase, ie. @, = o, = ¢, = 0 and QZ—=0.2540,E°~=0.340.

1 1

Figure 5.10b illustrates this locus, which is a solid line passing through the point

(r, =0.04,4, = 0), when EYNpE 90°, S0 _0.5,-180°.
C C

1 ~ 1

(@) @)

Fig. 5.10 The locus of phase centre of the E, patterns of the antenna shown in Fig. 5.1, when all
patches are fed along x-axis

@C, =120, C, =0.2520, Cy = 0.3£0
(b)C, =1290°, C, =1£0, C, = 0.5/ —90°
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The effects of in-phase excitation amplitude ratio on the phase centre location and

main beam tilt angle are shown in Fig. 5.11 and 5.12, respectively, for two dielectric

constants of 1.15 and 2.32 and different &, when C; changes from 0 to 2. As can be
1

seen, for all in-phase amplitude excitations, the phase centre moves away from the center

and then it returns to the antenna center. The main beam tilt also moves toward the

endfire direction.
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C
Fig. 5.11 Effect of C,, on phase centre location of E, at ¢ =0° plane for different |—=

with

1
in-phase excitations over main beam, when all patches are fed along x-axis while ¢, =180°, for

the antenna:
(a) shown in Fig. 5.1, §=2.32
(b) has the same structure as Fig. 5.1 with §=1.15,(ar;=6.8mm, app=12.42, apg,=15.27mm)

As can be seen from Fig. 5.11b, the TMg, mode makes the peak phase centre

location move further away from the physical center of the antenna comparing to the Fig.
3.9, section 3.2.1.2, in which the antenna produced TM;; and TM;; modes with g=1.15.

That is, the maximum phase centre location of the antenna operating at TM;; and TMy;
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modes is 0.21A, while adding the TMy; mode to the above mentioned modes results in a

maximum phase centre at 0.25A.
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Fig. 5.12 Effect of C, on main beam tilt angle for E, at ¢ =0° plane for different

with
1

in-phase excitations, when all patches are fed along x-axis while ¢, =180°, for the antenna:

(a)shown in Fig. 5.1, £=2.32
(b) has the same structure as Fig. 5.1 with §=1.15,(ary;;=6.8mm, aryz=12.42, ap=15.27mm)

The effects of the excitation phase difference on the phase centre location and

main beam tilt angle were also studied, which are shown in Fig 5.13 and 5.14,

. . . o . C
respectively, for certain amplitude excitation ratios. They show that, when —% =1 and
1

a,—a, =90°, the main beam for all values of «, is almost constant, while the phase
centre changes from positive x, to negative x, with passing at the origin. For the case

C . .
Fz =0.25 and o, —a, =07, the negative value of ¢, makes the main beam move to the

1

positive 8 and vice versa, while there are symmetric patterns with two peaks for in-phase
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excitations. The other cases with higher —2 and positive @, —«,, the main beam tilt

1

moves from positive & to the other side like cases b and ¢ in Fig. 5.14.
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523 Polarization properties

As expressed in equations 5.1 and 5.2, the total field for the antenna under study
is an x-polarized one. So, we can use Ludwig’s third definition for an x-aligned field as
expressed in equation 3.8.

Similarly, there will be a global phase centre for the antenna operating at TM;,

TMa3i, and TMy, modes, when the copolar radiation pattern is considered, as discussed in

chapter 3, section 3.2.13. For this antenna, such a phase centre is located at ¢, =180° for

excitation amplitude ratio less than 0.35, and oy=o,=0,. The effect of amplitude
excitation ratio on the phase centre location of the copolar radiation pattern is shown in
Fig. 5.15. Again, there will be a multiple phase centres beyond the excitation amplitude

ratios shown in Fig. 5.15, since the peak radiation directions of E- and H-plane patterns

will not be the same at all ¢ -planes.

0.4}

0,08

Fig. 5.15 Effect of |Co/C,| on the phase centre location of copolar radiation pattern of the
antenna shown in Fig. 5.1, over main beam for different excitation amplitudes C,/C;, when
a=op=ayand $=180°.
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~ The copolar and crosspolar patterns at different ¢ -planes are as below:

E, l¢=o= E, |¢=o
e Atg =0plane: 53
f -P Expol |¢=0: E¢ |¢:0= 0 -2)
E, I¢=9o" =—k, |¢=9o°
o Atg =90°plane: _ 5.4
Expol |¢___900 - E¢9 l¢=900

o At ¢ =45°plane:

{Ew |¢=45,,=(cos¢E9 —sin¢E¢)|¢=450 } 55

E ot |yose= (sin¢E9 +cosgE, )|¢=450

As can be seen, at ¢ =0 plane, the crosspolarization is zero since E, for all three modes

vanishes on this plane.

The crosspolar patterns for the antenna operating at TM;; and TM;; modes, and TM;; and
TMy, modes were investigated in chapters 3 and 4. It was shown that, by adding either
TM;; or TMy; mode to the dominant mode, the normalized crosspolar to copolar level
increases. If an antenna can generate all the first three modes, it is possible to control the
crosspolarization by the TMy,; mode. By exciting the proper amount of this mode, one can
decrease the crosspolarization since the surface current pattern will become parallel lines,

based on the discussion in section 2.4. Figure 5.16 shows the copolar and crosspolar
patterns at ¢ =90° plane for different mode excitation ratios with and without the TMy,

mode. The amount of this mode was selected to give the minimum crosspolarization,

while it will change the phase centre location.
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Fig. 5.16 Normalized copolar and crosspolar components at ¢ =90° plane, of the antenna
shown in Fig. 5.1, when all patches are fed along x-axis

(@) % =0.1£0,C, = 0.04£0, (b) %— =0.2£0,C, =0.08£0

1 1
(c) G =0.35£0,C, =0.15£0, @) 1 =0.5£0,C, =0.21£0
G , ¢

As can be seen form Fig. 5.16, one can decrease the crosspolarization level to less than

-40dB by exciting the TMy; mode in the antenna working at TM;; and TM;; modes.

Figure 5.17 shows the copolar and crosspolar patterns at ¢ =45° plane for different

mode excitation ratios with and without the TMy, mode. The amount of this mode was

selected to give the minimum crosspolarization. Again, the antenna phase centre will be

changed.
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Fig. 5.17 Normalized copolar and crosspolar components at ¢ = 45° plane, of the antenna
shown in Fig. 5.1, when all patches are fed along x-axis

(a) %2— =0.2£0,C, =0.07£0 (b) % =0.5£0,C, = 0.18£0

1 I

(c) % =1.£0,C, = 0.355£0 (@) %2— =1.5£0,C, =0.53£0

1 1

Figure 5.18 shows the required excitation amplitude of the TMy; mode, C,, for a given

% at ¢ =45° plane over the range of —45° <& <+45°. It shows by increasing the
1 ,
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. ) . C )
mode excitation ratio for the dominant mode and TM,; mode, FZ , the required amount
1

of C,, increases to obtain the minimum crosspolarization level.

B it -E- Bttt i--jf ‘;_‘” i i ----——-------—-

ok B T
el

C
Fig. 5.18 Required C, versus —= to have minimum crosspolarization at ¢ = 45° plane over the
1

range of —45° <0 < +45°, for the antenna shown in Fig. 5.1, when all patches are fed along x-
axis, «=o=0.

As mentioned earlier, adding the TMy, mode to the dominant and TM,; modes, provides
an option to minimize the crosspolarization levels over the boresight angle. But as shown
in Figs. 5.16 to 5.18, this can change the antenna phase centre location. In order to keep

the phase centre location unchanged, one needs to change the excitation amplitude ratios

r
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of all three modes. Table 5.1 gives the required TMg, mode in order to minimize the

crosspolarization levels at ¢=45° plane and keep the phase centre location constant.

Cy/Cy Co/Cy Phase Centre 1, Crosspol level
(9,=180°) (9=45°)
120 0 0.15A <-10.5dB
0.55£0 0.19£0 0.15A <-31.5dB
0920 0 0.133A <-11.5dB
0520 0.17£0 0.133A <-31.5dB

0820 0 0.118) <-12.5dB
0420 01720 0.118 <32dB

0.7£0 0
0.35£0 0.15£0

0620 0 ‘ 0.088\ <-15dB

0.5£0 0 0.07A <-16.5dB
0.25£0 0.09£0 0.07A\ <-33dB
04£0 0 0.0555A <-19.25dB
0220 0.08£0 0.0555A <-33dB

03£0 0 0.042) <-21.5dB

0.15£0 0.06£0 0.0421 <-33dB

0.12£0 0.043£0 0.029A <-33dB

0.120 0. 0.0154 <-29dB
0.045 20 0.01520 . 0.015% <-33dB

Table 5.1 Effect of TMy; mode on the crosspolarization at $=45° plane, for the antenna operating
at TM}; and TM;; modes, §=2.32, while the phase centre location is unchanged, for different
in-phase excitation amplitude ratios, when all patches are fed along x-axis, £=2.32,

(-30° <6< +30°) and Gpen =0.

r
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5.3 Design Example

In order to verify the above analytical results, a multi-layer antenna was designed
and simulated by Ansoft Designer package version 2 which is based on a Method of
Moment. The geometry of the antenna is shown in Fig. 5.19. The layer assignment and
feeding structure will be discussed in chapter 6. One type substrate was used for all layers

with &, =2.32. The operating frequency is 10GHz. The finite ground plane was

considered since it can be fabricated practically.

\ . TMI1Patch

e Ground Plane

Fig. 5.19 The geometry of stacked paiches operating at TM};, TM; and TM,, modes over a finite
ground plane

Apygyy =5.588mm, ap,,, =9.4mm, ay,, =13.07mm, a,,,,, =16mm
ropMt =14mm, g =0
P =5.83mm, ¢, =0
p}'IrWOZ '—'Omm, ¢’:M02 =0

h =h, =1.5mm, hy =3mm, &, =2.32
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Three individual probes have been used to excite the antenna, each for one of the
TMi3, TMy,;, and TMy; modes. The feed locations were optimized, in order to excite each
mode properly, based on the discussion in chapter 2, section 2.2.3, and to have a good
impedance match condition at 10GHz. The scattering parameters of the antenna are
shown in Fig. 5.20. As can be seen, the return losses for all ports are below -10dB at

10GHz, which provides good impedance matches at the frequency of operation.

Or ! T o : — ! 2 T
S N My
L -021__
o i e e &l

o |

20 Tt Acioiviateh ekits g e :r ..... =
25 TR bbb
Ao bt T

| ‘ T

N S S
9 92 94 986 98 10 102 104 106 108 ¢ 1

Fig. 5.20 Scattering parameters of stacked patch antenna shown in Fig. 5.19 operating at TM,
TM;; and TMy; modes over a finite ground plane

As is known, a probe feed introduces a phase shift in real situation. So, in the
above designed example, these feeds will cause phase shifts :at each port. In order to

compare the current simulation results with previous analytical ones, we must determine
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the relationship between the mode constants, C,, and V,, as well as the phase shift

values for each probe.

Based on equation 2.14, V, = 2C,

an()

b4

E__f_’i_&’_g 3.054

IfC, =C,: =227 216589 (5.6)
v, a gz, 184l
If C, = C,: B o _Zu_g48  (57)
ioay Yo

As we excited all patches in current, the amplitude of currents for each mode will be
II m“[ =82.94mA, II TMzni =50mA, II TM02| =39.85mA, based on the discussion in section
3.2.2. Now, we have to choose proper phase for each mode to cancel the probe phase
shift. These values are Z1I,,,,, =-80°, LI, =90°, LI, =215°. They were chosen
to make the analytical and numerical phase distributions identical as shown in Fig. 5.22
and Fig. 5.25. It means, the case with in-phase and equal amplitude (C, ) in the analytical

approach is counterpart with following current excitations in numerical simulations, as

shown in table 5.2:

L =83mAL—80°, Iy =50mAL90°, Iy, =40mAL215°  (5.8)

r

Please note that, due to the poor impedance matching at the TM;; port and
relatively high coupling between the TM;; port and TMy, port, the amplitude current

excitation ratio may be slightly different from the calculated one.

~

120



Excitation Ratio Amplitude | Phase
(degrees)
1 0

' C
Analytical (=)
¢

I 0.6024 +170°
Numerical (—2£2L)
M1
C 1 0
Analytical (—)
Cl
0.48 +65°

I
Numerical (=2£%2.)

TM11

Table 5.2 Relation between excitation ratios C,/C;, Cy/C, in analytical method (Fig. 5.1) and
current excitation ratios I/I; , 1y/l; iri numerical method (Fig. 5.19) for the stacked patch antenna

operating at TM,;, TM;,, and TM,, modes, when both patches are fed along x-axis.

As we are interested in having antennas with broadside radiation patterns, but
phase centres away from the origin, we present two cases, with in-phase excitation ratios

of —C—j—2—=0.25,—cl=0.2 and G 0.75,&=0.1. Figure 5.21 and 5.22 show the
C C C C

1 1 1 I

magnitude and phase of E, pattern of the antenna in ¢ =0 plane, when the antenna is
. L C, C, .
located at the coordinate origin for the case of —C——=0.25, ~C7=O.2. Figure 5.23
t 1

illustrates  the phase pattern after displacing the entire antenna to

(ro = 0.1194, ¢, = 180"). Figures 5.24 to 5.26 show the same properties as above for

C, - ..
the case of g—=0.75,E°—=0.1. This time, the phase centre moves to

(r, = 0.154, 4, = 180°).
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Fig. 5.25 Phase pattern of E, at ¢ =0 plane for the antenna shown in Fig. 5.19, when all
paiches are fed along x-axis and located at the origin, C/Ci=0.75 L0, Cy/C;=0.1£0
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Fig. 5.26 Phase pattern of E, at =0 plane for the antenna shown in Fig. 5.19, when all
patches are fed along x-axis (ro =0.154, ¢, = 180") and C,/C1=0.75 £ 0, Cy/C;=0.1£0
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Figures 5.27 and 5.28 show the copolar and crosspolar radiation patterns- at

¢ =45" and ¢ =90° planes, for the above two different amplitude ratios. As can be seen,

the crosspolarization at ¢ =45° plane is more symmetric than the ones, obtained by

simulation in chapters 3 and 4. This is due to the fact that, the ground plane size has been
reduced by increasing the dielectric constant, which results in having more symmetric
patterns. Moreover, the required value ‘of the TMy, mode to decrease the
crosspolarization level in practical design case is different from what was obtained by
analytical model, according to Fig. 5.18. One reason is that, the physical radius of each
mode over the finite ground plane changes in the numerical simulation, since this
package considers infinite substrate for each layer affecting the fringing field, and
eventually the patch size changes. Another reason is that, we compare the results with
different ground plane sizes, like infinite in analytical model and finite in simulation. The
other reason is that, the couplings between the three ports were ignored in the analytical

model while there are considerable couplings between these three modes.
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Fig. 5.27 Copolar and crosspolar radiation patterns of the antenna shown in Fig. 5.19, when all
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Fig. 5.28 Copolar and crosspolar radiation patterns of the antenna shown in Fig. 5.19, when all

patches are fed along x-axis, % =0.75£0, _g_o_ =0.146£0 at
! 1

(@) ¢ =45°, (b) p=90°
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5.4 Summary

In this chapter, the phase centre location, main beam and polarization of a
multilayer antenna operating at TM;;, TM;; and TMy, modes were studied both
analytically and numerically. It has been shown that, by adding the TMg, mode to TMy;
and TM;; modes, one can decrease the crosspolarization level. There are good
agreements between analytical results, using the cavity model, and numerical results
based on a Method of Moment, except due to the finite ground plane size, coupling
between modes and infinite dielectric material in the simulation, the crosspolarization
properties are not completely the fsame, since these parameters have prono.unced impact
on the microstrip antenna radiation patterns [21].

It was shown that, there is a global phase centre location for the antenna operating
at TMy1, TM»; and TMy; modes, when Co/C; is less than 0.35. By adding the TMy; mode
to the dominant and TMy; modes,r the phase centre moved further away from its physical
center, comparing to that of the antenna operating at TM;; and TMj; modes. In addition,
the TMyp, mode provides an option to minimize the crosspolarization level over the
boresight angle, while the phase centre location remains unchanged. This feature needs

~

an adjustment on the excitation amplitudes of all three modes.
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Chapter 6
Proposed feeding technique for Multilayer

Microstrip Antenna

6.1 Introduction

There are sevéral methods to feed a microstrip patch antenna including probe
feeding, transmission line feeding, and slot coupling methods. Among them, the probe
feeding is the most common method. In this thesis, all design examples were fed by
coaxial feeding. When fhere is a single layer microstrip antenna, the probe feeding
technique is very straightforward.-For two and multilayer structures, in which every layer
has to be fed individually, this method should be accompanied by other considerations in
order to minimize the coupling effects, to excite each layer as desired as possible. This
chapter proposes a feeding structure for the antennas discussed in chapters 3 and 5,
operating at the fundamental mode and higher order modes. The idea is based on finding
the electric field nulls and then passing the probe feeds of next top layers through these
locations which can be shorted to the ground plane without perturbing the fields inside

the cavity region of each mode.
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6.2 Probe feed geometry for the two-layer antenna
operating at TMy; and TM,; modes

If the patch is located on the x-y plane, the z-component of the electric field

between the patch and ground plane, for all M ,, modes, maybe expressed as:
E, =E,J,(kp)cosng 6.1)
Where J,(kp) are the Bessel functions of order 7, and # is an integer number. When

the argument of these functions is zero, i.e. at the center of the patch, these functions are
zero for all values of n, except zero. This means, the electric field inside the cavity at the
center of the patch is very weak for all modes, except n» =0, so that, one may place a
shorting via from the patch to the ground plane, at the patch center and pass the coaxial
line through this via. This method is known as the center-feeding method discussed in
[22-23].

In chapter 3, we excited one patch from the bottom and another one from the top,
in order to simulate the antenna with a minimum coupling between the ports and simplify
the model. However, this model is not practical. So, for fhe antenna discussed in chapter
3 operating at TM;; and TMy; modes, i.e. n # 0, we could use the center-feeding method
explained above. The TM;; mode could be excited directly from the bottom, as a
conventional probe feed. The top patch could be excited by passing a coaxial line through
a hole at the center of the.ground plane, the middle pafch, and the top patch. Then, a
microstrip line could connect this coaxial line to the 50Q feed point of the top patch,
where a via will connect the uppef patch to the middle patch, about 0.254 away from the

center of TMy; patch. Figure 6.1 illustrates the geometry of the antenna with this feeding

i
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structure. The holes at the center of each patch must be shorted to the ground plane in
order to avoid the excitation of the TMy; mode. The central shorting post does not perturb
the fields between the layers, since the electric field is zero at the center. In this structure,

the middle layer plays the ground plane role for the top patch affecting the resonant

frequencies [23].
Microstrip line
TM11 Patch
€ r=2.32
TM21 Patch
‘ €,=2.32
GND 1l

f11 21

Fig. 6.1 Geometry of a two-layer circular Microstrip antenna operating at TM,; and TM, modes

using center-feeding technique

As the simulation package used in this thesis was a two-dimensional simulator,
we have to model the central shorting post. Thus, two circular slots, each of diameter
greater tﬁan the diameter of probe feed, were placed at the patch centers, then eight
shorting vias were used to connect the upper and lower patches. Figure 6.2 shows the
geometry of the antenna, which used this method to excite the two-layer microstrip

antenna operating at TM;; and TM;; modes.
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 Transmission Line (TL)

TMI1 Patch

M11 Prob - TM21 Prob

Fig. 6.2 The geometry of stacked paiches operating in TM;; and TM,; modes over finite ground

plane

Appy = 5.6mm, ap,, =895mm, a =12mm

ground
™11

p; =15mm ¢,,f““=0

p;M21 =4'1mm ¢TM21 =0

m

B, = h, =1,5mm, TL width=1.7mm, h=0.2mm

The dielectric constant of the substrate used in F1g 6.2 is 2.32 while the dielectric
between the microstrip line, which connects the center probe to the 50 feed point, and
the top layer is air. The width of this transmission line is 1.7mm and is placed at é height
of 0.2mm over the top layer. The piece of transmission line used in the feed structure also
changes the phase difference between two feeds which has to be taken into account.

For the identical material used as a substrate for each layer, the size of TMy; patch

is smaller than TM,, patch as e;(plained before. So, in order to reduce the blockage
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presented by the upper patch to below one [24], the TM; patch was located on the top
‘layer, the TMy; patch on the middle layer and the ground plane on the bottom.

The scattering parameters of the antenna shown in Fig. 6.2 are illustrated in Fig
6.3. The return loss for both ports is less than -10dB and the coupling between the two

ports is about -21dB at the frequency of 10GHz.

o IR BN TG S S TeR SRR A B e
e O O R R O
PR 5 0

SN NP .
8 20

P e

30

2 PR

40 ;| Lo Poiog L
9 92 94 95 98 101 108 11
Frequency (GHz) '

Fig. 6.3 Scattering parameters of stacked patch antenna shown in Fig. 6.2 operating in TM,; and
TM,; modes over finite ground plane

The ground plane size of the antenna shown in Fig. 6.2 is 0.81, which can

provide symmetric crosspolarization pattern based on [10]. The radiation patterns to the
antenna of Fig. 6.2 are shown in Fig. 6.4 at ¢ = 45° plane. The crosspolarization patterns

are not completely symmetrical and further ground plane size reduction may be required.

P
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6.3 Probe feed geometry for the three-layer antenna
operating at TM;;, TM;; and TMy,; modes

The electric field between the TM; patch and ground plane is governed by the
first kind Bessel function of order zero, as expressed in equation 6.2. This function is
finite and has the peak amplitude when the argument is zero, emphasizing that the field at

the patch center is strong.

E, =EyJ, (kp) (6.2)
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So, the center-feeding technique discussed above could not be applied for the TMy,
patch. If one could place the TMy, patch on the top layer, the center feeding may be
applied to the two other modes and the top layer could be fed at its center. In ordér to
place the TMy; patch on the top layer, one needs to use a different substrate to reduce the
patch size for TMy,; mode. So, the layer assignment from the top to the bottom would be
TMog2, TM1; and TMy,, respectively. By choosing a high dielectric constant for the TMg,
patch, this arrangement will be possible. One example is shown in Fig. 6.5. But the
problem we had in simulation was infinite size of the substrate which does not allow to
properly reduce the patch size due to the effect of superstrate on the patch size based on

[25, 26].

TMO2 Patch o
£,=732 /Stl' 1plme

TM11 Patch

- £r=1 —A/
TM21 Patch - ‘

€, =1.65
GND : 1
fo2''f11 ‘o1

Fig. 6.5 Geometry of a stacked microstrip antenna with different dielectric constants for each

layer
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In case of using an identical material for all three modes, the order of layers from
the top to the bottom must be as TM;1, TM;; and TMy,, respectively, in order to reduce
the blocking effect. Therefore, we have to find the locations of field-null between the
TM,; mode patch and the ground plane and pass the feeds of the other top patches,
through these shorting posts. The first root of the first kind Bessel function of order zero
happens at 2.405 (the other roots will be outside the patch and are not of interest). Using

equation 2.8 and Table 2.1:

3.8317—L—=2405 = p=0.6277a,,, (6.3)

Ao
So, the electric field is zero on al cylindrical wall inside the TMy, cavity with radius of
0.6277ay,,, - In the simulation, this value is changed to 0.71ay,,, -
Since the TMy; patch is the largest and in the bottom, it can be probe fed directly from
bellow at its center, where the field is strong. For the remaining two modes, i. e. TMy
and TM;; modes, their respectivepfeed cables can be passed through the TMy, patch at a

radius of 0.71a,,,,,, where the field is zero. Figure 6.6 shows these two feed cables on

opposite sides of the patchv axis. Above the TMy, patch these cables feed two stripline
feeds. The right side cable feeds ’ghe TM,; mode, and its stripline S; is terminated where
this mode has 50Q impedance, and is connected to the patch through a via. The left side
cable is connected to another feed cable, at the centre__of thf: TM3;; patch, through a
second stripline S,. This sécond cable and the stripline S; feed the upper TM;; mode
patch. This configuration is similar to the center-feeding technique in [22-23]. The
stripline S; connects the central feeding cable to the 50Q feed point of the TMy; patch, as

shown in Fig. 6.6. The latter central feed cable is approximated by a central via, to
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connect S; to S, and shorting peripheral vias. In this manner all three patches are fed

appropriately by their respective signals, with minimum interactions.

- —_ Siplines

i ;Strip ()

~

Fig. 6.6 The side view geometry of three stacked patches operating in TM;;, TM,; and TM,
modes, Line widths S;=1.5mm, S,=2.5mm, S3=1.3mm, Sg=2mm
The three dimension view of the antenna with the above feeding structure is
shown in Fig 6.7. The width of transmission line S, is made narrower near the central
shorted vias, in order to pass thrm;gh these grounded vias at the center and connect to the
central feeding cable. As can be seen, this method increases the number of layers,

increasing the antenna cost in terms of fabrication. Its simulated performance was

discussed in chapter 5.
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~TMI1 Probe  ‘TMO2 Probe  TM21 Probe - I—*"

Fig. 6.7 The geometry of stacked pdtchés operating at ™ h ‘TMZI and TMy, modes over a finite
ground plane

Ay = 5.588mm, apy,, =9.4mm, ag,,, =13.07mm, a,,,,, =16mm
p}Mn =1.4mm, g =0

PP = 5.83mm, g™ =0

TAM 02 T™ 02
pr o =0mm, g, " =0

hy = h, =1.5mm, hy =3mm, &, =2.32
6.4 Summary

This chapter has covered the probe feeding methods for multilayer circular
microstrip antennas, operating z;t fundamental and two neﬁt higher order modes,
discussed in chapters 3 and 5. The idea is based on placing a shorting post at the location
of field-nulls between the patch and ground plane, where it does not perturb the fields
inside the cavity. Then, a probe is passed through the post, along with a section of
transmission line, to connect the ;xtended probe to the 50Q feed point of the patch. The
disadvantage of this method, especially when the n =0 mode exists, is that additional

layers should be assigned for placing the transmission lines, which increase the antenna

fabrication cost.
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Chapter 7

Conclusion

7.1 Summary

This thesis provided a thorough study of the phase centre location and
polarization of stacked circular microstrip patch antennas, excited in multiple modes. A
single disk antenna operating at its fundamental mode, which generates a broadside
radiation pattern, has a phase centre at its origin, but adding the higher order modes may
change its phase centre. In such a case, it was shoyvn how one can find the phase centre of
the antenna by simply displacing the antenna and investigating the antenna far field phase
distﬁbutions. Three different stacked antennas were studied, both analytically using a
cavity model and numerically based on Method of Moment.

The first antenna was operating at the TM;; and TM,; modes, when both patches
were fed along x-direction, or when the feeds were 45 degrees apart. The phase centre of
this antenna depended on the excitation amplitude and phase of each mode. It was shown
that, if the phase difference between these two modes was 90°, the phase centre of the
antenna was located at its center. In addition, it is possible to have a broadside radiation
pattern, but move the phase centre away from the origin, introducing the virtual antenna
concept. The crosspolarization of this antenna was increasing, when the excitation of the
second higher order mode was increased. Moreover, there was a global phase centre
location, when the copolar radiation pattern was considered for amplitude ratios less than

unity.
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The second antenna was a two-layer circular patch operating at the TM;; and
TMy,; modes. By exciting the two patches with a quadrature phase shift of 90° the far
field phase pattern was constant over the main beam, implying the phase centre being at
the origin. The crosspolarization level was also increased with higher mode amplitude
ratios. This antenna had a global phase centre location for amplitude ratios less than 0.45.

The third antenna was a three-layer circular microstrip patch antenna, when the
lower patch operated at the TMy,; mode, which has a circularly symmetrical pattern with a
null at the broadside, the middle patch generated at the TMj; mode, which has a
boresight-nulled radiation pattern, and the upper patch radiated the TM;; mode, which
has a broadside radiation pattern. It was shown that, the TMy, mode provides an option to
minimize the crosspolarization level over the boresight angle, whilé the phase centre
location remains unchanged. Tpis feature needs an adjustment on the excitation
amplitudes of all three modes. Moreover, by adding the TMy, mode to the TM;; and
TM;; modes, the phase centre moved further away from that of the antenna operating at
TM;, and TM;; modes.

The phase centre of this antenna could be controlled by the excitation amplitude
and phase of each mode. Due to the fact that, the TMg; mode has the strongest field at its
center, it prevented a central-feeding method described in [22-23]. So, a novel probe
feeding structure was introauced for such an antenna based on finding the electric field
nulls of the TMy; mode, which is ona cylindrical wall inside the TMy,; mode cavity, at a

finite radius from its center.
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7.2 Future work

A few future research topics arising from controlling the phase centre and
polarization of an antenna are listed below that need to be studied.

> Study of phase centre location and polarization of stacked rectangular patch
antennas operating at higher order modes.

> Study of possibilities of adding the TMy, modes to reduce the crosspolarization
other that n=2.

> Applying the idea of controlling the phase using higher order modes, to microstrip
reflectarrays, instead of using conventional methods like stubs or patches of
variable size, rotating the e;lements to perform the phase shifts.

> Employing the central feeding method for the stacked antenna, operating at the
TM;;, TM,; and TMy; modes, by using different substrates for each layer in such
a way that the TMp, mode can be etched on the top layer with a minimum
blockage effect.

> Using higher order mode microstrip antenna for beam shaping and scanning.

> Investigating the poésibility of designing multimode circular microstrip antennas

using a single layer structure.

~
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