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ABSTRACT

Ultra wide band is rapidly advancing as a high data rate wireless communication
technology. As is the case in conventional wireless communication systems, an antenna also
plays a very crucial role in UWB systems. However, there are more challenges in designing a
UWAB antenna than a narrow band one. A suitable UWB antenna should be capable of operating
over an ultra-wide bandwidth as allocated by the FCC. At the same time, satisfactory radiation
properties over the entire frequency range are also necessary.

This thesis focuses on UWB antenna design and analysis. Studies have been undertaken
covering the areas of UWB fundamentals and antenna theory. In recent years, the U-slot patch
antenna established itself as a versatile, low profile and cost effective antenna that can be fine-
tuned for ultra-wideband operations. The main objective of this thesis is to propose an effective
practical design procedure to design U-Slot antenna and provide physical insight into the
design using full wave analysis methods.

This research work focuses on developing a novel scheme to design wideband U-Slot
antenna. To validate the design technique antenna is fabricated and measured results are

compared with the simulated to assess the performance. .



In this dissertation, effect of reactive loading on probe fed, single layer, U-Slot loaded
microstrip antenna is investigated using Theory of Characteristic Modes (TCM). Detailed
analysis of reactive loading due to feed location and arm-angle variation is presented.

Optimized reactive loading has been shown to produce a modified U-Slot structure
without increasing any cost and complexity. The optimized loaded antennas are wideband with
a relatively stable radiation pattern. Furthermore, we propose an optimization guideline for a

wide band design with stable radiation patterns.
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CHAPTER 1
INTRODUCTION
1.1 Motivation

Ultra-wideband (UWB) antennas have a very wide frequency spectrum. In 2002,
the FCC allocated the frequency range between 3.1 and 10.6 GHz for commercial use [1].
By FCC definition, systems with relative bandwidth larger than 20% or an absolute
bandwidth larger than 500 MHz are considered UWB systems [1]. Some of the motivation
points for UWB research are: (1) Higher data rates per Shannon’s channel capacity
theorem, which states that the capacity of a wireless channel varies linearly with
bandwidth [2]. In other words, higher data rates can be achieved as the bandwidth over
which the antenna transmits or receives data increases. (2) UWB communication is very
secure. Any interference from other wireless systems will have to cover the entire UWB
spectrum evenly to jam the UWB pulse [2]. (3) UWB wireless communication uses very
low power transmission levels, which are below acceptable noise floor levels [2].
Therefore, UWB technology does not cause much interference to other wireless
communications. (4) UWB communication uses low cost transceivers, which do not
require any modulation or demodulation circuitry [2]. (5) Low-profile UWB microstrip
patch antennas have promising applications in biomedical imaging. This is because lower
frequencies provide good skin penetration and higher frequencies provide good image
resolution.

In recent years, the microstrip patch antenna has been fine-tuned for UWB
operations [3-13]. It is the purpose of this dissertation to characterize the various

1



microstrip patch antenna’s broadbanding techniques with the purpose of developing
design guidelines to aid the antenna design engineer in designing first-pass antenna

structures with very wide bandwidth.

1.2 Microstrip Patch Antennas and Broadening Techniques
The Microstrip patch antenna (MSA) was first proposed in the 1953 by Des
champs [14], then it was researched more intensely in the 1970s by Munson [15] and
Howell [16]. The MSA is a low-profile antenna that, in its basic form, consists of a
metallic patch, dielectric substrate, and ground plane, as shown in Fig. 1.1. The patch

shape can be square, rectangular, triangular, circular, or other irregular shape. The

dielectric substrate can be made of materials with dielectric constant, gr, that ranges

between 2.2 and 12 [17]. Due to its small physical dimension and low cost, the MSA finds
uses in a variety of wireless communication applications, such as cellular phones, RFID,
Wi-Fi, Bluetooth, GPS, and body area networks. Other uses include defense applications,
such as conformal antennas on missiles and planes. Radar and satellite systems make use
of MSA arrays. Biomedical imaging applications have made use of MSAs, especially in
breast cancer detection and treatment [18-27]. The MSAs have a number of advantages
[28], which are:

e Lightweight.

e Low profile and compact.

e Conformal, meaning they can conform to different shapes as in missiles.

e Low fabrication cost since they utilize the existing and widespread printed-circuit

technology.



e Capable of linear and circular polarization.

1 Support of dual- and triple-band frequency operations.

e Easily integrated with microwave integrated circuits.

Some of the disadvantages that MSAs suffer from are [28]:
e Narrow bandwidth with the higher dielectric constant substrates.
e Low efficiency due to dielectric and conductor losses.
e Surface wave excitations especially in thicker substrates.
e Low power handling ability.

e Additional radiation from feeds.

1.3 Summary of Contributions

This dissertation presents contributions to the antenna design community, which are
presented in the following chapters.

In chapter 2, it is necessary to understand the theoretical concepts that describe U-Slot
microstrip patch, Characteristic Mode Analysis, and the Method of Moments; all three of
which are discussed in Chapter 2. In chapter 2, we consider the various Characteristic modal
formulations, their properties and the methods one can use to compute and analyze these
modes.

In chapter 3, characteristic mode analysis of three empirical design techniques for the
probe-fed, symmetrically located, U-Slot microstrip patch antenna, on a single layer grounded

substrate, is presented with supporting experimental data. The first method (ResF) utilizes the



existence of the four distinct resonant frequencies, while the second one (DI) relies on the
property of dimensional invariance, for the design of the U-Slot microstrip patch. In both these
methods optimization of the probe location is necessary for further enhancement of the 10 dB
return loss bandwidth. The third method (DIResF), that optimally combines the features of the
previous two, is presented here and shown to yield better bandwidth performance with minimal
or no probe location optimization, and hence is superior to the other two for rapid prototyping.
Characteristic mode analysis is carried out for critical parameters such as substrate electrical
thickness, slot width, probe radius and feed location variations to assess their dominant
influence on characteristics of the versatile U-Slot microstrip patch antenna.

In chapter 4, effect of reactive loading on probe fed, single layer, U-Slot loaded
microstrip antenna is investigated using Theory of Characteristic Modes (TCM). Detailed
analysis of reactive loading due to feed location and arm-angle variation is presented. It is
shown that the eigenvalue behavior of the characteristic modes can be modified by varying
reactive loading on the U-Slot antenna. Thus, it is possible to control certain modes such that
they resonate in the desired frequency band. These modes can then effectively be excited to
achieve the desired antenna performance. In addition, reactive loading helps to move the
impedance loop of smith chart in the middle. Optimized reactive loading has been shown to
produce a modified U-Slot structure without increasing any cost and complexity. The
optimized loaded antennas are wideband with a relatively stable radiation pattern. Furthermore,
we propose an optimization guideline for a wide band design with stable radiation patterns.

Finally In chapter 5, we conclude with a list of the major contributions made throughout
this thesis. We will also comment on the potential of characteristic mode concepts applied to

U-Slot antenna design.
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CHAPTER 2

THEORY OF CHARACTERISTICS MODES
2.1 Introduction

The theory of characteristic modes is a valuable tool for antenna analysis, from both
the scattering and excitation perspective. The theoretical analysis determines an infinite set of
modal currents with corresponding modal fields for any antenna structure. These currents are
independent of excitation and form a basis of surface currents for the domain represented by
the analyzed surface. Any conceivable surface current that can exist on the surface can be
expanded using the basis formed by the modal currents. Modal currents or characteristic
currents are defined as the eigen functions of a weighted eigenvalue equation that involves the
impedance matrix of the body. For conducting bodies, they have the following properties:

» They are real or equiphasal, over the surface on which they exist.

» They form an orthogonal set over this surface.

» They diagonalize the generalized impedance matrix for this surface.
These properties are suitable for many different applications, including antenna design, far
field pattern synthesis and feed placement. With such tantalizing properties such as
orthogonality, characteristic modes can be applied in likely many more electromagnetics
related areas.

Characteristic fields are defined to be the electromagnetic fields produced by the
characteristic currents. They present the following important properties:

» The characteristic electric fields have equiphasal tangential components over the
surface of the body.
» They form an orthogonal set over the radiation sphere.

» They diagonalize the scattering matrix for the body.
6



Modal solutions that can be obtained applying this theory have the next properties:
» Matrix inversion is not required for computation of the currents since generalized
impedance matrix is diagonalized.
» Pattern synthesis can be accomplished without matrix inversion, since the scattering
matrix is diagonalized.
» The current on the body can be controlled using the method of modal resonance.
Garbacz and Turpin [28], [29], first developed the theory of characteristic modes.
Their discoveries led to a fundamental, although impractical, theory for generalized scatterers.
While critical in understanding the historical development of CM theory, the theory proposed
by Garbacz will not be discussed as it detracts from the main topics of this thesis. Harrington
and Mautz [30] proposed the current working model for the theory of characteristic modes.
What gave Harrington’s approach such an edge was a clear and concise derivation from
straightforward electromagnetics principles with an accompanying method [31] with which
one could use existing electromagnetics simulation tools to compute the characteristic modes.
Using a moment method formulation and the discretized impedance matrix, one can determine
the characteristic modes of any perfectly conducting structure. The properties of characteristic
modes are what make this type of modal analysis so useful. Due to their orthogonality
properties, and the fact that they form a basis that spans all possible radiation modes of the
analyzed structure, characteristic modes gives fundamental insight into how antennas radiate.

2.1.1 The Impedance Operator

Consider an arbitrary conducting surface S, situated within an impressed field iE

as shown in Figure 4.
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Fig. 2.1- Arbitrary Conducting Surface in an Impressed Field
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On the surface of the conductor, the total tangential electric field must be zero. As such, the
impressed electric field i E must generate surface currents that force this boundary condition

to hold. We define the surface current generated in this way using the operator relationship:

[LJ) = E"]tan =0
(2.1)
The operator L acts on the surface current J and produces a tangential electric field on the
surface S that exactly cancels the contribution of the tangential impressed field. The operator

L is defined in the following manner:
L() = jwAJ) + V()
22)

A(J) is the magnetic vector potential, defined by:

AQ) = u by J@ (T )ds’
(2.3)



¢ (J)is the electric scalar potential, defined by:

¢(J) = iﬁ V' . J")y(r,rds’
2.4)

We consider r and r’ to be field and source points, with €, p, and k as the permittivity,
permeability and wave number of free space. Furthermore, we consider y (r, 1) being the

Green’s function of free space, defined as:

e_jklr_r’|

Gr,r')=———
(r,r) 4rt|r — r'|

(2.5)
The operator in Equation 2.3-2 transforms a current density into an electric field quantity, and hence

has dimension of impedance. As such, we introduce notation for the tangential operator L:

ZU_) = [L(]_)]tan
(2.6)

Where impedance operator in their real and imaginary parts:

Z=R+jX
2.7)

Both R and X are real operators, and are also symmetric due to the symmetry of Z. Consider

the inner product over complex space, defined as the surface integral:

(A.B)=[[. A".Bds
(2.8)

Consider the complex power balance of a given impressed surface current J on S.
J.z)y = R+X)))= JRD+ jJ" X))
9



(2.9)

The term (J*.Z]) represents the radiated power associated with the total surface

current J on S. This quantity cannot be negative as radiated power must be positive, and is
always greater than zero for open structures (since every current radiates some measurable
amount of power, however small). These conditions give rise to a positive semi-definite
operator R. No further properties than real symmetry exist for the operator X, as reactance can

take any value: positive, negative and zero.

2.1.2 Generalized Eigen value Problem

Suppose we now consider our operator Z in the following generalized eigenvalue
problem:

[Z]Un] = vu[M][J,]
(2.10)

where Z is our impedance operator, J, are the eigenvectors, vn are the eigenvalues and M
is a suitably chosen weighting operator. If M were the identity operator, we would solve

the following eigenvalue problem:

[Z]Un] = vl
(2.11)

The eigenvalues and eigenvectors would in general be complex, and since [Z] is
symmetric, the appropriate orthogonality properties on the surface S defined by [Z] hold.
Alternatively, let us consider the operator R as our weighting function. Our eigenvalue problem
becomes:

[Z1Un] = v [R]Ux]
(2.12)
10



Expanding the operator Z and making the substitution vy = 1+ jin
[R +jX1Un]l = (1 + jA)[R][Jn]
[R] + j[X1Un] = (IR1Un] + jA) R[]
Canceling like terms, we arrive at the weighted eigenvalue problem:
[X1Un]l = 2n[R1[Jn]
(2.13)
Since X and R are real symmetric operators, the resultant eigenvalues and eigenvectors will be
purely real. We therefore consider the eigenvectors [J,] to be the modal currents or eigen
currents for the perfectly conducting surface S defined by the operator Z. The significance of
the eigenvalues will be discussed shortly.

2.1.3. Characteristic Modal Currents and Normalization:

Since the operators R and X are real symmetric and hence Hermitian, we recognize the
following orthogonality properties of the eigen currents with respect to the symmetric and inner

products:

<]m R]n) = (Im*-R]n)
(]m 'X]n) = (]m*-X]n>
(]m 'Z]n) = (]m*-Z]n>

(2.14)

11



where m # n . If the characteristic mode currents are normalized, we can generalize the
orthogonality relationships via:
Un -RIn) = Um -RIn) = Smn
Un - XIn) = U XJn) = nbmn
Un -ZJn) = Um"-ZJn) = (1 + jAn)6mn
(2.15)

where Omn is the Kronecker delta (0 if m#n, 1 if m=n). All
subsequent derivations within this thesis assume normalized current.

2.2 Theory of Charactreistic Mode for Microstrip Patch Antennas
In TCM, Microstrip antenna problem can be formulated as scattering Problem
where the surface current distribution on perfectly conducting radiating structure ’S’ can be
obtained using equivalence principle as shown in Fig. which suggests that in absence of the
radiating patch S, the fields due to the impressed current Ji are Ei and Hi [34]. These fields
are calculated in presence of the infinite grounded dielectric. Thus, a corresponding EFIE

(Electric field integral equation) would read,

E=[ff, Ji-G dv; (2.16)
where G is the dyadic Green’s function for the current source Ji radiating in presence of the
grounded dielectric. Let Es and Hs be the electric and magnetic fields, respectively,

due to the equivalent patch surface current Js. The EFIE gives a result similar to (5) that reads,

E=f[. J;.G ds (2.17)

12
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Fig.2.2. Microstrip antenna as a scattering problem.

The unknown current Js=nxHs on the patch surface S, and n is the normal to S. The G
in (2.17) is the same as in (2.16), implying that Js radiates in presence of the grounded
dielectric.

The enforcement of the boundary conditions on S gives the integral equation:

—E |tan = —E,|tan = —L(E)iltan
=-2(J;) =-R()-ix(s) (2.18)
In (2.18) Z is the impedance (continuous) operator. It has been shown in [33, pp. 48—49] from

the Poynting power balance equation, minimization of the following functional:

X(Js).Js*) _ Pstored
R(Js)Js*) Prad

F(Js) = 2 (2.19)

Psiores=w [[ff,, [u|H|2 — p|E|2] drv

Prad:ffs EXﬁﬁdS
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The minimization of (2.19) can be carried out through the use of Lagrange multipliers and has
been worked out in detail in [38, pp. 19-23]. The final result of this procedure is the generalized

eigenvalue equation.

X(Jsn) = 2,R(Jsn) (2.20)

In (2.20), the Jn s are the values of the surface current Js at the extremas associated with the nth

Lagrange multiplier _n. The surface current is expanded in the form, [28, Eq. (25)], [29, Eq. (2)]

J=Zn tnJsn
Js"=X =1 LY, (2.21)
The final result is to calculate the eigenvalues and the eigenvectors in (9) via the resulting discretization

of the continuous impedance operator Z in (7). The matrix eigenvalue equation is then given by :

[X-2,R][1]=0 (2.22)

The various terms in (11) can be found in [29, Egs. (5)—(9)] and are omitted here for brevity. where 4,,
refers to n™ eigen

max(Wen, Winn)

Q,=2w > (2.23)
rn
Replacing values of W,»and We,, from [31] Qn will become
* aXn
Qn = 5[] [ (52) ] 1] (2.24)
where X is [30]
X =20W,, —W,) (2.25)
and from [19] nth eigenvalue has the form
n =20(Wyn — Wer) (2.26)
So,now Qn can be written as
* dAn
Qn = 5[] [ (52) 4n] [1a] (2.27)
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which shows that although current modes are frequency dependent but for very small value of 4,, for

n" mode, energy stored and Qn will be small fractional Bandwidth of antenna is defined as [41]

L
Qn
which shows that smaller the value of Qn, greater will be the bandwidth contributed by n™ mode in

BW, (2.28)

total bandwidth of antenna at specific frequency.

2.3 Summary

We have introduced various modal theories, all of which have the critical property
of far-field orthogonality. All formulations can be cast into a moment method formulation,
which will prove useful when analyzing and designing antennas with the modal theory.

In sections 2.1.1 we discussed the Characteristic Modes (or CM for short). Upon
analyzing any arbitrary surface, the computed modes had far-field pattern orthogonality and
the ability to expand any surface current on said structure using the modal currents. The modes
are computed by solving a generalized eigenvalue problem. The eigenvalues form a useful
diagnostic quantity that judges modes suitability for radiation purposes. Moreover, we
discussed how one can compute the power radiated and net energy stored associated with each
mode in the CM spectrum. This allows us to judge how well we distribute power among the

modes given an arbitrary excitation.
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CHAPTER 3
DESIGN OF UWB U-SLOT LOADED ANTENNA AND CHARACTREISTIC MODE
ANALYSIS

3.1 Introduction

The U-slot microstrip patch antenna [32]-[34] is probably the most useful,
practical wideband design ever conceptualized that has witnessed several applications
[35]-[39] and spawning of other wideband design topologies starting with the basic U-
slot topology. The resources necessary for prototyping a U-slot patch are probably of the
same order as required for a traditional probe-fed rectangular patch [40], [41]. While a
recent comparison [42] showed that the U-slot patch exhibits superior bandwidth
performance, the information gleaned from its circuit analysis [43], or full-wave
simulation and experimental results in [44], cannot directly be used for initiating the
design of the U-slot microstrip patch from a nominal set of specifications. To that end,
information on the design of U-slot patch antennas still remains mostly empirical [34],
[46], [47], implying that the limitations of these design methods are not fully understood.
Incidentally, the recent studies on the cross-polarization of U-slot patch antennas [45]
successfully utilize the empirical design techniques in [46].

The analysis of U-slot in [48] and [49] is more robust than [43], since the input

impedance calculation of a probe-fed U-slot is based on segmentation analysis [39],
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involving Green’s functions for rectangular patch. The major difference between [43] and
[49] is that the effects of the substrate permittivity and thickness, in terms of surface wave
losses, can be accounted for in [49] through the appropriate expression of the quality (Q)
factor. However, even this distinct work does not provide the flexibility for initiating the
design of U-slot, as in [46] and [47].

Recent investigations on antenna performance appraisal have focused on
characteristic (eigen) mode analysis (CMA) [50]-[56]. CMA is successfully applied for
the analysis of planar structures [54] and helps in designing and improving certain
characteristics of antennas, e.g., producing circular polarization in U-slot [52], improving
the bandwidth of Planar Inverted-F Antenna [55], and so on. Probably one of the earliest
applications of CMA was reported in [57]. CMs represent scattering from an object
intrinsic to its shape, size, and constitutive electrical parameters when illuminated by an
electromagnetic wave [58]-[60]. The CM theory and its various important applications,
emphasizing the use of method of moments (MoMs) [61] in the computations, are best
summarized in [63]. Recently, the CM theory has been adapted for use in conjunction with
combined field integral equation [64] and fast multipole algorithms [65].

The theoretical background of CM is best covered in [69, Ch. 2], following the
fundamental theory in [62]. The implementation and the applications of CM have recently
been described in [63], [70], and [71]. However, CM has conventionally been used for
electrically small or resonant structures; subsequent work in [66] suggests that microstrip
patch antennas (that has electrically large grounded substrates) can be analyzed through

the use of appropriate layered media Green’s function [63, Ch. 3]. The works reported in
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[72]-[74] are not directly CM but issues, such as bandwidth, quality factor (Q), and
currents, can be analyzed through the CM theory.

This chapter presents a comparative analysis of the existing empirical design
techniques for U-slot using the commercially available software FEldberechnung fur
Korper mit beliebiger Oberflache (FEKO) [68]. In addition, a new design methodology is
proposed and experimentally verified that combines the salient features of the existing
design techniques and also provides substantial savings in prototyping of U-slot patch.
The CM theory is applied to gain insight into the modal behavior of the two existing
empirical design techniques [46], [47] of U-slot and the newly proposed technique.

3.2 Existing Empirical Design Techniques
The geometry of U-slot antenna for both design techniques is shown in Fig. 1,

which were simulated using MOM solver option in FEKO [68]. The detailed analysis of

both design techniques has been done on four different substrates, which are as follows.

1) (e, = 2.2; h = 3.175) mm, (hv/" &, /. = 0.1245).
2) (¢, = 3.27; h = 5.08) mm, (hv/ &,/ = 0.1536).
3) (¢, = 4.4;h = 7.62) mm, (v &,/1 = 0.2078).

4) (5, =9.8; h = 12.7) mm, (v &,/1 = 0.3313).

The above four designs cover a wide range of thicknesses and dielectric constants.
For substrates in 1) and 2), #/42 ~ 0.084, and for substrates defined in 3) and 4), #/2 = 0.1. The
various substrate thickness values were obtained from the manufacturer’s (Rogers Corp.) data

sheet.
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Fig.3.1. U-Slot Loaded Microstrip Patch

3.2.1. Method of Dimensional Invariance [16]

This empirical design technique is based on the observation that for a

symmetrically located U-slot, with respect to the rectangular patch, its dimensions remain
invariant or bear a constant relationship between them, as shown in Table3.1. The ¢, =1
(air/Rohacell) [1], where W/L = 1.385, is an exception, because in this case, no surface waves
are excited. Beyond &,= 9.8, no data are provided in Table 3.1 increased surface wave losses
resulting in reduced radiation efficiency.

To gainfully utilize the information in Table 3.1 for initiating the first-pass design

of a U-slot, one notes that all that is needed is the length, L, of a rectangular patch of overall
dimensions WxL, as shown in Fig. 3.1, following the procedure in [71, pp. 265-268] and [41,
pp. 60-61]. One can then determine the remaining dimensions of the symmetrically located U-
slot in Fig. 3.1 using the invariance in the ratios of the dimensions provided in Table 3.1 [77].
An improvement in bandwidth can be achieved choosing a ratio of W/L = 1.5 [40, p. 290], and
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this is demonstrated from the return loss results shown in Fig. 2. This increase in bandwidth is

evident by the following relation [40, p. 283, eq. (4.72a)]:

w
BW o« —
L

(3.1)

Return Loss (dB)

= =1 5L

-20 : : : :
2.5 3 3.5 4 45 5
Freguency (GHz)
Fig.3.2. Return loss of U-slot antenna using DI on (&= 4.4; h = 7.62 mm) using infinite

ground plane.

An important consideration for wideband patch design is the optimization of probe
location. The first-pass design, as mentioned earlier, does not contain this information. This
optimization process increases the cost of the design cycle and may also markedly affect the
cross-polar components in the radiated field, because probe location affects patch surface

current distribution, which could radiate undesired cross-polar fields.
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Table 3.1: U-slot microstrip patch antenna dimensions [47] (© 2003 ACES)

1.00 1.765 1.515 0.835 4.237 0.13 3.203
2.33 1.383 1.445 0.777 4.5 0.144 2.573
3.27 1.383 1.443 0.772 4.49 0.147 2.568
4.0 1.385 1.443 0.776 4.51 0.144 2.573
4.5 1.382 1.440 0.771 4.53 0.1441 2.566
6.0 1.382 1.440 0.771 4.54 0.144 2.583
9.8 1.384 1.438 0.777 4.48 0.144 2.568

3.2.2 Resonant Frequency Method [15]

This technique is based on the simultaneous excitation of multiple resonant
frequencies (ResFs) of U-slot antenna for broadband response [76]. The design method works
well for low-permittivity and thin substrates identified in 1) and 2). The ResF method stipulates

that the patch design is physically realistic if

b>0and L— Ls>b.

3.2)
As &, and thickness increase, difference between L and Ls decreases, which in turn decreases
b. This feature arises due to the nature of the design relations available in [76]. For high
permittivity and thicker substrates, such as in 3) and 4), the condition in (2) is difficult to be

satisfied for the adjustable ratios.
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These two ratios are a part of the design methodology for U-slot patch antenna, available in
[76, Sec. I, step 9)]. As shown in Table 3.2, for higher permittivities ( €,= 9.8), the second
condition in (2) is not satisfied, even for permittivity (e,= 4.4), it is satisfied for very small
value of b. This suggests that the realization of the broadband characteristics of a U-slot patch
antenna is difficult using the ResF method [76] for higher permittivity substrates.

Table. 3.2. ResF method for electrically thicker substrates and high dielectric constants (©

2016 IEEE)
€, h Lg—t Ls—t L-Ls-b b fres4-fres2
w Ws
9.8 12.7 0.47 - -2.4 0.067 50%
9.8 12.7 - 0.75 -3.6 0.0611 50%
4.4 12.7 0.40 - 1.62 0.154 35%
4.4 12.7 - 1 1.07 0.447 35%

To extend the ResF method [76] to higher permittivity substrates, e.g., 3) and 4), the first

condition in (2) is altered by choosing a = b, where a shown in Fig. 3.1, and then to recalculate

Ls=L-2xD

(3.3)

Thus, the proposed modification to [46] requires one to determine the parameter Ls in Fig. 3.1

directly, and hence, the second criterion in (2) is modified to read
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L-Ls—b=a

(3.4)
In Table 3.3, bandwidth comparisons between the original and modified dimensional
invariance (DI) and ResF design methods [referred to as DI (mod) and ResF (mod) in all
subsequent sections] are shown for low- to high-permittivity substrates. The significant
improvement in bandwidth is observed for a U-Slot patch designed on €, = 9.8 substrate, via
the modified ResF method, as shown in Fig. 3.3. The modification to the original DI method
was to use W/L = 1.5

Table. 3.3. ResF method for electrically thicker substrates and high dielectric constants (©

2016 IEEE)
€, h Dimensional Invariance [47] | Resonant Frequency [46]
(Original) (Modified) (Original) | (Modified)
2.2 3.175 26.4% 27.52% 26.9% 26.9%
3.27 5.08 18.91% 26% 22.2% 26%
4.4 7.62 17.64% 23% 19% 20.81%
9.8 12.7 25.8% 26.67% 0% 36.9%

For the ResF method, the design modification has been described in the preceding
paragraph. By comparison, the corresponding bandwidth results for the DI method are
relatively stable, because DI design ratios are independent of the substrate electrical thickness
and dielectric constant. However, one common drawback in both the methods is that probe
location optimization is necessary to obtain an initial U-slot patch design, which increases

optimization cycles and consumes time depending upon machine’s specifications.
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Fig.3.3. Return loss of U-slot antenna using ResF (mod) on (€, = 9.8; h = 12.7 mm) using an
infinite ground plane.

3.2.3. Dimensionally Invariant Resonant Frequency Method

This new design technique is developed here by combining both above-mentioned
design techniques, such that minimal optimization of feed location is needed to get optimum
bandwidth.

Design Procedure: A flowchart of combined technique, dimensionally invariant ResF
(DIResF) method, is shown in Figure 3.4, and the step-by-step design procedure of U-slot
antenna is described as follows.

1) Start with the ResF method [46, Sec. IlI, step 1)], by choosing the substrate &,., thickness h,
and the desired (resonant) frequency f res3. Select %BW = f res4 — f res2. Experience suggests
that it is safer to choose wider 2:1 VSWR bandwidth than desired.
2) Calculate, following [60, Sec. I11], all other patch dimensions.
3) Select Ls , such that according to [76, Sec. Ill, step 9)]
4) The above selection should fulfill the following three conditions.

a) b>0.

b) We use the information in Table 3.1with the modification
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Note that this criterion provides a range of values for Ls/b instead of a fixed number
that adds flexibility to the design process.
c) CheckifL—Ls—b>0.
If the selection of Ls does not satisfy above criteria make b = a.
5) The criterion 1.37 <L/ Ls < 1.49 is now invoked from the information in Table 3.1. Again,
a range of values is obtained here, which like in step 4) adds flexibility to the U-slot patch
design.
6) If according to the flowchart in Figure 3.4, the initial design is completed, simulate the
design using an appropriate RF software tool, such as FEKO [68] but with the probe location

at the center of the patch (x, = 0 and yp, = 0).

Design U-Slot using
ResF such that
b>0&

3.5 <= < 6.0

NO_,. Make
b=a

Impedance
matching

Antenna design
complete

Fig. 3.4. Flowchart of DIResF technique.
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Note that information in [46] and [47] has been used in steps 1)-3) and steps 4) and 5),
respectively. This approach provides the best values for Ls and b, and insures realistic design
values for all substrates and thicknesses. It is also observed that impedance matching can be
controlled by adjusting ratios within those ranges, and hence, feed position is not needed to be
optimized for most topologies. Optimum bandwidth and gain pattern at feed position (x, = 0
and y, = 0) reduce computational and optimization time. However, it is not a single value ratio,
but the small range of ratios that give optimum results. Simulated and measured results to

validate this technique are discussed in next section.

3.3 Simulated and Experimental Results

U-slot antenna is designed and simulated for all substrates mentioned in.Tables 3.4—
3.6 cover the design values, dimensional ratios, and % bandwidth for DI, ResF, and DIResF.
In DI and ResF, feed position needs to be optimized specially for thicker substrates and higher
dielectric constants to get broad bandwidth.

Table 3.5 shows the fixed ratio for Ls/b and L/Ls for all substrates for the DI method.
In Table 3.5, for the ResF method, one finds that the variation in the range of ratio Ls/b is very
large with the increase in substrate thickness and €, , i.e., 3.1 < Ls/b < 15.9; in contrast from
Table 3.6, 3.8 < Ls/b <5.13, which is within the specified range shown in Figure 3.4. It can
also be observed that % bandwidth for DIResF is more than both existing design methods
without optimization of feed location for most cases and slight optimization for 4). Impedance
bandwidth behavior for all three methods has been compared in Smith chart plots in Figure
3.5, where the best impedance match is obtained for DIResF among all methods even for

thicker substrates and higher dielectric constants.
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Table. 3.4. ResF method for electrically thicker substrates and high dielectric constants (©

2016 IEEE)
e | h A |L w Ws t b (xp,yp) | rp L Ls | %BW
Ls b
2.2 | 3.175 | 37.5 | 10.0793 | 15.1189 | 7.5624 | 0.8461 | 1.6805 | (- 0.3 ]1332 |45 | 2752
0.1,0)
3.2 | 5.08 | 59.8 | 13.1751 | 19.7626 | 9.8979 | 1.1060 | 2.1947 | (0.2,0) | 0.5 | 1.331 | 45 | 26
4.4 | 7.62 76.9 | 14.6198 | 21.9296 | 10.9832 | 1.2273 | 2.4353 | (O,- 0.3]1331 |45 |23
2.2)
9.8 | 127 | 120 | 14.1499 | 21.2249 | 10.6125 | 1.1874 | 2.3689 | (2.3,0) | 1 1.333 | 4.47 | 26.67

Table. 3.5. ResF method for electrically thicker substrates and high dielectric constants(©

2003 IEEE)
€ | h A |L w Ws t b (xp,yp) | rp L Ls | %BW
Ls b
22 3175|375 | 102 19 6.2 06 2 - 03[ 14166 | 36 | 26.9
0.5,0)
32 [ 508 |59.8 | 13.3936 | 24.7688 | 9.6644 | 0.9953 | 1.3358 | (1,0) | 0.6 | 1.385 | 7.23 | 26
441762 |769 | 14.0568 | 27.4847 | 10.6764 | 1.2812 | 1.6902 | (- 0.3 [ 13166 | 631 | 20.8
0.3,0)
9.8 [ 127 | 120 | 13.1345 | 28.7296 | 11.6683 | 1.9986 | 0.7331 | (2.3,0) | 1 | 1.125 | 15.9 | 36.9
Table. 3.6. ResF method for electrically thicker substrates and high dielectric constant(©
2003 ACEYS)
€ h A |L w Ws t b (xp,yp) | rp L Ls | %BW
Ls b
22 [ 3175375102 19 6 06 18181 | (00) |03 148 [378]285
32 [ 508 [59.8 133936 | 24.7688 | 9.6365 | 0.9953 | 2.0857 | (0,0) | 0.6 | 1.452 | 4.42 | 29.7
44 | 762 | 769 | 14.0568 | 27.4847 | 11.2567 | 1.2812 | 1.9975 | (0,0) | 0.3 | 1.397 | 5.03 | 25.9
9.8 127 | 120 | 13.1345 | 28.7296 | 18.9436 | 1.9986 | 1.8418 | (0.50) | 1 | 1.3897 | 5.13 | 37
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Fig.3.5. Comparison of simulated results of impedance matching between DI (mod), ResF
(mod), and DIResF. (a) €, =2.2; h=3.175mm. (b) ¢, =3.27; h=5.08 mm. (¢) ¢, = 4.4, h =

7.62 mm. (d) €, =9.8; h=12.7 mm.
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To experimentally validate the three empirical design approaches, three probe-fed

U-slot microstrip patch antennas were fabricated on (e, = 4.4; h = 11.811 mm, keeping the

same hy' €, /4 as in case 3). The thicker substrate was chosen due to maximum frequency limit

in available measurement facility. Second, this thickness was readily available and less costly
than other customized FR4 substrate panels. The antennas were experimentally characterized
for return loss and boresight gain versus frequency. In Fig. 3.6, the designs are shown
pictorially. The dimensions of the three U-slot microstrip patch antennas are provided in Table
3.7. The corresponding results for return loss are shown in Fig. 3.7(a)-(c). Fig. 3.8(a)—(c)
shows the boresight normalized gain variations with frequency. In all these cases, the
simulations were carried out using the FEKO software [68].

One observes excellent agreement for the return loss data in Fig. 3.7 for the three
cases obtained for the case of DIResF, which has the widest bandwidth (31%). The simulated
[68] peak boresight gain for all three design methods is 5 dBi, which was normalized to 0 dBi
in Fig. 3.8(a)-(c), because the EM Scan system used in measurements produced only
normalized gain patterns. The boresight gain patterns show diffraction effects due to the edges
of the finite size grounded dielectric substrate. The diffraction effects can be accounted for
using the formulation in [76], whose implementation is presently beyond the scope of this
paper. However, the overall agreement is acceptable.

Table 3.7. U-slot patch designs: €, =4.4and h=11.811 mm (h\/e,- /4 = 0.208). All dimensions
in mm(© 2016 IEEE)
Methods | L w Ls Ws t b (xp,yp) | rp L Ls

Ls b
DI(mod) 22.6 33.9 16.9 13.2 1.89 3.61 (5.1,0) | 0.65 1.34 4.6

Resf(mod) | 21.7 | 42.5 17.3 19.8 198 | 131 | (2,0 0.65 125 |13.2
DIResf 21.7 | 425 15.3 19.8 198 |32 (0,0) 0.65 141 |5.25
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Fig. 3.6. Three prototypes of the probe-fed, U-slot microstrip patch antenna on €,= 4.4 (FR4)

and h = 11.811 mm, finite, grounded dielectric substrate.
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Fig.3.7. Measured and simulated return loss on (€,= 4.4; h =11.811 mm) for (a) DIResF, (b)
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DI (mod), and (c) ResF (mod).
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Fig.3.8. Measured and simulated normalized boresight gain (e, = 4.4; h = 11.811 mm) for (a)

DIResF, (b) DI (mod), and (c) ResF (mod)

3.4. Modal Analysis of U-slot Microstrip Patch

CMA for U-slot is carried out for all three-design methods by considering
PEC-backed infinite dielectric substrate. Parametric analysis of these design methods helps in
understanding their modal contributions for achieving optimum U-slot design. All simulations
were done using the commercially available software FEKO [68].

Normalized current distribution of the first six modes of this U-slot antenna
on FR-4 substrate with infinite ground is shown in Fig. 3.10. Mode J1 shows the horizontal

current distribution which is orthogonal to the direction of main radiating edges (horizontal top

31



and bottom), and can deteriorate polarization purity if it contributes to the bandwidth [46].
Mode J2 shows the vertical current distribution along the x-axis that is intense around the U-
slot. Mode J3 shows the intense vertical current confined within the U-slot. Broadband
behavior can be observed if modes J2 and J3 contribute to the total impedance bandwidth, but
J3 deteriorate polarization purity due to horizontal currents outside the U-slot. Mode J4 does
not contribute to the bandwidth because currents tend to cancel each other. Mode J5 is higher
order vertical current mode, which is rarely, found to be present in case 3) for DI case and can
contribute to the bandwidth. Mode J6 is horizontal currents flowing out in opposite direction
from the vertical arms of U-slot. It can be noted that higher order modes contribute in

deterioration of gain due to currents in the horizontal direction.

3.4.1. Modal Analysis of Dielectric Thickness (hv €../A)

Modal behavior of all design methods on different dielectric thicknesses is shown in
Fig.3.11 through modal significance. Modal significance is defined as [57].

1
1+ji,

MSn:|

(3.5)

Modes with A, — 0 give MS, = 1, and are good radiators [54]

Table 3.8 shows the modes contributing in total antenna’s bandwidth for four cases

(mentioned in Section I1) in all design methods.
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Table 3.8 Modes contributing to the total bandwidth

€r h(mm) Di(mod) | ResF(mod) | DIResF
2.2 3.175 J3,J4 J3,J6 J3,J5
3.27 5.08 J2,J4 J2,J4 J2,J4,36
44 7.62 J1,J2,33 J2,J3 J2,J3
9.8 12.7 J1,J4 J2,J3 J1,J3

)
Fig. 3.10 First six CMs of the probe-fed U-slot microstrip patch antenna on (e, =4.4; h=

7.62 mm), at a frequency near the resonance of each mode. (a) Mode J1. (b) Mode J2. (c)

Mode J3. (d) Mode J4. (¢) Mode J5.(f) Mode J6.
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These four designs cover the wide range of dielectric thickness, i.e., 0.12 <h v €, /4 < 0.33.In

general, ResF modes radiate at lower frequencies than DI for all substrates and DIResF tends
to radiate in the middle of the two. In ResF, first mode (J1) is far from the second mode (J2)
than in DI, which suggests simultaneous excitation of J1 and J2 is difficult in ResF than in DI.

In first case 1), two modes simultaneously contribute to the bandwidth for all three
design methods. Wider bandwidth is observed for a new method DIResF, because J3 and J5
for this method radiate at lower frequencies than other two methods, which increases %
bandwidth, as shown in Fig. 3.11(a). For case 2), J2 and J4 are the contributing modes for all
methods except for DIResF, in which J6 is also contributing. Current modes in DI radiate at
higher frequencies than ResF, as shown in Fig. 3.11(b) that is why ResF for DI is higher than
ResF. In DIResF, wider bandwidth is observed than other two methods, because J2 radiated
almost at the same frequency as J2 of ResF but J4 radiated near to DI’s J4.

Similarly for case 3), J2 and J3 are the contributing modes and J2 of DIResF is
excited at lower frequency which is almost the same as ResF, as shown in Fig. 3.11(c), while
J3 is excited at the same frequency as J3 of DI, which shows that this method act like ResF at
lower ResF, and at higher order mode, it behaves like DI. Hence, the combination of two design
methods results in increasing the total impedance bandwidth. Finally, for case 4), J1 and J4 for
DI, J2 and J3 for ResF, and J1 and J3 for DIResF, respectively, contribute to the total
bandwidth. It has also been observed that for case 4), abrupt anti-resonance is observed
(defined according to [41]) for a few current modes in all design methods. This anti-resonant
behavior is due to impedance mismatch which is induced due to thick substrate (d = 0.14), high
dielectric constant, and probe feed inductance which is apparently not countered with the U-

slot’s capacitive reactance [32].
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Fig. 3.11. Modal characterization of U-slot for different substrates and dielectric constants: Modal

significance vs hv' €,/A
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3.4.2. Modal Analysis of Feed Position Variation

Optimum feed position can excite more than one mode at the same time to give
ultrawide bandwidth. The total current distribution on the surface of antenna can be constructed

out of set of orthogonal modes [28]

_ N Vi O U ED
I—Z“n’n—men— SEES

(3.6)

where a; is the nth excitation coefficient of the nth mode, which shows that a, of only a few
modes, which have small eigenvalues, can contribute to total radiated field at a specific
frequency [44]. V n is the modal excitation coefficient which account for the way of position,
magnitude, and phase of feed effect on each mode contribution to the total current [23].

The effect of antenna feed can be shown through input admittance at feed point

(P) [22]

Vin(P) :
Yin [P] = Zn 1+, (1 - ]}\n)

(3.7)

which is the sum of modal admittances at that point [25]. The effect of feed position is analyzed
on (e, =4.4; h =7.62 mm). Optimum feed position for ResF is in the direction of vertical
currents, i.e., x-axis, exciting two modes simultaneously to give wide bandwidth. It can also
be seen in Fig. 12(a), which shows the real part of total admittance and contribution of modal
admittance in the total admittance of U-slot, that J2 and J3 are contributing to the total

admittance. Here, J2 and J3 are the vertical current modes, as shown in Fig. 3.11, which is why

cross-polar component is less than —40 dB, as shown in Fig. 3.14.
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Fig. 3.12. Contribution of modal admittances (Yn) to the input admittance (Yin) for (a) ResF

(mod) at xp=-0.3, yp=0 (b) DI (mod) at xp=0, yp=-2.2 (c) DI at xp=-0.7, yp=0.
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Fig. 3.13. Mode J2 current distribution on (e, = 4.4; h = 7.62 mm) at feed position. (a) xp =

Ommandyp=—22mm. (b)xp=—0.7mmandyp =0 mm.
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As shown earlier in Fig. 3.11(b) that J1 is near to J2 in DI than other design
methods that is why it can contribute in bandwidth along with other modes by optimizing feed

location in its current’s direction, i.e., y-axis. Optimized feed location in the y-direction is yp
= —2.2 mm that excites three modes J1 (horizontal current mode), J2, and J3 simultaneously,
as shown in the admittance graph in Fig.3.12(b). Contribution of three modes increases the

bandwidth but this feed position produces diagonal currents for mode J2, as shown in Figure

3.13(a), which deteriorates the polarization purity, as explained in [4].
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Fig. 3.14. Boresight gain versus frequency for on (e, = 4.4; h = 7.62 mm) for DI (mod),
ResF (mod), and DIResF.

3.4.3. Modal Analysis of Probe Radius Variation

Probe radius also affects impedance matching in straight probe-fed microstrip
antennas. The selection of probe radius depends on two factors: one is the best impedance
matching and the other is the standard available probe radius for measurement. Increase in
probe radius decreases probe’s inductive reactance [9], which affects the impedance matching
of probe-fed antenna especially for thicker substrates.

The effect of probe radius is analyzed using TCMs on (e, = 4.4; h = 7.62 mm)
for all design methods. The contribution of current modes in total bandwidth is shown by
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VSWR. The effect of change in probe radius on DI is shown in Fig. 3.15. The bandwidth of
contributing modes (J1-J3) is increased with the increase in probe radius, but total VSWR
deteriorates due to mismatch caused by the reduction in inductive reactance of the probe.

In ResF, J2 and J3 contribute in the total VSWR for the probe radius of 0.3 mm,
as shown in Fig. 16. The increase in the probe radius from 0.3 to 0.65 mm increases the
bandwidth of modal VSWR’s, which causes the increase in total bandwidth, but further
increase in probe radius to 1 mm excites higher order modes J4 and J5 instead of J3, which
deteriorates impedance matching.

DIResF shows the best behavior for all probe radius among all design methods,
as shown in Fig.3.17. It shows good impedance match for thin probes like DI, but with the
increase in probe radius, higher order modes J4 and J5 contribute along with J2 to the total
bandwidth like ResF but impedance match is better than the ResF case. Hence, the increase in
probe radius introduces new higher order modes to contribute in total bandwidth and also

affects impedance matching due to the change in probe’s inductive reactance.
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Fig 3.15 Contribution of modal VSWR to the total VSWR on (€, = 4.4; h =7.62 mm) for

ResF(mod) at probe radius (a) 0.3 mm, (b) 0.65 mm, and (c) 1 mm.
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Optimum slot thickness is important for broadband behavior of U-slot, as variation

in slot thickness changes impedance matching [12] without introducing new modes. The effect

of slot thickness on U-slot is analyzed on ( €, = 4.4,h =7.62 mm) for all design methods. CMA

shows the contribution of modal VSWR of participating current modes (J1-J3) in total VSWR.

Current modes for DI method shows the best behavior at designed value, as shown

in Fig. 18, while for thinner slot width, lower order mode J2 contributes more than higher order
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mode J3, and as slot width increases, the contribution of J3 increases. Similar trend is observed
in ResF, as shown in Fig. 3.19, but for thinner slot width, impedance matching is poorer in

ResF than DI, and for thicker slot width, impedance matching is better than DI.
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Fig. 3.18. Contribution of modal VSWR to the total VSWR on (e,= 4.4; h = 7.62 mm) for DI

(mod) at slot width (a) 0.5 mm, (b) 1.28 mm (designed value), and (c) 2 mm.
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Fig.3.19. Contribution of modal VSWR to the total VSWR on (e, = 4.4; h = 7.62 mm) for

ResF (mod) at slot width (a) 0.5 mm, (b) 1.28 mm (designed value), and (c) 2 mm.
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Fig. 3.20. Contribution of modal VSWR to the total VSWR on (g,- = 4.4; h = 7.62 mm) for

DIResF at slot width (a) 0.5 mm, (b) 1.28 mm (designed value), and (c) 2 mm.
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3.5. Summary

In this chapter, a new empirical design method DIResF for probe-fed U-slot
microstrip patch is developed here, combining the features of the existing design methods, i.e.,
DI and ResF in such a manner that wideband design can be achieved with minimal or no
optimization of probe location. Performance analysis on different substrates reveals that the
ResF method works well for low-permittivity and electrically thin substrates, while the DI
method works for a much wider range of substrates that are rather arbitrary compared with the
ResF. CMA of these methods was carried out with the motivation to understand the modal
contributions for achieving wideband designs. CMA for U-slot designs on various dielectric
thicknesses indicated that the current modes of DI tend to resonate at higher frequencies than
ResF. This difference in modal nature is effectively combined in DIResF technique, because
at lower frequency, it resonates near to ResF lower order mode and follows DI pattern at high
frequencies to provide the widest 10-dB return loss bandwidth. CMA of feed position for ResF
and DI methods shows that bandwidth enhancement due to the excitation of orthogonal current
modes can degrade polarization purity, while DIResF gives the best Cross Polar Discrimination
without optimizing the feed location. Modal analysis of slot width shows that its variation
affects the contribution of participating modes without introducing any new modes for all
methods, but DIResF gives optimal design at slot width’s design value than other two methods.
In all the three cases, an increase in probe radius was seen to introduce higher order modes
with an increase in bandwidth. Relevant experimental results for all the three designs have
been included which validates the preceding observations. It is thus concluded that DIResF
generates the best initial U-slot design that requires minimal optimization for realizing

wideband performance.
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CHAPTER 4

ANALYSIS OF REACTIVE LOADING IN U-SLOT MICROSTRIP PATCH
USING THEORY OF CHARACTERISTIC MODES

Reactive loading of certain parts of an antenna is a powerful technique to control its
impedance behavior with respect to the desired frequency bands of operation. Different
methods have variously been described in basic microwave literature [1]. The most basic
methods simply refer to controlling the entire current distribution on the antenna by reactive
elements. More advanced methods such as Theory of Characteristics Modes refers to a modal
decomposition of the current distribution of antenna into real wave modes and real value
frequencies [2].

TCM has shown promise as a systematic antenna design tool that can not only analyze
the antenna designs but can provide a more fundamental understanding of loaded antenna
operation [74]-[76]. In [77], a methodology is presented to find a continuous reactive load
distribution on the surface of a PEC antenna structure in order to change the resonant
frequencies of the characteristic modes. The authors in [78] have presented some techniques
to modify the eigenvalues of the characteristic modes and the impedance behavior of the
feeding port. TCM analysis of a loaded dipole has been reported to show that higher order
modes strongly contribute along with dominant mode as the loading magnitude is increased
[79]. In [80], a method to reconstruct the characteristic modes on an antenna from the radiated
far field has been presented. In [19], the authors used TCM to provide some design guidelines

for the excitation of broadband slotted planar antennas.
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In straight probe fed U-Slot microstrip patch, slot loading and feed placement are the
most simple and convenient source of reactive loading [82]. A V-Slot is another type of slotted
antenna with non-zero arm angle [83]. The arm angle variation enhances its versatility to
control the impedance bandwidth. Analysis of inclined slot [82], and V-Slot loaded patch [84]
using circuit approach shows change in reactive loading due to slot width variation. Vertical
probe feeds are one of the commonly used feeds for planar micro-strip antennas because of
their simplicity and ease of fabrication. Optimal feed design and placement can simultaneously
excite multiple current modes for broadband behavior [86].

In this chapter, we present a novel optimization procedure for wideband U-Slot
antenna after its initial design has been realized in [86]. Optimization procedure use smith chart
information to move impedance loop in the middle by controlling reactive loads in U-Slot.
With the knowledge of the modal current distribution of the antenna, we have used feed and
slot perturbations to control reactive loadings intuitively in order to affect certain modes in the
desired way. The slot perturbations are introduced due to unequal variations in inner and outer
arm angles of the U-Slot.

This chapter is organized as follows. In Section Il, we revisit the TCM and
briefly explain the role of reactive loading on the modes. Section 111 describes the simplistic
circuit model of vertical probe fed U-Slot. In Section IV, influence of an arm angle on
characteristic modes has been discussed. Section V deals with TCM analysis of vertical probe
feed and shows how the feed placements affects the input modal admittance of the U-Slot.
Based on TCM analysis of feed and slot, optimization flowchart is proposed to improve

impedance matching of the broadband antenna.
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4.2. Influence of Reactive Loading on TCM

TCM is conventionally realized through the eigenvalue equation as

[X]{Ia] = Aa[R][In] (4.1)

where [X] and [R] are imaginary and real part of MOM impedance matrix Z and _n is the
nth eigenvalue of n" eigen vector In.
A reactive load distributed on the PEC surface of antenna structure influences the
above generalized equation as follows:
[X+ XL][In] = A4 [R][14] (4.2)

A,, is new n' eigen value of loaded system. Comparing above two equation:

[An] ﬁ] = Up (4.3)

R

XL can be capacitive and inductive as follows:

-1 (4.4)

ZT[fL, XL >0
XL=
X, <0

2nfc’

This effect of reactive loading on surface current distribution and eigen value
behavior of characteristic modes suggests that resonant frequency of characteristic modes can
be controlled by reactive loading of antennas. As, mode is resonant at frequency where An =
0, Hence, the increase or decrease in An directly affects the resonant frequency of current mode.

4.3. U-slot Loaded Microstrip Patch

4.3.1. Equivalent circuit Model of U-slot loaded micro-strip antenna

A simplistic equivalent circuit model of vertical probe fed, U-slot loaded
microstrip patch antenna can be modeled as a parallel combination of equivalent circuit of

patch and U-Slot as shown in Fig.4.2, where U-Slot loading acts as coupled resonator for
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microstrip patch antenna. U-Slot consists of two vertical slots and one horizontal slot.

Impedance of horizontal slot ‘Zns’ can be read as

Conducting
patch

Wertical Probe

Fig. 4.1. Symmetrically located U-Slot loaded microstrip patch (dashed line shows V-Slot i.e.

vertical arm at a=0°)

: PEtch | T I
N

Angular—SIc-T;-

Fig. 4.2. Equivalent circuit model of U-Slot loaded microstrip patch

Zus = Rus + jXHs (4.5)
and impedance of vertical slot ‘Zvs’ is
Zvs = Rys + jXvs (4.6)
with the total slot impedance ‘Zs’ is given by

Zs =2Zvs + Zns (4.7)
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Impedance of unloaded microstrip rectangular patch ‘Z;’ is:[12]

1
=477 (4.8)
R—1+](1)C1+ij1

The total input impedance ‘ZT’ of loaded patch can be described as [12]:

Zs + 71
ZsZ4

Zr =X, + 4.9

where Xp is probe reactance. The total impedance in (9) can be varied by change in Zs
and Xp. One of the convenient way of varying Zs i.e slot impedance is to change the arm angle
of vertical slots [77]. Non zero and equal arm angles of vertical slot converts U-Slot into V-
Slot which is another famous form of Slot loaded antennas. The simplest way to change the
feed impedance without affecting the design parameters is to change the feed location. Feed
location optimization is an important parameter of optimum U- Slot design.

A U-Slot loaded microstrip antenna is designed on €,=3.27, h=5.08mm ( hp(_r)_
=0.1536) using DIResF method [80] is shown in Fig.4.1. In U-Slot antenna, multiple
frequencies resonate simultaneously to give broadband behaviour as shown in Fig.4.3 for _ =
0o. In subsequent sections, we will analyse the influence of reactive loading due to

1) Arm angle

2) Feed location

on the characteristic modes of U-Slot loaded microstrip patch.
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Fig. 4.3. Return loss of U-Slot microstrip patch for different arm angles

patch

(@) (b)

Fig. 4.4. Modified U-Slot patch due to (a) inner arm angle variation (b) outer arm angle
variation.
4.4 Influence of Arm-angle on Characteristics Modes

An arm angle a_in U-Slot’s vertical arm can be defined as

a=tan 1% (4.10)

S
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where At = change in slot width. Effect of an arm angle ‘a’ on U-Slot can be seen in return loss
plot in Fig.4.3. It can be noticed that increase in arm angle increases bandwidth at the cost of
deterioration in lower resonance frequency matching. To get further insight into the effect of
an arm angle, it is divided into two arm angles i.e (i) inner arm angle a; and (ii) outer arm
angle a,.

4.4.1 Effect of inner arm-angle variation

To investigate the effect of inner arm angle, outer arm angle is fixed to zero as

shown in Fig.4(a). In this case the new slot width ti can be written as
t; =t — At; (4.11)

where change in slot width is

At; = Lgtana, (4.12)
The variation in ‘t;” affects over all impedance because ‘Xvs’ depends on ‘t’ [12]. It
can be observed in smith chart in Fig.4.5 that increase in arm angle _1 shifts impedance loop
to the capacitive region. There is a limitation in _1 variation i.e ti cannot be negative or Ati<t.
According to (3), capacitive loading (XL = -1/ (wC)), (i.e., a, variation here)
reduces eigenvalue or increases the resonant frequency of the mode. Modal behavior of U-Slot
is shown in Fig.4.6. For U-Slot (i.e., a = 0°) J2, J4 are participating current modes . Only few
current modes, with low eigen values, participate in impedance bandwidth. Other modes can
be neglected as their contribution to the radiated power is rather insignificant. As arm angle
increases, resonant frequency of participating current modes tend to increase. It can be noticed
that increase in resonant frequency for higher order modes is significant for all arm angles. For
a, = 0°,J4’s 1,,= 0 at 5.6 GHz while for (a; = 5.6°), J4’s resonant frequency is increased to

5.8 GHz. The significant effect of capacitive loading on higher order mode can be observed in
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return loss plot in Fig.4.7 where higher resonant frequency tend to increase significantly with

increase in arm angle.

Fig. 4.5. Impedance matching of U-Slot with inner arm-angle variation

It can be noticed that a4 variation tends to shorten the current path length as shown
in Fig.4.8(a) which contributes in increasing the resonant frequency of higher order modes
[13]. Return loss in Fig.4.7 shows that for inner arm angle a;= 4:34° bandwidth is maximum
because further increase in angle i.e., @; = 5.6° deteriorate impedance matching. Modal
behavior in Fig. 6 reveals that for an arm angle a,=5.6° higher order and lower order modes
are far from each other to contribute simultaneously in bandwidth.

0
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L
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Fig. 4.6. Modal behavior of U-Slot for inner arm angle variation.
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Fig. 4.7. Return loss of U-Slot with inner arm angle variation

Fig. 4.8. Surface current distribution of U-Slot (modified) patch at resonant mode for (a) _1

variation (b) _2 variation

4.4.2. Effect of outer arm-angle variation

An effect of outer arm angle variation is investigated by keeping inner arm angle
fixed as shown in Fig.4.4(b). Outer arm angle variation increases the width of a vertical slot ‘t’

and increase the current path length.

The new width of the slot ‘to’ can be recalculated as
51



to =t + Ato (4.13)
where At,
At, = (Lg + ttana,
~ Lgtana, ift <K Lg (4.14)
The smith chart in Fig.4.9 shows that increase in arm angle _2 adds inductive behavior in
total impedance of V-Slot.

As shown in (3), eigen values increases due to inductive loading (XL = IL),i.e., (
increase in _2). Eigen value behaviour of U-Slot in Fig.4.10 shows that eigen value of
contributing characteristic modes increases with increase in _2 which in turn causes _n to be
zero at lower frequency. This effect is more pronounced for lower order modes than in higher
order modes. J2 for _2 =00 resonates at 4.2 GHz while for _2 = 6:10 it resonates at 4.0 GHz .
It is also noticed in return loss plot in Fig. 11 that with increase in _2 impedance matching at
lower resonant frequency is reduced which results in narrower impedance bandwidth. For
example, for maximum arm angle _2 = 6:180 bandwidth is minimum. The structure of U slot
after _2 variation shows that current path is elongated around the vertical slot [78] as shown in
Fig.4.8(b) which may also be a reason to increase _ or reduces the resonance frequency of

modes.

1.0
Fig. 4.9. Smith chart of outer-arm variation in U-Slot.
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Fig. 4.11. Modal behavior of U-Slot for outer arm angle variation
4.5 Influence of Characteristics Mode on Feed Placement

The total current distribution on the surface of antenna can be constructed out of

set of orthogonal modes [2]

J = Xn tnJn (4.15)
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where a,, is the n'™ complex weight coefficient and can be defined as

Vi UnE)  Jn(P)
1+jAn 1+jAn 1+jAn

(4.16)

an

which shows that n of only few modes, which have small eigenvalues, can

contribute to the total radiated field at a specific frequency [79]. V I n is the modal excitation

coefficient which account for the way of position, magnitude, phase of feed effect on each
mode contribution to the total current [82].

For a voltage excitation of 1 V, the input admittance of the antenna at the feeding

point can be written as [80]:

YinlP] = 3, 220 (4.17)

which can be expressed as complex admittances of each mode as:

N N
Yin[P] =2Yn =an +jBy
n n

W) V(P
1+22 T T1+)2
n

Viln(P) . ;
=) i it = )l
n

n

(4.18)

where input admittance is the sum of modal admittances.
Modal admittance is composed of modal conductance G and suceptance B. Modal
currents ‘Jn’ and admittance are the function of feed point (P) position. Feed location can
optimize modal currents for desired performance. The new eigen value _ after optimizing feed

position can be written as [88]
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(4.19)

Feed location or feed point placement can control the eigen values of the

contributing modes. Probe feed adds a reactive load in series with the overall impedance of U-

Slot, as shown in Fig.4.2. To analyze the effect of feed position using characteristics modes,
probe feed location of the U-Slot is varied in xp and yp direction.

4.5.1 Variation in xp direction

When feed is moved in the direction of x-axis (vertical currents), impedance loop
got big and shifted to capacitive region as shown in smith chart plot in Fig.4.12 . It can be seen
in return loss plot in Fig.4.13 that as feed is moved from (0,0) to (0.5,0) higher order resonant
frequency is increased from 5.5 GHz to 6 GHz and lower resonant frequency decreased from
4.18 GHz to 4.14 GHz at the cost of deterioration in the impedance matching. Further
movement of feed from (0.5,0) till (3,0) shows further deterioration in impedance matching

and significant increase in higher order resonant frequency [20].

+1.0

Fig. 4.12. Smit chart of U-Slot for feed location variation in xp direction. (xp,yp) values are

in mm.
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Eigen values of higher order modes decreases due to capacitive loading as
described in (3). Modal analysis of xp feed variation in Fig.4.14 shows that eigen value of
participating higher order current mode is decreased with feed variation in xp direction. J4 for
(0,0) shows resonance at 5.5 GHz while resonant frequency of J4 for (3.,0) is significantly
increased to 6.5 GHz. There is some decrease in lower order participating modes i.e _n =0 for
J2 (0,0) at 4.18 GHz while it is decreased to 4.14 GHz for J2(0.5,0). But overall change in
higher order mode is more significant than lower order one which can also be noticed in return
loss plot in Fig.13. So, the over all impedance loop shows capacitive effect. In Fig.13, it can
also be noticed that lower and higher order modes are getting far from each other with xp
variation, which makes it difficult for them to contribute simultaneously in impedance
bandwidth for wide band behavior. Hence, the feed movement in xp direction introduces
capacitive effect and increases resonant frequency of higher order modes without significantly

affecting lower resonant frequency.

Return Loss(dB)

3.5 < 45 5 55 6 6.5 7
Frequency (GHz)

Fig.4.13.Return loss of U-Slot for feed location variation in xp direction. (xp,yp)

values are in mm
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Fig.4.14. Eigenvalue behavior for feed location variation in xp direction. (xp,yp)

values are in mm

4.5.2. Variation in yp direction

Feed variation in the direction of y-axis (horizontal currents) adds an inductive
reactance in over all antenna impedance as shown in Fig. 4.15. It can be noticed that for
yp=0.5mm and yp=1mm change is not significant but for yp=2mm and yp=3mm significant
shift to the inductive region is observed. Feed movement from (0,0) to (0,0.5) is shown to
reduce the impedance matching of higher order resonant frequency with slight change in the
impedance bandwidth as shown in Fig. 4.16. Further movement of feed from (0,0.5) to (0,3)

shows decrease in impedance bandwidth and impedance matching.
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Fig. 4.15.Smithchart for feed location variation in yp direction. (xp,yp) values are
inmm

yp variation (inductive) is shown to increases the eigen value of higher order

modes as shown in Fig. 4.17 which decreases the higher order resonant frequency. n =0 for

J4 (0,0) at 5.5 GHz which is reduced to 5.14 GHz for higher order mode for (0,3). This

reduction in higher order resonant frequency and no variation in lower order resonant

frequency brought modes closer to each other. So, their over all impedance bandwidth is
reduced.

Inductive and capacitive reactance due to feed location variation changes the eigen

values of participating current mode which in turn helps in optimizing the antenna. However,

these results of feed variation may vary with electric thickness specially for thicker substrates

where surface waves become significant to contribute in impedance matching.
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Return Loss(dB)
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Frequency (GHz)

Fig. 4.16. Return loss of U-Slot for feed location variation in yp direction. (xp,yp)

values are in mm
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Fig 4.17. Eigenvalue behavior of U-Slot for feed location variation in yp direction.

(xp,yp) values are in mm
4.6. Use of Reactive Loading Technique in Broadening Bandwidth
The concept of reactive loading due to feed and arm angle, presented in the

previous sections, allows to control the eigenvalue behavior and the resonance frequency
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of the respective characteristic modes. It also allows us to control the impedance loop in
the smith chart. In this section, we will show by an example ,how the reactive loading
concept can be applied to optimize the poorly matched U-Slot antenna.
Design Example:
. To explain design procedure let’s take an example of poorly matched U-Slot antenna. e.g A
U-Slot antenna (_ = 00) is designed and fabricated on €, =4:4 and h=11.1811mm ( h
p(_r) _=0.208) [17].
Impedance bandwidth of antenna is 16% because of poor impedance matching as shown in
Fig.4.20. Smith chart in Fig.4.18 shows dominant capacitive effect for _ = 0o. J2 and J3 are
significant participating modes for this U-Slot , shown in Fig.4.19
. The capacitive affect can be nullified by applying inductive loading i.e. increasing outer arm
angle as shown in Fig.4.9 Hence, increase in outer arm angle from _2=0o0to 2 =6:710 moved
impedance loop up and decreases the resonant frequency for J2 than J3 as shown in Fig. 19.
The inductive loading effect is more prominent on J2 than J3, thats why return loss shows shift
in lower resonant frequency in Fig. 4.20.
Further increase in outer arm angle till _2 = 14:80 showed more decrease in resonant frequency
of J2 and J3. It can be seen in Fig.4.18 that inductive loading moved the impedance loop almost
in the middle but return loss plot in Fig.4.20 still shows impedance mismatching for middle

frequencies for broad bandwidth. Smith chart in Fig.4.18 shows some capacitive effect as well.
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Fig 4.19. Eigenvalue behavior of U-Slot on €, = 4.4, h=11.811mm
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Return loss (dB)
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Fig 4.20. Return loss of U-Slot on €, = 4.4, h=11.811mm

5. Now the feed position is varied to decrease some capacitive loading in the design. As, the
original feed position was (xp=5.1, yp=0). Based on the results of previous section, It was
anticipated that decrease in xp value should improve the results. Hence, the feed position
is optimized from its original position (xp=5.1, yp=0) [17] to (xp=2.5, yp=0). Interestingly, it
is observed that J2’s resonant frequency decreases and J3’s increases due to xp variation. Now
the modes are close enough to participate simultaneously for broad bandwidth.

6. Impedance bandwidth is increased from 16% to 43% as shown in Fig.4.20.

7. Itis important to investigate the radiation pattern to fully understand the effect of arm- angle
and feed variation on U-Slot. Radiation pattern plots for the design example are shown in
Fig.21 and Fig.22. It can be seen in Fig.21 that radiation patterns maintain their shape at center
frequency for all arm angles. Stable radiation pattern plots show that arm-angle variation has
minimal effect on radiation pattern. Very little change in E_ is observed due to feed variation
i.e. _2opt =14:80 at _ = 0o (Fig.4.21(a)).

8. Fig.22 illustrates the modal radiation pattern of the loaded antenna for optimized arm angle i.e.
_2opt = 14.8° at different frequency points in the operating frequency range. Modal Radiation

pattern are investigated for participating current modes (J2 and J3). It can be seen in Fig. that
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E_inJ2issignificant at _ = 00 for all frequencies. At higher frequencies, the radiation pattern
is modified due to the contribution of the ground plane. E_ have low cross polarization at all
frequency points.

As, reactive loading doesnot affect radiation pattern significantly but it affects
the impedance behavior. So, we have developed an optimization guideline based on the change
in impedance behavior due to reactive loading of U-Slot i.e feed and arm angle variation. In
the first phase, arm angle will be adjusted to move the impedance loop in the middle and then
feed location variation can be used to further improve the matching of the antenna. A flowchart
detailing the process is shown in Fig.4.23. Moreover, it is important to analyze the reactive

loading of U- Slot on different dielectric thicknesses to improve the optimization guideline in

future.
0
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Fig 4.21. Radiation pattern of U-Slot on €,= 4.4, h=11.811mm at center frequency

for (@) p=0°(b) ¢ =90°
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4.7 Summary

In this chapter, TCM analysis of U-Slot’s reactive loadings due to feed placements
and slot perturbations is presented. The capacitive and inductive nature of the reactive load
increases or decreases the eigen value of the participating mode. The slot perturbations with
unequal inner and outer arm-angle variations are shown to change the eigen value of CMs
without adding any complexity in the antenna. Reactive loading due to feed location variation
in the xp and yp direction can decrease or increase the eigen value respectively. Based on this
information, impedance loop in smith chart has been controlled for broad bandwidth. A new
optimization procedure is presented to improve input impedance matching of U-Slot. This
novel optimization procedure has been shown to optimize and broaden the bandwidth of poorly
matched U-Slot. It has also been shown that reactive loading has minimal effect on the far field

characteristics of antenna.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this dissertation, a new empirical design method ”dimensionally invariant resonant
frequency (DIResF)” for probe-fed U-Slot microstrip patch is proposed that combines the
features of existing design methods i.e. dimensional invariance (DI) and resonant frequency
(ResF) in such a mananer that optimum design can be achieved with minimum optimization
of probe location. Performance analysis on different substrates reveal that ResF method works
well for low-permittivity and electrically thin substrates while the DI method works for a much
wider range of substrates that are rather arbitrary compared to ResF. Further analysis of these
methods based on (fullwave) characteristic mode analysis (CMA) was carried out with the
motivation to understand the modal contributions for achieving wideband designs. CMA for
U-slot designs on various dielectric thicknesses indicated that current modes of DI tend to
resonate at higher frequencies than ResF. This difference in modal nature is effectively
exploited in DIResF technique because it combines the ResF behavior at lower frequency mode
and follow DI pattern at higher order mode to provide highest 10dB return loss bandwidth.
Modal analysis of probe location reveals that optimization in the direction of vertical or
horizontal current modes for DI or ResF increase bandwidth but it affects polarization purity
while DIResF mostly needs no probe location optimization for bandwidth enhancements. CM
analysis of probe radius suggests that increase in probe radius excites higher order modes,

which led to increase in bandwidth if matching is appropriate.
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Two immediate future tasks are identified, as below:

(1) Though the parametric study for the characteristic modes has been reported here,i.e., for
electrical thickness, probe radius and location, slot thickness variations, the property of
dimensional invariance for U-Slot, as reported in [16] and shown in Table I, is not fully
understood.Segmentation analysis as proposed in [17] and [18] can be useful for this
investigation in future. However one major drawback in [17],[18] is that the surface wave
power is ignored through the thin substrate assumption. This needs to be carefully incorporated
in the analysis.

(2) The CM analysis in FEKO[37] uses the free-space Green’s function which is the most
suitable for microstrip patch antennas on small, finite ground planes. However extensive
computational resources are required for electrically large ground plane. In such situations an
alternative would be to use the infinite ground plane approximation, where the Green’s
function now contains Sommerfeld integrals[35]. The influence of the finite ground size on
approach as an alternative to the method described in [45]. Finally, it is worth mentioning that
a relationship between CMs, optimal currents and antenna Q, following the recent work in

[43],[42] may perhaps be a worthy investigation too.
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APPENDIX A
A. MATLAB CODE

This appendix presents the MATLAB code used to calculate the dimensions of
the

U-slot rectangular microstrip patch antenna using the method of dimensional invariance.

Also, the MATLAB code used to calculate the antenna’s fidelity in section 2.3 is
presented.

Finally, the MATLAB code used to calculate the nonuniform element spacing in the 17-
element linear array in section 4.2 is presented.
A.1. MATLAB Code for the Method of Dimensional Invariance [41]

%%%% Input Parameters%%%%%

eps_r=4.4; % substrate permittivity
f r=28.0%(10n9); % design frequency
h=1.0; % substrate thickness
pi = 3.14159;

€ =2.99*%10"11;
f_r0 = (1.25*f_r);

lam =c/f r;

C = h/lam;

L = c/(2*f_rO*sqrt(eps_r)); % rectangular patch length
W = 1.385*L,; % rectangular patch width

W _out = ((eps_r + 1)/2)+((eps_r -

1)/(2*sgrt(1+(10*h/W)))); L_out = ((eps_r + 1)/2)+((eps_r

- 1)/(2*sqrt(1+(10*h/L))));

del_L = ((0.412*h)*(W_out+0.3)*((W/h) + 0.264))/((W_out-0.258)*((W/h)+0.8));
f H=c/(2*(L+del_L)*sqrt(eps_r))

x = ((h/L)*(0.882+(0.164*(eps_r-
1)/(eps_r*eps_r))))+(((eps_r+1)/(pi*eps_r))*(0.758+log(1.88+L/h))

); T_J = (f_r0O*eps_r)/((1+x)*sqrt(W_out*L_out))
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% Calculation of the upper and lower limits of the design
frequency while ((f_r >=min(f_H,f J)) && (f_r<=
max(f_H,f J))) ==
fprintf(‘entered
while\n); if f_r<
min(f_H,f J)
fprintf(‘entered f r <
min(f_H,f J)"); f_ro="f_r0-
(0.05*f_r);
L=
c/(2*f_r0*sqrt(eps_r));
W = 1.385*L;
W _out = ((eps_r + 1)/2)+((eps_r -
1)/(2*sgrt(1+(10*h/W)))); L_out = ((eps_r + 1)/2)+((eps_r
- 1)/(2*sqrt(1+(10*h/L))));

del_L = ((0.412*h)*(W _out+0.3)*((W/h) + 0.264))/((W_out-0.258)*((W/h)+0.8));
f H=c/(2*(L+del_L)*sqgrt(eps_r))
X = ((h/L)*(0.882+(0.164*(eps_r-
1)/(eps_r*eps_n)))+(((eps_r+1)/(pi*eps_r))*(0.758+log(1.88+L/h)));
f J = (f_r0*eps_r)/((1+x)*sqrt(W_out*L_out))
elseif (f_r > max(f_H,f J))
fprintf(‘'entered f_r > max(f H,f J));
f r0=f_r0+(0.05*f_r);
L=
c/(2*f_r0*sqrt(eps_r));
W =1.385*L;
W_out = ((eps_r + 1)/2)+((eps_r -
1)/(2*sgrt(1+(10*h/W)))); L_out = ((eps_r + 1)/2)+((eps_r
- 1)/(2*sqrt(1+(10*h/L))));
del_L = ((0.412*h)*(W_out+0.3)*((W/h) + 0.264))/((W_out-
0.258)*((W/h)+0.8)); f_H = c/(2*(L+del_L)*sqrt(eps_r))
X = ((h/L)*(0.882+(0.164*(eps_r-
1)/(eps_r*eps_r))))+(((eps_r+1)/(pi*eps_r))*(0.758+log(1.88+L/h))
); f_J = (f_rO*eps_r)/((1+x)*sqrt(W_out*L_out))
end
end
L 1=1L;

20%%%%%%%%% Dimensions of the U-slot %%%%%%%%%%%
ifeps r<=1

W _s =W/3.203;

L s=W _s/0.835;

t=

W _s*0.13;
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b =
L s/4.237,;
elseifeps r>1&&eps r<=3
W_s =W/2.573;
L s=W_s/0.777,
t=
W_s*0.144;
b=
L s/4.5;
elseifeps r>3 &&eps r<=5
W s =W)/2.573;
L s=W_s/0.776;
t=
W_s*0.144;
b=
L_s/4.51;
else
W_s =W/2.574;
L s=W s/0.777,
t=
W _s*0.144;
b=
L_s/4.48;
end
F=L/2;
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A.2 MATLAB Code for Cross-correlation Calculation of Pulse Signals

% The cross-correlation of the pulse signals to evaluate the antenna
fidelity resp = resp_theta_45 phi_90;

pulse2 = pulse/sqrt(sum(pulse.*2));
resp2 = resp/sqrt(sum(resp.*2));
cross_corr = xcorr(pulse2,resp2);

disp(‘cross_corr ="); disp(cross_corr);
disp(‘'max ="); disp(max(cross_corr));
figure (1); plot (pulse);

figure (2); plot (resp);
figure (3); plot (cross_corr);

72



A.3 MATLAB Code for Nonuniform Element Spacing Calculation

main.m:

N = 24; % number of elements

K=4; % number of sidelobes reduced

A =0.00786; % amount of reduction A=0.00786 for 24-element (-42dB)
forn=1:2:N-1

eta_n = 2*A*((N/p)"3)*sll_summ(n, K, N);
disp(‘eta’); disp(n); disp(eta_n);
end

sll_summ.m:
function [sll_sum] = sll_summ(n, K, N)
sll_sum =0;

for k=1:K

a=(-1)"k;

b = (2*k)+1;

¢ = sin((n*pi)/(2*N)*b);

d = c/(b"2);

sll_sum =sll_sum + (a*d);
end
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