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ABSTRACT Characteristic modes can be used to solve many radiation and scattering problems involving
fully conducting structures. The basic concept is to use eigenvalues and eigenvectors of the characteristic
mode equations of a certain topology, and to use these eigenmode currents to control the radiating structure’s
behavior. This is accomplished by understanding the overall reflection and radiation characteristics across the
operating frequency band. More specifically, characteristic modes are effective for example in determining
the best location for the excitation of a radiating structure. In this paper, a comprehensive overview is
provided to the different studies and their results obtained for different antennas that are based on the
characteristic mode analysis method. A future perspective is given regarding the potential of this method

in antenna analysis and design.

INDEX TERMS Antenna analysis, characteristic modes, antenna optimization.

I. INTRODUCTION

The theory of characteristic modes (TCM) was first proposed
in [1] before being refined in [2], [3]. It is an efficient antenna
design tool due to its capability in providing direct insights
into the radiating phenomena on the antenna and allows the
designer to design antennas more systematically in place
of a brute force approach. These insights aid in the choice
of excitation location on an antenna and on a platform [4].
This is to overcome the challenges of more complex antenna
structures of today, where there is no closed formulation for
their analyses.

Thus, the use of numeric methods [5], [6] becomes imper-
ative. Therefore, the design of modern antennas relies on the
use of numerical codes or commercial electromagnetic simu-
lators such as IE3D, FEKO, Empire, or HFSS, among others,
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to simulate and predict the antenna performance before a
physical protoType Is fabricated. Under these circumstances,
the time required for the antenna design process is increased.
Alternatively, characteristic modes analysis (CMA) enables
the full attainment of the characteristics of a radiating body
with arbitrary geometry with satisfactory level of computa-
tional accuracy. With clearer current distribution and radia-
tion ability of each mode acquired from CMA, these radiating
structures could be efficiently optimized. In addition to that,
different feeding techniques can be applied to excite specific
desired modes.

Characteristic modes are a representation of a set of orthog-
onal real currents on the surface of a conducting body. They
depend only on the shape and size of the structure and are
independent of the excitation [7]. Many different computa-
tional electromagnetic solvers have implemented different
solvers to allow a more flexible way of designing antennas.
However, CMA is unique as it does not require excitation
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sources when determining the electromagnetic properties of
the structure. Thus, bandwidth of the structure can be better
estimated more efficiently by solving only the equivalent
eigenmodes. This produces a general electromagnetic solu-
tion for the structure, as the results of the analysis are indepen-
dent of excitation [8]. Using a moment method formulation
and the discretized impedance matrix, one can determine the
characteristic modes of any perfectly conducting structure,
and this feature is what make this method of analysis so
attractive.

Il. THE NEED FOR CMA

Most of antennas today are being designed using electromag-
netic simulation software. The initial calculation of dimen-
sions is performed before the structure is being modeled,
excited and calculated in such software using methods such
as Integral Equations (IE), which can be solved using Method
of Moments (MoM) for complex environment with inhomo-
geneous lossy dielectrics, Finite Elements (FE), Finite Dif-
ferences in the Time Domain (FDTD), and Finite Integration
Technique (FIT). The calculation time is dependent on the
complexity of the structure, details of the generated meshes,
and the available computational resources. Thus, the proce-
dure for optimizing the structure must be done systematically
and efficiently.

In full-wave simulations, designers typically optimize a
structure’s parameters based on their understanding of its
operating principles. Generated wave behaviors and perfor-
mance parameters are the main guides to determining the
next optimization steps for antennas, with the aid of these
software. Such method can be suitable for simpler antenna
topologies and becomes increasingly complicated as the
antenna complexity increases with the combination of more
operating principles into the same resonating structure at the
same time.

Such software-based antenna design and optimization pro-
cess can be made more systematic and efficient by generating
and understanding the physical insights of the structure. This
will then significantly reduce the required calculation time
and effort, at the same time avoid the ‘“blind” parameter
adjustments within the optimization process. The use of the
CMA enables the efficient tuning of an antenna to the cor-
rect resonant frequencies and determine the best locations to
excite it. This is via the generation of the modes, modal sig-
nificance, and surface current distributions. Auxiliary results
such as the far field radiation patterns can also be used in the
optimization process.

This paper reviews the state-of-the-art of the applied design
and optimization process using CMA. They include different
aspects of the optimization summarized in Table 1, aimed at
making the processes more time- and resource-efficient.

The aim of this review paper is to review and discuss the
recent progress in the topic of CMA. It is due to serve as
an update of the state-of-the-art application of CMA, con-
sidering the previous most exhaustive reviews on this topic
was performed more than five years ago in [4] and [9]. With
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TABLE 1. Applied antenna design and optimization based on CMA from
literature.

Category Issue Ref
Consistency of radiation patterns [21]
Optimization of radiation patterns [22]
Suppression of higher-order modes 23]
(HOMs) in multiport antennas
Design of a null-steering antenna-based
[24]
Radiation Pattern CMA - - -
Optimisation Three d1m69510nal null-scanning [25]
antennas using TCM
Improving radiation efficiency of a
mounted-on-platform radiator based on [26]
CMA
Suppress cross polarization using CM [20]
analysis
Optimization of feeding structure [27]
Resonant behavior optimization of 28]
Feed Optimisation different antenna excitations
Finding the optimal feeding point of the [20]
antenna using CMA
Identify the impedance mismatch of the [29]
antenna
Achieving Ultrawideband (UWB) 30]

performance for antennas

Design of wideband wearable antenna
using CMA with the ground as a part of [31]
the radiator

Impedance Matching Optimization of a nonuniform [32]
Optimisation metasurface

Design of bandwidth-enhanced and

multiband multiple-input-multiple- [33]

output (MIMO) antennas

Bandwidth enhancement of platform- [34]

mounted high frequency (HF) antennas.

Three empirical techniques using CMA [35]

to achieve a wideband design

Ultra-wideband multi element antenna [36]
MIMO for massive MIMO indoor base stations

Systematic design of a multiport MIMO [37]

antenna with bilateral symmetry

Design antenna for nanosatellite [38]
Space Applications applications

Guideline for enabling the hosting 139]

platform as part of the radiating system

Substrate-integrated gap waveguide

(SIGW)-fed metasurface antenna array [40]

with nonuniform excitation

Wideband metasurface antennas [41]
Metasurface Dual-wideband dual-polarized antenna

using metasurface for 5G millimeter [42]

wave communications

Resonant metasurface antennas with [43]

resonant apertures

Exploiting the metallic platform as the [44]

main radiator using CMA.

Design platform embedded HF antennas 45]
Platform based on CMA

Design for an electrically small

unmanned aerial vehicle based on [46]

characteristic modes.

Modes tracking and sorting 5497]_

Design guidelines by manipulating the [50]
Tracking of Modes coupling of modes

Reducing the design optimization time [51]
Addiiton of a lower band and

. . . [52]
improvement of isolation

the presentation of the recent developments, it is aimed at
providing the latest information in understanding the appli-
cations and efficiency levels of CMA in the design process of
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antennas and passive components. The rest of the manuscript
is organized as follows. The next section presents the oper-
ating principle of the characteristic mode analysis method.
Section IV details a survey of the different applications and
impacts of using CMA in the design and optimization pro-
cesses for different antenna types. A summary and the future
perspectives presented in Section V concludes this review.

Ill. THEORY OF CHARACTERISTIC MODE

Harrington and Mautz in [2] considered the problem of using
one or more conducting bodies, which is defined by the sur-
face S, in an impressed electric field E’. An operator equation
for the current J on S was expressed as:

[L(J) = E'lan =0 (1

where the subscript “tan”” denotes the tangential components
onsS.

Harrington then improved this by proposing a simpler
derivation. A modal solution for the current J on a conducting
body is obtained by using the eigencurrents as both expan-
sion and testing functions in the Method of moment (MoM).
By adhering to the procedures in [2], J has been assumed
to be a linear superposition of the mode currents. Besides
that, the electric and magnetic fields are linearly related to the
currents, and hence, can also be expressed in modal forms.

In a general antenna analysis technique based on MoM,
two important conditions must be known: the structure of
the antenna and its excitation or incident field. Meanwhile,
in CMA, only the structure of the antenna is required as a
known condition. The characteristic modes are obtained by
solving the following mathematical equations [2]:

i=Yau, @)

where J, is the eigencurrent and a, is the modal weighting
coefficient.

4
n = .
1 4 jA,

3

where A, is the eigenvalue and V! is the modal excitation
coefficient. The modal significance, MS,,, which is repre-
sented by the normalized amplitude of the current modes is
calculated as follows [2]:

1
1+ jAn

The modal significance is ranged between 0 < MS < 1.
Identically, a mode is at resonance when its associated model

significance, MS is unity (equals to 1). On the other hand, the
characteristic angle (8,), can be calculated as follows [10]:

MS, — ‘ @)

Bn = 180 — tan~ ' (1,,) 5)

These three important coefficients of the CMA are summa-
rized in Table 2.

It is observed that when the characteristic angle is within
90° or 270°, the mode mainly stores energy. In addition to
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TABLE 2. Summary of the three coefficients of the characteristic mode.

Eigenvalue ) Model Characteristic Angle
ﬂn Slgn;\f/‘;;ance (B,) Mode Status
A, >0 0<MS<1 90° < B, <180° Inductive
0 1 180° Resonant
/1n <0 0<MS<1 180°< B, <270° Capacitive

this, the value of the characteristic angle indicates whether the
mode contributes to storing magnetic energy in an inductance
mode (when 90° < a, < 180°) or storing electric energy in
a capacitance mode (when 180° < a, < 270°).

IV. DESIGN AND OPTIMIZATION APPLICATIONS

To illustrate how CMA is applied in facilitating the design and
optimization process of the different antenna types, several
examples are reviewed in detail. They include the widening of
the impedance bandwidth of planar, wire antennas [11]-[14],
and multiport antennas for MIMO systems [13], [15]-[19].
More details of the theoretical and practical developments
of CM-based methodologies for a variety of antenna designs
have been presented in [20], with selected ones also included
in this paper. The main objectives of the use of CMA,
parameters optimized in the literatures, and software used in
CMA simulations are summarized in Table 3. They will be
explained further in the following sections.

A. RADIATION PATTERN OPTIMISATION

This section focuses on presenting the application of
the CMA technique in optimizing the radiation pattern of the
antennas. The available literature includes examining the
polarization and avoiding the distortion of the radiation pat-
tern based on the response of the CMA parameters such
as current distribution and the modal significance. They are
explained as follows.

A simple dipole and a loop antenna structure are designed
and optimized based on the theory of characteristic modes
in [21], as illustrated in Fig. 1. The modal weighting coef-
ficients of non-resonant modes of the proposed antenna are
always far smaller compared to resonant modes, indicating
the significance of the modes. To determine the best feeding
location, three cases will be discussed, i.e., when the antenna
is fed at point A, point B, and point C, as shown in Fig. 2.

FR4 Subsirate

Loop Antenna

= Metal Via:
= with Radius R

=

FIGURE 1. Loop antenna geometry [21].

The aim is to widen the impedance mode bandwidth of
each structure. It is achieved by simultaneously exciting the
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TABLE 3. An overview of different antennas based on CMA from literature.

Ref Work Frequency band Substrate and size information, parameters optimized Software used
Substrate: FR4, ¢, = 4.4, tand =0.02, thickness = 0.8 mm
Loop antenna size = 22x6x1 mnz13
Wideband Antenna with Stable Omnidirectional Dipole antenna size = 662 mm' =
21 Radiation Pattern S-band (1.85 to 2.9) GHz Substrate size = 80x40x0.8 mm?* FEKO
A new wideband antenna with stable omnidirectional radiation pattern is
investigated based on CMA
Substrate: FR4, ¢, = 4.3, tand =0.02, thickness = 0.16 mm
Circular part radius = 17.3 mm
. . . . . Slot length and width = 12 and 1 mm
[29] ia“"w‘d‘h Enhancement of - Circular - Microstrip | ¢ .4 (2 40 t0 2.48) GHz Ground plane size = 44x59 mm? CST MWS
ntenna .
Substrate thickness = 1.6 mm
CMA used to identify possible causes of impedance mismatches for a circular
microstrip antenna
Substrate: FR4, &, = 4.4, tand =0.02, thickness = 0.8 mm
271 gj’ﬁ‘;“;;atg“éfvﬂg? UWB Antenna for UHF TV | g 474 16 1212) MHz Rectangular plate size = 145x35%0.8 mm’® FEKO
CMA guided the feeding structure design and parameter optimizations
Substrate: Rogers 5880, &, = 2.2, tand =0.0004, thickness = 3.1
[30] | AnUHF UWB Doubled Annular Ring Antenna UHF (470 to 960) MHz gg‘;go ::](3;—32, R02=22, RII=53, RI2=30, R21=73, R22=50, R31=100. | pprg
CMA used to design and optimize the antenna structure
Substrate with &, = 4.4, tand =0.02, thickness 1 = 3 mm, thickness 2 = 0.8 mm
[22] Design of Wideband Omnidirectional Antenna C-band (5.06 to 6.18) GHz 38.2x8.8 mm’ CST MWS
TCM used to realize horizontally polarized omnidirectional radiation patterns
Substrate 1 and 2: Rogers RO4003C, & = 3.55, tand =0.0027, thickness of
substrate 1 = 0.508 mm, thickness of substrate 2 = 3.048 mm
A Method of Suppressing Higher-Order Modes for Width of ring —
[23] Improving Radiation Performance of Metasurface | C-band (4.9 to 5.9) GHz s _ FEKO
Multiport Antennas Length of lh_c dipole = 19.5 mm
Substrate thickness = 0.508 mm
CMA used to suppress the unwanted HOMs of the metasurfaces in multiport
antenna systems to improve the radiation performance
N . . . Substrate: FR4, ¢, = 4.4, tand =0.02 thickness = 1.2 mm
[24] Null-Steeljln.g Antenna Design by using Phase Shifted S-band (2.37 to 2.47 GHz) Overall antenna dimensions: 150 x 150 mm” and 154 x 154 mm® Not reported
Characteristic Modes L N Lo
Radiation pattern is optimized.
Advantageous Exploitation of Characteristic Modes gubsdlrallz':, Smglc—_stl_dcd FR.‘:’ &= 4‘4’. t‘:"g 70;?12’121;{12“055 = 1.2 mm.
[25] | Analysis for the Design of Three-Dimensional Null S-band (2.4 to 2.5 GHz) onductive capacitive exciters are printed on the T4 . Not reported
Scanning Antennas A new §trateg.y for plécmg a null of the pattern of a reconfigurable antenna in
any desired direction is proposed.
Efficient Excitation of Characteristic Modes for CMs of the rectangular box are Mounted-on-platform radiator, rect box: L=3.4m, W=2m,and D=1 m.
[26] Radiation Pattern Control by Using a Novel Balanced A design strategy-based CMA described for improving the radiation efficiency FEKO
. . calculated from 60 to 70 MHz .
Inductive Coupling Element of a mounted-on-platform radiator.
Circular patch radius = 9.71 mm
Square patch = 17.21 mm
Characteristic Mode Analysis of Microstrip Patch | S-band and C-band (between 2.5 Elliptical patch 'ad'fs = 6and 15.71 mm
[51] Shapes and 8.5) GHz Parallelogram base = 29,25 mm FEKO
Regular pentagon side = 13.12 mm
Regular octagon side = 7.83 mm
CMA used to analyze the resonant behaviors of different patch shapes
S-band and C-band
28] Characteristic Mode Analysis of Excitation Feed | 2.5to 5.7 GHz (conventional probe) | Substrate with &, = 4.4, tand =0.02 FEKO
Probes in Microstrip Patch Antennas 2.5 to 6.1 GHz (L- probe) CMA used to optimize the antenna structure with towards broadband behavior -
2.5 to 7.0 GHz (T- probe)
Substrate 1: FR4, ¢, = 4.3, tand = 0.044, thickness = 1.6 mm
Substrate 2: Felt, &, = 1.3, tand = 0.044, thickness = 3 mm
B1] Design of Wideband Wearable Antenna using | S-band (2.05 to 2.7) GHz Substrate diameter: 15mm CST MWS
Characteristic Mode Analysis Estimated from the figure Patch diameter: 13 mm
CMA used to analyze the characteristic modes of the ground, and choosing the
suitable location of the button on the ground
Substrate: Rogers RT/duroid 5880, ¢, = 2.2, thickness = 1.575 mm
. . . Antenna size = 300 x 100 mm> (2.17 ko X 0.72 ko)
rsoj | 4 Vertically Polarized Patch Antenna with | g .04 (5 145 10 2.227) GHz Three square patches with 30 x 30 mm® each (0.217 &, X 0.217 &) CST MWS
Switchable Near-Endfire Beam . N . .
CMA guided to the best choices of modes and optimal coupling from
perspectives of gain and sidelobe level
) . S-band (2.2 t0 2.7 GHz) Substratc:_FRét_, &= 44 tand = 0.02, illickgcss =1.6
[20] U-slot M.ICI'OSII'.Ip Antenna S-band (2.35 to 2.55), as estimated A foam.WI.th dielectric constant of er = 1.1 is used to support the E-shaped patch HFSS
E-slot Microstrip Antenna from the figure The radiating patch was fabricated using 0.5 mm thick copper sheet
| CMA used to analyze the radiating patch
) Ig:::;‘g Eg;g :g ;213 S;IZ)) qustrat.e: RT—Dur.oidA, &= 3.2, tand = 0.0009, thzickness =0.762 mm
[52] LTE Band Integrated 5G Antenna Design (3.93 t0 4.6 GHz) Dimension of the_mdlvldual patches: 12 x 4 mm’ CST MWS
C-band (5.52 to 6.45 GHz) CMA used to design the lower band operation.
Substrate 1: FR4, ¢, = 4.3, tand = 0.044, thickness = 1.6 mm
Substrate 2: Felt, ¢, = 1.3, tand = 0.044, thickness = 3mm
132 Characteristic Mode Analysis of a Nonuniform | S-band (2.05 to 2.7 GHz) Substrate diameter = 15mm CST MWS
Metasurface Antenna for Wearable Applications Estimated from the paper Patch diameter = 13 mm
CMA used to optimize the operating band of the antenna by combining
characteristic modes
LTE (dual-band): Substrate: polycarbonate material, &, = 2.27, tand =0.012, thickness = 8 mm
Design of Bandwidth-Enhanced and Multiband : Total dimensions of 130 X 66 x 8 mm® chassis and a 20-mm rotationally .
[33] MIMO Ant Using Ch - (818 to 896 MHz) . L . CST MWS
ennas Using Characteristic Modes (1841-2067 MHz) symmetric capacitive loading offset.
- TCM used to enhance the performance of the orthogonal MIMO
Substrate: Rogers RT/duroid 5880, ¢, = 2.2, thickness = 0.508 mm.
. A simple metallic platform in the shape of a rectangular box with dimensions of
[34] ii?gﬁfs‘%;f:hi’::gz‘;g;; liz‘rf\’jl‘:;ﬂ‘}’“;‘;md HE | HF band (3 t030 MHz) 37mx10.7mx 3.3 m. FEKO
2 Y Examined how the characteristic modes of the platform can be excited using
CMA to increase the overall bandwidth
Characteristic Mode Analysis of a Class of Empirical }S:?r;:ati&:&t;h;f:&;gz&;&gi’ thickness = 11.811 mm
[35] Design Techniques for Probe-Fed, U-Slot Microstrip L and S-bands 1 to 4 GHz CMA’ g d N o N . FEKO
Patch Antennas MA used to dcl_cmnnc cnucal_ parameters such as subglrglc electrical
thickness, slot width, probe radius and feed location variations.
Substrate: Rogers RO4003C, &, = 3.55, tand =0.0027, thickness = 813 pm
Overall Multi-Mode Multi Element Antenna (M*EA) dimension: approx. 70 cm
%70 ecm (1.69 4, X 1.69 L,)
Compact Multi Mode Multi Element Antenna for The outer dimensions of the final element (0.85 4, X 0.85 X,).
[3e] Indoor UWB Massive MIMO C-band 6 GHz to 8.5 GHz. When using crossed dipoles, the size of an element (0.5 A, % 0.5 ) Not reported
Center frequency fc = 7.25 GHz
Proposed a new concept for compact multi-element antennas based on the CMA
approach.
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TABLE 3. (Continued.) An overview of different antennas based on CMA from literature.

Systematic Design of a Multiport MIMO Antenna Subsnratc: FR4, & = 4.3, lan(_S =0.025, 1h_|ckncss = 0.5 mm.
B37] with Bilateral Symmetry Based on Characteristic | S-band (2.4 GHz ISM band) The dimensions of the bug-like conducting body is 50 mm X 61.5 mm X CST MWS and
Mode Analysis ! 10 mm (0.42, x 0.49%, x 0.081, at 2.4 GHz). FEKO
A multiport MIMO antenna is designed and optimized using CMA.
Characteristic Modes Analysis of Non-Uniform Substrate: Rogers TMM3, &, = 3.46, tand =0.002, thickness = 6.985 mm HFSS and CST
[38] Metasurface Superstrate for Nanosatellite Antenna | S-band (2.025 —2.29 GHz). Metasurface (MTS) antenna of (0.068 ).
: - . MWS
Design Non-uniform MTS based on rectangular patches are optimized.
Substrate: RO5880, ¢, = 2.28, tand =0.0009, thickness = 0.254 mm
. . A 1 U CubeSat mockup (dimensions 10 cm x 10 cm x 10 cm).
[39] éapiggli}t);catn dC;(l))liiazta tﬁ)ﬁt?grlizl‘i t;mth Beamsteering S-band (2.4 — 2.45 GHz). The non-resonant balanced inductive exciter (BIEs) are placed on the top face FEKO
of the cube. Each half loop is 5 mm in height and 10 mm in length
CubeSat is designed and optimized based CMA.
Wideband  Sidelobe-Level Reduced  Ka-Band Sub‘stratc: Rogers RT5880, ¢, = 2.2, thickness = 0.787 mm.
Metasurface Antenna Array Fed by Substrate- A single-layered 2 x 2 patch-based metasurface. .
[40] . N - Ka-band (27.7-40 GHz) The CMA has been successfully employed for metasurface synthesis and CST MWS
Integrated Gap Waveguide Using Characteristic .
Mode Analysis feeding placcmcnt, . . . -
The antenna dimensions and reflection coefficient are optimized.
Substrate: Rogers RO4003C, ¢, = 3.55, tand =0.0027, thickness = 3.454 mm and
0.508 for patch-ground layer and ground-feed layer, respectively.
Low-Profile Wideband Metasurface Antennas Usin, Overall size of 1.784%1.78%,%0.072,.
(41 Characteristic Mode Analysis ¢ | Cband (48510 6.21 GHz) The CMA is used for the modeling, analysis, and optimization of the proposed CSTMWS
antenna to reveal the underlying modal behaviors of the metasurface and to
guide the mode excitation.
Dual-Wideband Dual-Polarized Metasurface Antenna | K and Ka-bands Substrate: Rogers RT5880, &, = 2.2, tand = 0.0009, thickness = 0.787 mm.
[42] Array for the 5G Millimeter Wave Communications | (24.2-27.8 GHz) (BW = 13.85 %) Metasurface is composed of a 3X3 quasi square patch. CST MWS
Based on Characteristic Mode Theory (36.9-42.8 GHz) (BW = 4.81 %) Dual-polarized metasurface antenna array is optimized based on CMA.
Substrate with &, = 2.2, tand =0.0009, thickness = 3.14 mm and 0.508 mm for
Resonant Metasurface Antennas with Resonant Substrates I and I, respectively
[43] Apertures: Characteristic Mode Analysis and Dual- | C-band (4.8-6.2 GHz) Overall size of Ay XAy x0.058A ((Ay is the free-space wavelength at 4.8 GHz). FEKO
Polarized Broadband Low-Profile Design Four-step CMA framework is formulated for gaining physical insights into the
operating principle of the resonant metasurface (MTS) antennas.
Earth type: Dry (e, = 3), Wet earth (¢, = 30), Sea water (&, = 30)
Tt:e size of elements 1 and 2 is 0.006 A, x 0.042 A, x 0.008 &, (0.6 x 4.2 x 9.8
Design of Dual-Polarized, Platform-Based HF m’) and the size of element 3 is 0.02 A, x 0.03 &, x 0.006 2, (2 x 3 x 0.6 m’) at 3
[44] Ante%mas Using the Characteristic Mode Theory HF band (3 to 10 MHz). MHz FEKO
TCM is used to exploit the metallic platform as the main radiator to overcome
the bandwidth and efficiency limitations of electrically antennas.
Dimensions of the naval ship = 204 X 30 m*(3.4 A, X 0.5 \,) at 5 MHz.
HF Band Shipboard Antenna Design Using The CMs are first solved to understand the resonant behavior of the shi
[43] Characteristic Modes HF band (3 to 30 MHz) platform. Second, the radiating currents are synth d to produce d h d HFSS
radiation patterns using the CMs of the ship platform.
Substrate: FR4, ¢, = 4.4, tand =0.02, thickness = 1.6 mm, with a size of 80 x 10
mm® (0.218 A, X 0.027 A,).
Electrically Small UAV Antenna Design Using ‘UHF-band (785 to 815 MHz), as Center frequency of fe =820 MHZ‘
[46] Characteristic Modes estimated from the figure F-shaped probe is used to excite the platform current. HFSS
: The electrical size of the small UAV is 0.648 A, X 0.746 A, X 0.154 A,.
Multi-objective evolutionary algorithm is implemented to synthesize currents on
the body to achive desired power patterns based on theory of CM.

Mull I

I MNull

(d)

FIGURE 2. Current distributions of (a) mode 1 at 2 GHz, (b) mode 2 at
3.05 GHz, (c) mode 3 at 3.25 GHz, and (d) mode 4 at 4.1 GHz of the
proposed antenna [21].

antenna’s first two modes, which are closely spaced between
each other, as follows:

i. Case 1: When fed at point A, both mode 1 and mode
2 are strongly excited, especially around their resonant
frequencies.
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ii. Case 2: When fed at point B, mode 2 is well excited but
mode 1 is not excited equivalently even at its resonant
frequency.

iii. Case 3: When fed at point C, mode 2 is well excited but
mode 1 is not excited equivalently even at its resonant
frequency.

In this study, only significant modes with characteristic
angles of close to 180° have been considered. Hence, it can be
observed that point A is the best feeding location, as shown
in Fig. 3. Besides a similar omnidirectional radiation pattern
produced by these two modes, a consistent radiation pattern
is also achieved throughout the operating frequency band,
as shown in Fig. 4.

Next, three antennas have been proposed to produce
horizontally polarized omnidirectional radiation patterns
for the fifth generation (5G) and wireless local area net-
work (WLAN) communication. Their structures are depicted
in Fig. 5, indicated as type I, type II, and type III. Type I
is a conventional microstrip square patch, whereas type II
and Type III are based on the modifications of the type I
structure. CMA is used to facilitate the analysis of these
structures [22]. It is observed that between the 5 and 6 GHz
range, several MSs are greater than 0.7, as shown in Fig. 6.
It indicates that these modes can be effectively excited. For
the Type I and II structures, the excited modes are narrower
in bandwidth compared to the modes of Type III.
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FIGURE 3. (a) Modal significance for the first four modes of the antenna
in [21] (b) Modal weighting coefficients for the first two modes of the
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It should be noted that from Fig. 7(a), the modal radiation
pattern for structure Type II (of mode 1) is omnidirec-
tional. On the other hand, the modal radiation pattern
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FIGURE 4. Radiation patterns of (a) mode 1 at 2 GHz, (b) mode 2 at
3.05 GHz, (c) mode 3 at 3.25 GHz, and (d) mode 4 at 4.1 GHz of the
proposed antenna [21].
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FIGURE 5. Simulated VSWR of the proposed antenna [22].
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FIGURE 6. Modal significance of the three structures (a): Type |
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in Fig. 7(b) also resulted in an omnidirectional radiation

pattern.
Meanwhile, a four-port antenna system with metasurfaces

comprising of square patches is presented in the study shown
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(b) mode 3 (5.5GHz)

(a) mode 1 (5.38GHz)

FIGURE 7. The modal radiation patterns for structure Type Il and Ill at the
respective resonant frequencies [22].
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FIGURE 8. Configuration of the four metasurface antennas [23].

in Fig. 8 [23]. The modal currents are controlled by loading
the unit cells of the metasurface with slots and vias for the
suppression of the higher-order modes (HOMs). These modal
currents are also optimised in addition to their resonance fre-
quencies by observing the modes of the metasurface. This is
done by suppressing the unwanted HOMs in the metasurfaces
to avoid radiation pattern distortion. Suppression is done in
this work by adding slots and ground into the unit cells of the
metasurface. From Fig. 9, it is noticed that three new modes
resonating below 5 GHz are introduced, denoted as Jy., where
the subscript indicates the “‘short-circuit” condition.

In [24], the CMA method is used to determine the most
promising current modes which can contribute to form the
desired pattern. The structure of the proposed antenna in this
study is illustrated in Fig. 10. Firstly, the CM analysis on
the conducting plane, which is modeled based on a handheld
device dimensioned at 150 x 75 mm?. This is done to find the
proper position of the capacitive coupling elements (CCEs)
used to excite the relevant current modes at 2.45 GHz. The
MS of the first eight modes of the proposed antenna is shown
in Fig. 11. It is observed that in the frequency range of
interest, most of the modes have a value near to one, except
for mode 5 and mode 6. It is found that only modes 4 and
8 are relevant to be excited, as shown in Fig. 12(a)-(b). Mode
4 produces a pattern with a null in the broadside direction
(6 = 0°), whereas mode 8 produces a pattern with nulls near
0 = £30° (see Fig. 12(c)-(d)).
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FIGURE 10. Geometry of the antenna (a): simulation prototype
(b): measurement prototype [24].

Another study in [25] presented the design strategy for
realizing three dimensional null-scanning antennas by using
CMA. This is performed by exploiting the variation of the
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FIGURE 12. Analysis of the currents and patterns at 2.45 GHz in selecting
the desired current mode: (a): mode 4 (b): mode 8 and radiation pattern
produced by (c): mode 4 and (d): mode 8 [24].

[

m

excitation degree of the current modes (Jn) over the inves-
tigated platform. By doing so, a null in the pattern can be
placed in any desired direction in the upper hemisphere. First,
the CMA of the rectangular conductive plane is performed.
This resulted in a set of orthogonal current modes (Jn) dis-
tribution that depends only on the antenna geometry, indepen-
dent of any external excitation. The eigenvalues (An) for the
first ten modes of this rectangular plane are shown in Fig. 13.
This parameter determines the reactive power related to each
mode. These eigenvalues are real numbers and a mode is
considered resonant when its associated value is equal to
zero. A particular mode is easier to excite and contributes
more significantly to the total radiated power with close-to-
zero eigenvalues. It is apparent that in the frequency range
of interest (from 2.4 to 2.5 GHz), most of the modes have
an eigenvalue magnitude lower than 2, except for mode 7,
9 and 10, which are higher order modes. Specifically, mode 7
and 10 are identified as inductive modes (A > 0), whereas
mode 9 is a capacitive mode (A < 0). Therefore, these higher
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FIGURE 13. Eigenvalues as a function of frequency [25].

FIGURE 14. Rectangular conductive plane with four capacitive exciters;
L =150 mm, W =75 mm, L1 = 33 mm, L2 = 35 mm, D = 5 mm. [25].

order modes do not significantly contribute to the total radi-
ated power in this frequency range. Four capacitive exciters
have been used with the rectangular conductive plane as
shown in Fig. 14.

Next, the normalized modal weighing coefficient (MWC)
amplitude analysis is performed when the CCEs are individ-
ually excited. This helps to understand which current modes
are efficiently excited over the conductive plane within 2.4 to
2.5 GHz. Fig. 15 shows that the sources located along the
y-axis (Port 1 and Port 2) can excite both modes 2 and 8 from
the antenna. On the contrary, the CCEs located along the
x-axis (Port 3 and Port 4) allows the efficient excitation of
modes 2 and 5. The prototype of the proposed null-scanning
antenna is illustrated in Fig. 16.

Another work in [26] presented the improvement of the
radiation efficiency of a mounted-on-platform radiator using
a Balanced Inductive Exciter (BIE). This is introduced to
improve the modal excitation purity of selected CMs. The MS
of the first five modes within the 50 to 80 MHz bandwidth
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FIGURE 17. MS of the first five characteristic modes as a function of the
frequency [26].

is shown in Fig. 17 for a rectangular box. For this struc-
ture, the first five modes produced near-to-unity MS. This
parameter indicates the resonant modes (with MS = 1), and
therefore largely contributes to the total radiated power (Pr)
in a particular frequency range.

The new BIE excitation proposed in this study, in con-
trast to the commonly adopted Unbalanced Inductive
Exciter (UIE) excites the current distribution on the platform,
as shown in Fig. 18(a) and (b). A rectangular box with
inductive coupling exciter (ICEs) placed on the top face are
compared for both the UIEs and BIEs configuration. From the
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(b)

FIGURE 18. ICEs arrangement over a rectangular box. (a) conventional
UIE configuration. (b) proposed BIEs configuration [26].

preliminary analysis, the excitation arrangement of the pro-
posed BIEs allows a better modal selective excitation than the
unbalanced feed configuration from the UIE configuration.
Thus, a better excitation purity of the first four modes can be
obtained by properly controlling their amplitudes and phases.
A comparison of the normalized MWC amplitude between
the UIEs and BIEs configuration on the box is illustrated
in Fig. 19.

Another study in [20] presents a CM analysis method to
detect circular polarization and cross polarization on a radi-
ating patch. The prototype of the analyzed non-symmetrical
E-shaped patch antenna is shown in Fig. 20, which is cho-
sen due to its capability to widen impedance bandwidth.
Fig. 21 shows the variations in characteristic angle and modal
significance with frequency for the first three modes. As can
be observed, modes 1 and 2 showed the same modal current
magnitudes at 2.3 GHz, whereas modes 2 and 3 produced
the same current magnitudes at 2.6 GHz. In addition to that,
the physical interpretations of the CMs indicated that mode
3 and all other higher order modes contribute insignificantly
to the radiated energy at 2.3 GHz. This is due to their low
associated modal significance (<1), which indicates the dif-
ficulty in exciting them. Fig. 21 indicates that modes 1 and 2
can potentially be combined for CP near 2.3 GHz, and
modes 2 and 3 can also be combined to generate CP near
2.6 GHz due to their equal modal amplitudes. However,
since mode 1 is the dominant mode at 2.6 GHz, CP may be
more difficult to be generated due to the higher potential of
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FIGURE 19. Comparison of the normalized MWC amplitude between the

UIEs and BIEs configuration on the box (a): Ports 1 and 2 (b): Ports 3
and 4 [26].

FIGURE 20. The geometry of the circularly polarized (CP) E-shaped patch
antenna [20].

cross-polarization level generation. Thus, the CP is chosen to
be generated at 2.3 GHz instead.

B. FEED OPTIMISATION

This section presents methods in applying the CMA approach
for antenna feed optimization. Feed structure can be opti-
mized efficiently to obtain the best response of the antenna
around the desired frequency. In addition, this method can be
applied in finding the optimal position to excite the antenna

98842

S S N W
-_.._.uby.m:g:&g .
."'.-.-. iy
2404 S — oy
|
A
< 210+
)
] \
=
2 e 151°
i1 <y
g \ o
& 15041 ‘ '
\\ —&— Mode |
od S === Mode 2
- sgndes==s | =A—Mode 3
i e v e CRORAREIRE5-0-0h
1 e M oS ir.
2.2 23 24 2.5 2.6 2. 28
Frequency (GHz)
(a)
T - ﬂ\
b
0.9 4%
\ — Mode |
_ M08 ‘.‘ —eme Mode 2
2 . reree— 3
E 07 \ Mode
5 \ /
2 06 \ y
S
= X
= 054 : } {
:; oo e \.‘\ Equal amplitude .__-".
Eo 03 \.‘_~.— '
-._...,___._"E }t
02 o it T
+
0.1 MM\
p«.c-vvﬁ“"““‘
0.0 +————4—+——rr
2.2 23 24 255 2.6 24 2.8

Frequency (GHz)
(b)
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by studying the current distribution on the antenna surface for
the dominant modes. These methods are explained as follows.

It is well known that the ground, and the substrate struc-
tures will not significantly affect the distribution of eigen
currents on the radiating plane. Despite that, changes in these
components are expected to affect the modal resonances.
Modes become complex after the ground, feeding strip and
substrate are incorporated. This concept is demonstrated
using a planar dipole antenna in [27]. The current distribu-
tions for the five significant modes of the dipole are depicted
in Fig. 22.

For the first mode shown in Fig. 22(a), currents on the
radiating body and the feeding strip are flowing in the same
direction, whereas a current null appears on the feeding
strip in the second mode, as shown in Fig. 22(b). The third
mode contains a null at the bottom of the radiating body
and another on the feeding strip (Fig. 22(c)). For the fourth
mode illustrated in Fig. 22(d), there are nulls at the middle
of the radiating body and around the junction between the
feeding strip and the radiating body. Finally, in Fig. 22(e),
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FIGURE 22. Simulated modal current distributions of (a) Mode 1,
(b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5 on the proposed antenna
in [27].
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FIGURE 23. Characteristic angles of the five significant modes [27].

two nulls are observed on the radiating body in the fifth
mode, and its feeding strip also contain one current null.
On the radiating body, all five significant modes have currents
located along its length, as expected. Based on this modal
surface current analysis, CMA guides designers in selecting
the best feeding design and potential methods in its parameter
optimization. The antenna operation from 600 MHz to 1 GHz
is significantly determined by mode 2. Modes 3 and 4 are
dominant within the range of 1 to 1.15 GHz, based on the
results of the characteristic angles presented in Fig. 23. The
highest resonance is achieved by mode 5.

A U-slot patch antenna is excited separately by using
three different probe feeds: a vertical probe, an L-probe,
and a T-probe. The resonant behavior produced by using
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Lk

FIGURE 24. Side view of L-probe and T-probe models (a) L-probe
(b) T-probe [28].

different feeding probes can be analyzed using CMA. The
modal analysis as shown in Fig. 24 concludes that a T-probe
feed structure is more resonant and may produce the widest
impedance bandwidth [28].

The modal excitation coefficient is analyzed between
2.5 GHz and 8.5 GHz. Modes with the highest modal excita-
tion coefficient values are the main modes excited by the feed
probe. Fig. 25(a) shows that mode 3 is the main mode excited
by the conventional vertical probe from 2.5 to 5.7 GHz.
On the other hand, mode 3 is also the main mode excited
by the L-shaped probe between 2.5 and 6.1 GHz, as shown
in Fig. 25(b). Finally, in Fig. 25(c), modes 3, 4, and 6 are
the main modes excited by the T-shaped probe, from 2.5 to
7 GHz.

Another study in [20] applied CMA to optimize the feeding
point for a U-slot microstrip antenna shown in Fig. 26. CMs
was first analyzed independent of excitation for the U-slot
patch over a frequency band of 2.2 to 2.7 GHz. Without the
feeding structure being considered, the CM analyses are only
dependent on the shape of the radiating patch. To solve such
electrically small problem, the first two CMs are sufficient to
describe the resonant behavior of the antenna. All the other
modes are assumed as higher order modes which are difficult
to excite in practice.’

Fig. 28 shows the current distribution of the proposed
antenna, where the vertical mode is subtracted from the hor-
izontal mode. It is observed that the minimum current areas
are located at the inner edge of the long arms of the U-slot.
This was then determined as the optimal feed area for this
antenna instead of the patch center.

C. IMPEDANCE MATCHING OPTIMISATION

This section highlights the use of the CMA technique in
optimizing the impedance matching of the antenna and iden-
tify the maximum power transfer between the source and its
load. Besides that, CMA provides a method in optimizing the
impedance bandwidth based on the combination of the domi-
nant modes over the required band. Several studies related to
these aspects are presented as follows. The first application
of CMA to identify impedance mismatch for a circular patch
antenna is proposed in [29], as illustrated in see Fig. 29. This
then can be further used to optimize the resonant frequency
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FIGURE 25. Modal Excitation Coefficient of U-slot patch antenna with
er = 4.4 substrate and different excitation feeds. (a) Conventional vertical
feed (b) Lprobe feed (c) T-probe feed [28].

and current distributions of the structure. The modal signif-
icance of the proposed structure is shown in Fig. 30. It is
observed that Modes 1 and 2 have very similar values of
modal significance. The superposition of both modal currents
is expected to cause impedance mismatch. To alleviate this,
the resonant frequency of each mode is separated by inserting
slots onto the radiating patch. The effectiveness of this tech-
nique is illustrated in Fig. 31. When the resonant frequency of
Mode 1 (2.406 MHz) and Mode 2 (1.918 MHz) are separated,
it resulted in a resonant bandwidth of 33 MHz (for Mode 1),
and 8 MHz (for Mode 2).
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FIGURE 26. Fabricated U-slot antenna [20].
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FIGURE 27. CMA results of the U-slot antenna (a): characteristic angle
(b): modal significance [20].

Another study designed an ultra-wide band (UWB)
antenna operating in the ultra-high frequency (UHF) band
using the properties of significant radiating modes. The struc-
ture is designed based on a double annular ring with two

VOLUME 9, 2021



B. B. Q. Elias et al.: Review of Antenna Analysis Using Characteristic Modes

IEEE Access

-, ., ., —————— e

W e e e e

I
LB
I
| {
f
LT
]
Lt
f
sl
f
| {
p.-

FIGURE 28. Characteristic currents of the U-slot antenna at 2.3 GHz
(a): normalized horizontal mode 1 (b): normalized vertical mode 2
(c): H-V current of mode 1 - mode 2. [20].

dipoles, as shown in Fig. 32 [30]. The outer radii of the larger
rings are 100 mm x 70 mm, and the smaller ring radii are
48 mm x 30 mm. With the modal properties provided by
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FIGURE 29. Circular patch antenna [29].
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FIGURE 31. Modal significance of the slotted circular patch proposed
in [29].

CMA in Fig. 33, the antenna is designed to be excited by
energy radiated from dipoles close to it. Therefore, an antenna
operating with at least VSWR < 2 from 470 MHz to 960 MHz
is achieved by combining the resonances of multiple modes
fed through a single port, as shown in Fig. 34.

On the other hand, the work in [31] considered the chassis
of the mobile terminal as a part of the radiator. A 50 x 25 mm?
conductor sheet is designed with a good radiation behavior to
operate in a wideband mode centered at 2.4 GHz. A button
is designed as a top loaded monopole antenna and is used to
excite the conductive sheet, as depicted in Fig. 35. The design
of the main chassis is analysed using CMA to find the proper
feed line location. The best position for excitation is deter-
mined by observing the location of the current minimum.

98845



IEEE Access

B. B. Q. Elias et al.: Review of Antenna Analysis Using Characteristic Modes

FIGURE 32. Structure of the proposed antenna (a) top view and (b)

bottom view [30].

Chamcnislicangle Bog)

FIGURE 33. Characteristic angle of the double annular ring with two

dipoles in different modes [30].

The short edge point of the chassis couples with the first
mode, as shown in Fig. 36(a) and (b). The modal significance
results in Fig. 36(c) shows that the dominant mode resonates

around 2.65 GHz.

CMA can also be applied to optimize a nonuniform
metasurface array (NMSA) [32]. The proposed NMSA is
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FIGURE 36. Current distribution (a) mode 1 (b) mode 2 (c) MS [31].

dimensioned at 27.5 x 7.5 mm? and operates in the 5 GHz
WLAN band, as illustrated in Fig. 37. The surface currents
and radiation patterns for the first six significant charac-
teristic modes from CMA simulations are generated using
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nonuniform metasurface antenna [32].

MoM, as shown in Fig. 38. The strength and direction of the
currents in each cell of the unit varied, whereas the direction
of the combined current distribution is consistent with the
patch throughout the entire metasurface. The angular ratio
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FIGURE 39. The proposed design in [33]: (a) simulated prototype
(b) fabricated prototype.
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FIGURE 40. Characteristic eigenvalues for the proposed chassis in [33].

is adjusted so that the operation of both dominant modes
is combined, resulting in the optimization of its operation
throughout the required band.

The study in [33] proposed a new design using CMA to
enhance the performance of the orthogonal MIMO antennas.
To illustrate the framework, a mobile phone chassis with
dimensions 130 x 66 mm? as shown in Fig. 39 was analyzed
using CMA. The following steps summarizes the work.

i. The first five characteristic modes (A1 to As) are tracked

by correlating the characteristic currents of each individ-
ual mode over frequency and is presented in Fig. 40.

ii. The structure supports only one resonant mode below
1 GHz. This will be referred to as the fundamental chas-
sis mode, which has the same current distribution with a
dipole along the length of the chassis, see Fig. 41.

iii. By combining the operation of the characteristic cur-
rents and near fields of the significant modes into the
frequency band, a single feed can be designed to excite
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FIGURE 41. Normalized current distribution of 1, on the chassis in [33].
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FIGURE 42. (a) A half loop antenna on top of the platform (Center).

(b) A half loop antenna on top of the platform (edge). (c) Two half loop
antennas on top of the platform (edge). (d) Four half loop antennas on
the top and bottom of the platform (Edge) [34].

multiple modes. This leads to bandwidth broadening,
resulting in a dual-band antenna operating from 818 to
896 MHz and from 1841 to 2067 MHz.

Next, the work in [34] proposed a method in exciting
the characteristic mode of the platform mounted with the
antenna to increase its overall bandwidth. Fig. 42 illustrates
the half-loop antennas mounted on the modified corners to
enable part of the platform as a reflecting plane.

The proposed design process starts by examining the reso-
nant behavior of the platform. Fig. 43 shows that the dominant
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Modal Significance

Frequency [MHz]

FIGURE 43. Modal significances of the first four modes of the
platform [34].

FIGURE 44. Three prototypes of the probe-fed, U-Slot patch antenna [35].

mode for this structure is mode 1, which is significant at
approximately 9 MHz.

The desired resonant mode of the platform can then be
excited, whereas the bandwidth of the platform-mounted
antenna can be enhanced by a factor of 2, 7, or 10 compared to
a standalone full loop antenna. This is done by using one, two,
or four half loop antennas, respectively, to excite the desired
mode. Measured fractional bandwidth of the one, two, and
four half loop antennas on the platform are 0.91 %, 1.78 %,
and 5.12 %, respectively. Three additional topologies were
also evaluated, resulting in a fractional bandwidth of 1.97 %
(for three half loop antennas located on the edges and center),
2.84 % (for four half loops located on the edges and center),
and 3.75 % (for four half loops antennas located in the
center of the platform). This approach provides flexibility in
widening bandwidth by increasing the number of loops and
by selecting proper locations on the platform.
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FIGURE 45. Modal characterization of the U-slot antenna for different substrates and dielectric constants [35].

Another study in [35] introduced a method of combining
existing design methods i.e., dimensional invariance (DI) and
resonant frequency (ResF) to result in a new empirical design
method known as the “‘dimensionally invariant resonant fre-
quency (DIResF)”. This is aimed at introducing an efficient
design process for a wideband antenna, including its feeding
probe. As a proof of concept, the design of a probe-fed,
U-slot microstrip patch antenna depicted in Fig. 44 is applied
on different substrate types and initial thicknesses (¢). The
proposed methods in this study are descriibed as follows:

I

The empirical DI design technique is based on the
observation that the dimension of a rectangular patch
remains invariant or bears a constant relationship to a
symmetrically located U-slot. To obtain the first pass
of the design from this method, only the length of the
patch, L, is needed, whereas the rest of the patch and
U-slot dimensions can be determined from conventional
procedures. However, this first pass does not provide for
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ii.

ii.

an efficient optimization process of the feeding probes,
which potentially affect the resulting surface waves and
cross polarization fields.

The second method, ResF, is based on the simultaneous
excitation of multiple resonant frequencies of a U-slot
antenna to result in a broadband response. This design
method works well for low permittivity and thin sub-
strates. As & and ¢ increases, the difference between
L and the length of the slot, Ls decreases. Similar to
the DI method, probe location needs to be optimized
to obtain an initial U-slot patch design, and this is not
straightforward with ResF.

The new DIResF design method is developed here by
combining both design techniques into six steps. This is
done to minimize the needed optimization steps of the
feed location to obtain optimal bandwidth. By adjusting
pre-defined ratios from the DI and ResF techniques,
impedance matching can be controlled with no further
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optimization of the feed probe is needed when located at
the center of the patch.

The modal analysis of the three design methods (DI, ResF
and DIResF) being applied to four different substrates are
explained as follows:

i. In case (i), a substrate with &, = 2.2 and ¢ = 3.175 mm
was investigated. Two modes are observed to be simul-
taneously contributing to the bandwidth when using all
three design methods. However, a wider bandwidth is
observed for method DIResF, as modes 3 and 5 operated
at the lower frequencies compared to the other two meth-
ods. This increases the fractional bandwidth, as shown
in Fig. 45(a).

ii. In case (ii), a substrate with &, = 3.27 and r = 5.08 mm
was investigated. Modes 2 and 4 are seen to operate
for all methods except for DIResF, where an additional
mode 6 is also evident. The current modes in DI radiated
at higher frequencies than ResF, as shown in Fig. 45(b),
leading to its higher resonant frequency.

iii. In case (iii), a substrate with &; = 4.4 and t = 7.62 mm
was investigated. Modes 2 and 3 are contributing modes
and mode 2 for the DIResF technique is excited at a
lower frequency. This is almost same as ResF, as shown
in Fig. 45(c).

iv. Finally, for case (iv), a substrate with ¢, = 9.8 and
t = 12.7 mm was investigated. Mode 1 and 4 operated for
DI, mode 2 and 3 for ResF, and mode 1 and 3 for DIResF,
respectively, to contribute to the total bandwidth, as seen
in Fig. 45(d).

D. MIMO

In this section, the CMA approach is utilized as a tool
for MIMO antennas’ modeling simplification. The specific
antenna structural modes and its modal feed network are
assessed separately. Each physical mode is assessed by CMA
without exciting the antenna. More details of this method and
its relevant literature are explained further as follows.

The work presented in [36] proposed a multi-mode multi-
element antenna (MEA), aimed at realizing multiple uncor-
related antenna ports on each MEA element. This is done
by exciting different CMs on the antenna element, as shown
in Fig. 46. The base station antenna consists of M rows and N
columns of physical elements. As each element is supposed
to contain K uncorrelated antenna ports, resulting in M x N X
K effective antenna ports for the M EA.

Fig. 47 illustrates the eigenvalues of the CMs of a rectangu-
lar PEC plate as a function of the frequency. This plate is used
as a basic antenna element. Within the antenna operating fre-
quency (from 6 GHz and 8.5 GHz), several CMs showed low
eigenvalues, which can be effectively excited. The desired
modes are excited by direct coupling using sets of gap sources
in the open slots. Any modification of the initial structure
changes the modal decomposition. Therefore, the modes do
not remain the same when the structure is modified from its
initial shape.
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FIGURE 47. Eigenvalues of the characteristic modes of a rectangular plate
and modal current density distribution at f = 7.25 GHz [36].

In [37], CMA enables to use of a symmetric conductor
as a multiport MIMO antenna using a mode-decoupling net-
work (MDN). The proposed designs are shown in Fig. 48.
In the first design step, CMA is performed on the bug-like
conductor to find the available set of modes operating within
the 2.4 GHz band. Fig. 49 examines the current distribution
and radiation pattern for the first three dominant CMs, with
a modal significance of 0.98, 0.92, and 0.38 at 2.4 GHz,
respectively. Two options are chosen to excite the CMs of
the MIMO antenna: one employs ICE, and the other uses
capacitive coupling elements (CCE). CCE requires additional
components, whereas ICE excitation uses additional slots
on the structure. For this reason, ICE has been chosen to
be studied. The last two steps involve the excitation of the
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FIGURE 48. Geometry of the biomimetic bug-like structure
(a-b): Simulated prototype (c-d): fabricated prototype [37].
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FIGURE 49. Simulated normalized radiation patterns and surface current
distributions of the first three dominant CMs at 2.4 GHz (a): Mode 1
(b): mode 2 (c): mode 3 [37].

first three modes and the design of the matching and feeding
networks, respectively.

E. SPACE APPLICATIONS
In this section, CMA has been employed to study the antenna
parameters for satellite communication. In line with the intro-
duction of more compact pico-satellites, antennas have been
designed to provide better space efficiency while maintaining
communication system performance. Several studies related
to these aspects are presented as follows.

The study in [38] uses the CMA for tailoring a metasur-
face (MTS) as a superstrate for a compact and low-profile
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FIGURE 50. (a) Top view and (b) side view of the proposed metasurface
superstrate layer with infinite dielectric layer and ground plane [38].
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FIGURE 51. The CA of the first ten modes as a function of the
frequency [38].

nanosatellite antenna. The final MTS structure consists of
non-uniform rectangular patches arranged in a 3 x 4 array
configuration, as shown in Fig. 50. The CMA approach is
verified by assessing the performance of the overall struc-
ture including the stripline feed. To solely account for the
effect of 3 x 4 non-uniform upper rectangular patches
array, the grounded dielectric layer is considered extended
infinitely. The phase difference between the current mode and
the related electric field mode, B, is presented in Fig. 51.
It is apparent that at low frequencies, only Mode 1 is near
resonance (8, = 180°). However, with increasing frequency,
more CMs are resonant, contributing to additional radiation
if properly excited. The normalized 3D radiation patterns
for different CMs are evaluated at 2.15 GHz and illustrated
in Fig. 52.

Next, the effects of a finite square ground plane and the
introduction of a rectangular slot in Fig. 53 are examined.
These modifications shifted the 8, value of Mode 1 down
in frequency, whereas the §, value of Mode 3 slightly rose
upwards to 2.2 GHz, relative to the structure with finite
ground plane. This is illustrated in Fig. 54.
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FIGURE 52. Normalized 3D radiation pattern evaluated at 2.15 GHz
(a) Mode 1, (b) Mode 3, (c) Mode 6, (d) Mode 8, (e) Mode 9 and
(f) Mode 10 [38].

Infinite Dielectric Lajyer Infinite Dielectric Layer

Finite Ground Plane

(b)

FIGURE 53. (a) Top view and (b) side view of the proposed metasurface
superstrate considering the finite ground plane with a rectangular
slot. [38].
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FIGURE 54. Characteristic angle comparison as a function of frequency of
the two CMs (Mode 1 and Mode 3) [38].

Next, the study in [39] analyzed a new excitation mech-
anism called the BIE. It comprises two non-resonant half
loops fed with opposite phases and equal magnitude, as seen
in Fig. 55(a). Four BIEs are placed at the center of each face
edge of the CubeSat, as illustrated in Fig. 55(b). The shape of
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FIGURE 55. (a) A BIE and (b) four BIEs placed on the top CubeSat
face. [39].
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FIGURE 56. MS as a function of the frequency for the first 12 modes [39].

the platform and the BIEs configuration enabled 11 modes to
be excited significantly within the 2.4 to 2.45 GHz operating
frequency range, as shown in Fig. 56.

Current modes presented in Fig. 57 indicates maxima
either located at the center of the edges (modes 1 to 6 and
modes 10 to 12) or at the center of a face (modes 7 to 9). The
locations of these exciters at the edges are suitable to avoid
interfering with solar panels or other platform payloads or
systems.

F. METASURFACE

In this section, several important literatures which uses CMA
to predict modal behaviors of metasurfaces are presented.
Results are then used to analyze and optimize these structures
in terms of operating band and radiation characteristics. They
are explained in detail as follows.

The study in [40] investigated the metasurface structure as
loads (shown in Fig. 58(a)) to improve antenna performance
based on CMA. It consists of a single-layered 2 x 2 patch-
based metasurface. This research first focused on the pattern
configuration before determining the feeding placement. The
patch sizes and periods are varied to adjust the resonant
frequency of the desired mode, and the calculated modal
significance for the first six modes at 35 GHz is presented
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FIGURE 57. The current modes distribution at 2.425 GHz for: (a) mode 1,
(b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5, (f) mode 6, (g) mode 7,
(h) mode 8, (i) mode 9, (j) mode 10, (k) mode 11, and (I) mode 12 [39].

in Fig. 58(b). On the other hand, Fig. 58(c) illustrates the
characteristic currents and modal radiation patterns of these
modes at the resonant frequencies. Else, if the resonant fre-
quencies are beyond the maximum range of 43 GHz, this
frequency will be chosen. It is observed that the modes 1 and 2
are a pair of degenerated modes, which combination provides
vertically and horizontally polarized radiations at boresight.
All the other modes presented are out-of-phase characteristic
currents with hollow radiation patterns.

In [41], CMA was used effectively in designing an antenna
shown in Fig. 59 by understanding its operating mechanisms
and guiding its excitation placement and optimization. The
antenna consists of three metallic layers (from top to bottom),
a metasurface (P-P’ plane), a ground plane (G-G’ plane), and
a microstrip line (F-F’ plane).

The metasurface is located on the top of a 3.454 mm -thick
grounded dielectric layer as shown in Fig. 60(a) whereas
the first four CMs are shown in Fig. 60(b). As observed,
mode 1 and 2 are a pair of resonant modes at 5.9 GHz with the
same MSs. Similarly, the other two modes, mode 3 and 4 also
resonate and share a similar trend of variation with frequency.

Next, a short slot representing a magnetic current is
integrated onto the patch center to selectively excite the
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FIGURE 58. CMA of the proposed 2 x 2 patch-based metasurface
(a): Configuration (b): Modal significances (c): Characteristic currents and
modal radiation patterns of first six modes [40].

desired mode as shown in Fig. 61(a). Due to the small
size of the center slot, the characteristic modes are unaf-
fected significantly. However, the first two orthogonal modes
start to diverge due to asymmetrical perturbation introduced,
as shown in Fig. 61(b).
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FIGURE 59. Configuration of the proposed antenna [41].
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FIGURE 60. (a): Top view of the proposed metasurface which is located
on top of an infinite large grounded dielectric layer (b): modal
significance [41].
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FIGURE 61. (a): Configuration of the metasurface with top slot (b): modal
significance [41].

Maodal Significance

Finally, to further excite the small slot, a long slot rep-
resenting another magnetic current parallel to the short one
is etched on the ground plane, as shown in Fig. 62(a). The
MSs of first four characteristic modes for the double-slotted
metasurface are plotted in Fig. 62(b). Modes 1, 2, 3 and 4
are resonant at 3.5 GHz, 6.0 GHz, 5.85 GHz, and 6.4 GHz,
respectively.

Another study designed a dual-wideband, dual-polarized
antenna using metasurface for millimeter-wave (mm-wave)
communications using CMA [42]. The proposed metasur-
face is mainly composed of a 3 x 3 square-patch, as shown
in Fig. 63, with four of its corner patches further sub-divided
into a 4 x 4 sub-patch array. On the other hand, the size of
the other four edge patches is reduced and the center patch is
etched with a pair of orthogonal slots.

The design of the metasurface in this study was performed
as follows:

98854

Y
Y w
207 -
ose ¢
205
2.
N/ 5 04 ——Mode 1
Z 03 ——Mode 2
2 02 — — Mode 3
0.1 — Mode 4
003 4 3 & 7 8

Frequency (GHz)
(a) (b)

FIGURE 62. (a): Configuration of the metasurface with top and bottom
slots (b): modal significance [41].

Substrate III

(b)

FIGURE 63. Configuration of the antenna element (a): simulated model,
(b): fabricated prototype [42].

i.

ii.

iii.

The original metasurface consists of three types of
patches: center patch (patch 1), edge patch (patch 2), and
corner patch (patch 3), as illustrated in Fig. 64(a).

By etching a quasi-cross slot on patch 1, reducing the size
of patch 2, and splitting patch 3 into a 4 x 4 sub-array, an
initial modified metasurface with dual-band and suitable
radiation patterns is achieved, as depicted in Fig. 64(b).

Next, by moving patch two away from patch 1
(see Fig. 64(c)), the sidelobes of the radiation pattern
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FIGURE 65. Radiation patterns and modal currents of possibly resonant
modes for the original metasurface [42].

can be effectively suppressed. Fig. 65 shows the modal
radiation patterns of the original metasurface.
To further understand the design process, the following
steps depict the operating principle.
i. The original modal significance (MSs) of the first ten
modes from 23 to 43 GHz are calculated and sorted at
33 GHz, as shown in Fig. 66.

ii. by etching a quasi-cross slot on patch 1, reducing the size
of patch 2, and splitting patch 3 into a 4 x 4 sub-array, a
new set of MSs is realized, with its initial modal currents
and patterns shown in Figs. 67 and 68, respectively. Only
the resonant modes (i.e. mode 1 and 2, mode 4 and 7,
and mode 9 and 10) within the desired frequency bands
of interest are then selected.

As seen from Fig. 66, the first five modes showed optimal
MS magnitudes at 33 GHz (of MS = 1), whereas the rest
of the modes (6 to 10) showed magnitudes of greater than
0.707 above 33 GHz, which is acceptable. Due to this, the fre-
quency of 33 GHz is chosen. Moreover, the metasurface
structure is modified to achieve dual-band frequencies and
the desired radiation patterns by suppressing their sidelobes.
On the other hand, Fig. 67 shows that the resonant modes 9
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FIGURE 66. MSs of the original metasurface in [42].
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FIGURE 67. MSs of the modified metasurface in [42].

FIGURE 68. Radiation patterns and modal currents of possibly resonant
Modes for the modified metasurface [42].

and 10 are excited in the desired lower frequency bands,
while resonant modes 1 and 2 are also excited in the desired
upper frequency bands. Notice that the modal significance of
modes 4 and 7 are close to 0.707, hence they might interfere
with the radiations of modes 1 and 2. As a result, a dual band
behavior is obtained from the modified metasurface antenna,
as indicated by the highlighted areas in Figs. 66 and 67.
Another study in [43] concentrated on improving antenna
bandwidth by introducing extra modes from resonant exciters
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FIGURE 70. Modal significance of the first ten modes of the independent
metasurface [43].

in the form of wire (electric currents), aperture (magnetic
currents), or both. Resonant metasurface antennas (RMAs)
are proposed, as shown in Fig. 69.

A systematic framework is formulated for the design of
RMAs using CMA involving resonant apertures. This is done
by designing a low-profile wideband dual-polarized RMAs
fed by slot arrays at 5 GHz bands. The CMA-based design
process of this antenna is explained as follows.

i.

ii.

iii.

The MTS, Substrate I and solid ground are first consid-
ered. The MTS is discretized, on which electric currents
are solved. Fig. 70 and Fig. 71 show the MS and the char-
acteristic currents for the first ten modes, respectively.
Results indicate that the MTS supports two different
types of third-order modes (modes 1 and 2) with in-phase
currents and broadside radiation patterns.

Secondly, the four resonating slots with Substrates I
and II are analyzed separately. The slot areas are dis-
cretized by 3328 triangles, in which the Green’s function
of the planar aperture is defined in FEKO and mag-
netic currents are solved. Figs. 72(a) and 72(b) show
the MS and the associated modal currents for the first
four modes, respectively. As can be seen, the four modes
present different odd and even symmetries.

As the third step, the dielectric layer for both the slot
array and the MTS are considered. Magnetic currents are
solved for the slots and electric currents are solved for the
MTS, as shown in Fig. 73.
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FIGURE 71. Characteristic modal electrical currents and radiation patterns
of the first ten modes for the independent metasurface (at 6 GHz) [43].
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FIGURE 72. (a): Modal significances (b): magnetic currents of the four
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FIGURE 73. Modal significance of the metasurface with four slots [43].

iv. As the fourth step, the purity of mode excitation is eval-
uated by calculating the far-field radiation power of each
mode, as shown in Fig. 74.

G. PLATFORM

In this section, advanced systematic procedures for design-

ing

platform-integrated antenna systems using the CMs
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FIGURE 75. AAV model [44].

is presented. The platforms include the likes of naval ships
and amphibious assault vehicles and are described as follows.

The study in [44] employed CM theory to adapt the metal-
lic platform as the main radiator. Low-profile coupling ele-
ments are mounted on different locations of the amphibious
assault vehicle (AAV) platform shown in Fig. 75 to excite
two orthogonal, horizontally polarized CMs. The systematic
design steps of a dual-polarized, platform-based HF antenna
system are characterized experimentally. It is intended for
Vertical Incidence Skywave (NVIS) applications operating
from 3 to 10 MHz. To develop dual-polarized antennas
for this application, horizontally polarized modes should be
excited on the platform to create strong radiation towards the
zenith.

The CMs of this platform were analyzed in different envi-
ronments (corresponding to dry and wet earth as well as
the seawater). Fig. 76 shows the electric field patterns and
normalized surface current distributions of the two horizon-
tally polarized CMs of the AAV at 3 MHz. Mode X (Y)
represents the x-polarized (y-polarized) mode with current
flowing along the x(y)-direction.

Fig. 77 shows the MS values of Modes X and Y from 3 to
10 MHz in these different environments. It is observed that
MS values with the presence of dry earth, wet earth, and
seawater are larger than those in free space, due to additional
conductive ground in the vicinity of the AAV.
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FIGURE 76. Electric field patterns and normalized surface current
distributions of the two horizontally polarized CMs (Modes X and Y) of
the AAV at 3 MHz [44].
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FIGURE 77. MS values of the two horizontally polarized CMs of the AAV
from 3 to 10 MHz in different environments (a): Free space (b): Dry earth
(c): Wet earth (d): Seawater [44].

Another study in [45] presented an efficient CM-based
approach in designing a platform-embedded HF shipboard
antenna system. The CMs of the entire ship platform shown
in Fig. 78 is calculated to synthesize the desired radiation pat-
terns. Moreover, the localization of the synthesized currents
on a small part of the existing platform makes the CM-based
structural antenna concept suitable for electrically medium or
large platforms.

The CMs are first solved to understand the resonant behav-
ior of the ship platform. The radiating currents are then
synthesized to produce the desired radiation patterns using
CMs on the ship platform. This is made more efficiently by
the modal solutions in CM theory. Thirdly, non-protruding
slits are then proposed to excite the synthesized currents. It is
seen from Fig. 79 that 20 modes are significant (MS > 0.707)
at around 5 MHz. These 20 modes are finally chosen to be
synthesized in terms of radiation patterns.

The next study in [46] involves the use of the CMA method
for designing an electrically small unmanned aerial vehi-
cle (UAV) antenna system, as shown in Fig. 80. Five steps are
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FIGURE 79. Modal significances of the first 50 modes [45].

involved in applying the CM theory to design this three-port

antenna system, as follows:

1. The existing platform which serves as the radiating aper-
ture is integrated with one or more probes, which are used
to excite currents on the platform.

ii. The CMs of the platform are applied to synthesize radia-
tion patterns efficiently. The efficiency of the design pro-
cess is improved by replacing the full-wave simulations
with simple linear combinations of CMs.

iii. Small probes are designed to excite the currents for the
synthesized radiation patterns. Input impedance match-
ing for each port is also considered.

iv. The overall system is then considered as a single antenna
equipped with many ports, capable of producing differ-
ent radiation patterns by strategized feeding.

v. By scaling the practical HF design problem to the UHF
range, a prototype of the designed system is fabricated
and measured to validate the presented method.

H. TRACKING OF MODES
Besides being independent of the substrate and excitation,
the use of CMA also potentially reduces simulation time in
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(b)
FIGURE 80. Theoretical model (a) and prototype (b) of the three-port UAV
integrated antenna system. [46].

designing antennas, especially for those with large geome-
tries and complex structures. This section focuses on this aim
in the design process by tracking CMA modes. More details
of the method and its relevant literature is further explained
as follows.

When analyzing significant modes in CMA, one important
aspect is the ability to track the modes in existence over
a target frequency range. It is possible that these modes
change order with frequency, or new modes may come into
existence and existing modes may vanish with the different
frequency [47]. To overcome this, the tracking of modes can
be implemented by sorting them according to the order of
their eigenvalues [48]. Firstly, the modes are sorted based
on the closer to 0 at the lowest frequency (100 MHz). Then,
the correlation between the eigen current, J,, at the lowest
frequency, and J, at other frequencies is calculated using
equation (6), as follows:

_ Un"
S| 1l
Considering the possibility of the weaker modes being

insignificant, only the eigen currents with correlation value of
over 0.7 are tracked, as shown in Fig 81 [49]. This facilitates

Q)

Pm,n
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FIGURE 82. End fire antenna structure proposed in [50].

the understanding their behavior, as the different modes may
swap order, and significant mode may arise or vanish during
the sequential optimization steps. Thus, the structure may be
optimized by tracking these modes.

Another study presented a 300 x 100 mm~ vertically
polarized near-end-fire antenna, which is compact in size,
high in gain, and features low side lobe levels (SLL) [50].
The proposed antenna array consists of three-square patches,
where three shorting pins are vertically placed along the
midlines of each one, as seen in Fig. 82. It operates by
coupling two distinctive modes in a way that their respective
radiations from one end of the antenna are doubled, whereas

2
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FIGURE 84. Different microstrip patch shapes. (a) Rectangular
(b) Equilateral triangular (c) Circular (d) Square (e) Elliptical
(f) Parallelogram (g) Regular pentagon (h) Regular octagon [51].

the radiation from the other end are canceled out. In such
situation, CMA is an effective tool to identify the resonant
modes of an antenna and optimal coupling from perspectives
of gain and sidelobe levels. Fig. 83 shows that the first three
modes (1, 2 and 3) computed around 1.65 GHz.

The features of CMA can also be applied in analyzing
different radiator shapes for a microstrip patch antenna shown
in Fig. 84 [51]. This is aimed at choosing the most suitable
radiator design by analyzing their resonant behaviors, thus
optimizing design and optimization time. Note that these
patches are initially analyzed without any substrate, ground,
or excitation source to enable the comparison of their reso-
nant behavior. The modal significance is analyzed between
2.5 GHz and 8.5 GHz and is calculated using FEKO software
as follows:

i. Modes 1 and 2 are good radiators in the 5.0 to 8.5 GHz
range (Fig. 85(a)).
ii. Symmetric modes 1 and 2 are good radiators in the
5.1 to 8.5 GHz range (Fig. 85(b)).
iii. Symmetric modes 1 and 2 are good radiators in the
6.3 to 8.5 GHz range (Fig. 85(c)).
iv. Symmetric modes 1 and 2 are good radiators in the
5.9 to 8.5 GHz range (Fig. 85(d)).
v. Mode 1 is a good radiator in the 4.0 to 8.5 GHz range
(Fig. 85(e)).
vi. Modes 1 and 4 are good radiators in the 3.0 to 8.5 GHz
range (Fig. 85(f)).
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vii. Modes 1 and 4 are good radiators in the 3.8 to 8.5 GHz
range (Fig. 85(g)).
viii. Modes 1 and 2 are good radiators in the 4.8 to 8.5 GHz
range (Fig. 85(h)).
ix. Symmetric modes 1 and 2 are good radiators in the
6.1 to 8.5 GHz range (Fig. 85(1)).

This study concludes that the parallelogram and elliptical
patch shapes are the best radiating structures. Also, the
parallelogram patch with the narrowest angle produced the
highest modal bandwidth, based on the results presented
in Fig. 85.

Another work in [52] applied CMA to design a tunable
antenna starting from a ground plane dimensioned at 150 x
70 mm?. Aimed for operation in the LTE and 5G band, the
basic method in this work can be summarized as follows:

i. Firstly, the structure of the chassis is simulated to
identify the dominant modes. Simulation results of the
chassis shown in Fig. 86(a) indicates that the first mode
operates near 800 MHz with a strong surface current
density in the center of the chassis (see Fig 87(b)).

ii. Next, an antenna is designed to operate in the lower
LTE bands. To do so, the metallic section sized at L2 =
33 mm x W2 = 35 mm is removed from one corner of
the chassis. The truncated space is then integrated with
additional 7-shaped strips, as depicted in Fig. 86(b).
This resulted in the surface current concentration near
the truncated edge of the chassis, see Fig. 87(d).
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FIGURE 86. Geometry of the antenna proposed in [52], (a) Chassis
(b) Truncated chassis (c) MIMO antenna.
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However, the MS is still maintained around 0.8 GHz,
indicating that the modal resonant frequency remained
unaffected and its variation is controllable.

iii. The feed position is then slightly displaced away from
the location where the strong surface current exists.
This shifts the resonant frequency to 1 GHz, making it
operational in the lower frequency bands, as illustrated
in Fig. 87(a) and (c).

iv. A MIMO antenna is then designed on a 0.762 mm
thick RT Duroid substrate (¢r = 3.2, tan§ = 0.0009),
as shown in Fig. 86(c).

v. PIN diodes (denoted as D1 and D2) and varac-
tors (denoted as V1 and V2) in Fig. 86(a) are then
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added, introducing simultaneous tunability and switch-
ing capabilities.

vi. Finally, a decoupling mechanism to improve the iso-
lation is introduced. The reflection coefficients of the
antenna in for the PIN diodes in OFF state is shown
in Fig. 87(e). In this state, V1 and V2 are varied from
13.38 pF to 0.69 pF to enable the antenna operation in
four bands: from 0.74 to 1.19 GHz, 2.29 to 3.29 GHz,
3.93 to 4.6 GHz, and 5.74 to 6.45 GHz. With a similar
variation of V1 and V2 during the ON state of the
diodes, the antennas operated from 0.69 to 1.18 GHz
and from 5.52 to 6.13 GHz.

V. CONCLUSION AND FUTURE PERSPECTIVES

This paper reviews the recent applications of CMA for dif-
ferent purposes on different antennas. Foreseeing that future
antenna designs will be more complex to simultaneously
cater to the different wireless standards and stricter con-
straints, resource-efficient design and optimization procedure
for antennas is essential. CMA can be applied in optimiz-
ing different antenna performance parameters, as it provides
the understanding of the underlying physics of the structure
using modes. In comparison with other classical methods,
this allows antennas to be designed more systematically and
optimized in an efficient way. Antenna dimensions and struc-
tures can be modified based on the CMA results, which
then provides a good guidance for further adjustment and
optimization. It can be summarized that the CMA allows:

i. design of the feed structure based on the desired radia-

tion performance,

ii. attainment of desired radiation patterns by exciting the
corresponding modes using feeding location and the
eigencurrent distributions,

iii. optimization of impedance matching and identification
of the maximum power transfer points between the
source and its load,

iv. simplification of modelling MIMO antennas,

v. systematic procedure in exciting the platform and opti-
mizing platform-integrated antennas

vi. optimization of metasurface structures,

vii. tracking and sorting of modes.

It can be summarized that CMA applies to both electri-
cally small and large platforms, providing physical insights
into the antenna. This insight aids in choosing the locations
of the excitations on the antenna and the antennas on the
platform. Moreover, the knowledge of the coupling between
excitations and modes enables designers to synthesize the
desired antenna, enhancing the impedance bandwidth and
forming the radiation pattern. The performance of antennas
can be predicted with reasonable accuracy by observing the
CMA parameters such as the modal significance, eigenvalue,
or characteristic angle. A complete antenna analysis (with
substrate and excitation) is then required to fully validate its
performance. There are a few main areas that could further
advance the use of CMA approach in improving antenna
performance. They are listed as follows:

VOLUME 9, 2021

i. Procedure in optimizing the dimensions of planar radi-
ators based on the CMA method for multi-layered sub-
strates with different permittivities.

ii. Development of an analytical model to suppress the
unwanted HOMs in the context of compact and large
antenna models.

iii. Further quantifying the impact of coupling between the
complex probe models of characteristic modes in opti-
mizing an antenna.

Ultimately, overcoming these challenges will make the
CMA method more efficient in designing antennas and
optimizing their parameters.
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