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Abstract
Characteristic mode analysis (CMA) can be used in antenna designs to solve radiation problems. This review
focuses on the existing development methodologies for circularly polarized (CP) antennas and their axial ratio
bandwidth (ARBW) improvement using CMA. To discuss the physical insights related to CP radiation, this study
systematically examines different antenna design structures used in previous research. It investigates the impact of
modal parameters such as the eigenvalue, modal significance (MS), characteristic angle (CA), surface current,
far-field radiation behavior on CP radiation, and ARBW for various antenna designs. In addition, it discusses the
comparative analysis of various antenna design approaches in terms of antenna performance parameters such as the
operating frequency band, ARBW, and gain. The results show that CMA provides more valuable information for the
selection of feed position in antenna designs than the conventional full-wave simulation approach.
Keywords: characteristic mode analysis (CMA), eigenvalues, modal significance, characteristic angle

1. Introduction
Today’s advanced wireless communication technology development is being driven by different integrated challenges. The
antenna design methodology is one of the interesting challenges with desired radiation behavior [1-3]. An independent antenna
design approach contributes to the optimization of a communication system [4-5]. Sometimes, in such a communication system,
unnecessary power losses may occur if the polarization of the receiving and transmitting antennas is not matched. By using
circularly polarized (CP) antennas, power losses due to polarization mismatch can be avoided. CP antennas are essential in
various applications due to their ability to combat multi-path interference and mitigate linear polarization (LP) problems such as
Faraday rotation [6]. CP radiation can be achieved by combining two orthogonal LP radiations with equal magnitude and
quadrature-phase excitations. Additionally, various techniques have been used, such as adjusting patch shapes with single or
multiple feed networks through parameter sweeping [7] and using automated optimization methods [8].
Most of the antenna designs typically follow a cut-and-try approach, based on the engineering experience by full-wave
simulation without understanding the natural resonance characteristics of structures. This procedure becomes somewhat trivial
and lacks physical insights. Because of this, the final simulation characteristics such as the radiation efficiency, input impedance,
and radiation patterns of antennas are dependent on the resonance properties themselves from the exciting external feed. Hence,
the antenna resultant current distribution does not reflect the natural resonance characteristics with the improper feed. Thus, to
understand and analyze the resultant current distribution that does reflect the natural resonant behavior, the theory of characteristic
mode analysis (CMA) is one of the fundamental approaches of recent days in the antenna domain. CMA analyzes the resonant
behavior of an antenna structure using a source-free method and it decomposes the full-wave current into an individual mode
[9-10]. This will help understand the physical insights and optimal feed arrangements, and excite the desired modes by
suppressing undesired modes [11]. The optimization can thus be done on the designs to the desired radiation performance.
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CMA was originally addressed by Garbacz [12] and formulated with Turpin [13]. They demonstrated a specific set of
characteristic modes (CMs) for an arbitrary perfect electric conductor (PEC) obstacle that is independent of any specific source.
There is only the assumption that CMs have been given instead of an explicit definition. Therefore, Harington and Mautz [14]
refined the CM theory for PEC objects by relating the surface current to the tangential electric field and defined that an infinite
number of independent current modes can naturally exist in an arbitrary structure. Later, it has been extended to different structures
[15-16]. However, the appropriateness of their formulations has not been exhibited properly in solving practical problems.
In recent years, numerous investigations into these earlier formulations have been addressed [17-19]. The most important
applications of these findings include mobile handset antenna designs [20], radio-frequency identification (RFID) tag antennas
[21], universal serial bus (USB) dongle antennas [22], aircrafts [23], unmanned aerial vehicles (UAV) [24-25], ships [26], and
land vehicles [27-29]. Recently, the study has been extended to a dual-port fractal ultrawideband (UWB) multiple-input
multiple-output (MIMO) antenna for portable handheld wireless devices [30] and a 4-port MIMO antenna for 5.8 GHz WLAN
applications [31]. Very recently, some 5G antennas have also been proposed using MIMO technology [32-36]. The CM theory
has become a standard approach in these developments.
In this article, the authors explore the CM-based methodological advancement for a variety of critical CP antenna designs.
This article intends to assemble and organize the advanced research achievement made in the area of CM studies, especially for the
CP achievement with wide axial ratio bandwidth (ARBW). It gives preliminary knowledge about the CM parameters and helps
readers get a deeper understanding of various practical antenna developments using CM-based methodologies. The organization of
the article is in the following manner. Section 2 explains the basic CM parameters that are required for understanding the natural
resonance behavior of an antenna. Section 3 describes the comprehensive methodologies in the literature for the CP achievement
and ARBW enhancement using CMA. Section 4 concludes the discussion followed by a list of references.

2. CM Parameters
This section discusses the formulation of CMs and their parameters that are useful in antenna designs. The initial phase of
any antenna design using CMA involves the modal analysis. This will help understand the modal behavior of geometry.
Mathematically, it can be thought of as eigenvalue analysis [37]. Typically, CMA begins by extracting the resonance
information from CM parameters. These CM parameters are obtained by solving an eigenvalue equation that is derived from
the method of moment impedance matrix as shown in Eq. (1) [13].

[Z ]  [ R]  j[ X ]

(1)

From this, an eigenvalue equation is formulated as Eq. (2):

[ X ][I ]n  n [ R][ I ]n

(2)

Here, X and R are the imaginary and real parts of the generalized impedance matrix [Z], respectively. Vector In is the eigen or
characteristic current, where n represents the index of each mode. λn is the real eigenvalue. This represents the possible modes
that are naturally supported by the structure. By observing the real eigenvalue λn, the physical insight corresponding to the
natural resonance information is obtained.
2.1. Eigenvalue (λn)
An eigenvalue (λn) provides useful information about the natural resonant frequency of an intended antenna design,
especially as a function of frequency. The eigenvalue is useful to identify the mode information because its magnitude is
proportional to the total stored field energy within a radiating antenna. Based on the stored electric and magnetic energy, the
associated mode information can be classified as resonant mode, inductive mode, and capacitive mode.
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In particular, if it shows λn = 0, i.e., the stored magnetic energy is the same as the stored electric energy as represented by
Eq. (3), the associated modes are said to be resonant.
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If it shows λn > 0, i.e., the stored magnetic energy is more than the stored electric energy as represented by Eq. (4), the
associated modes are said to be inductive.
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If it shows λn < 0, i.e., the stored magnetic energy is less than the stored electric energy as represented by Eq. (5), the associated
modes are said to be capacitive [6].
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To understand the behavior of eigenvalues for various modes supported by the structure, a typical rectangular patch with
25 × 160 mm is considered to represent the eigenvalues for various modes [38]. As can be seen from Fig. 1, the eigenvalues of
mode 1 and mode 4 are approaching zero, and these modes are identified as resonance frequencies across the frequency band.
In addition, it shows the sign of the eigenvalue of mode 3 indicating the ability to store electrical energy (λn < 0) and mode 2
indicating the ability to store magnetic energy (λn > 0). However, if higher frequencies are considered with higher-order modes,
more than one mode turns into the resonance conditions. Hence, for good polarization purity, it is not easy to excite a single
mode. Also, extracting the modal resonance properties for higher frequencies becomes quite difficult because they are tightly
grouped and cannot be differentiated from each other. Therefore, to visualize those resonating characteristics, additional
parameters such as modal significance (MS) and characteristic angle (CA) are defined along with eigenvalues.

Fig. 1 Variation of eigenvalues for different modes [38]
2.2. Modal significance (MS)
MS is another way of extracting the resonance characteristics by using eigenvalues, and it measures the potential
contribution of each mode. MS is the intrinsic property of each mode and is defined in Eq. (6):

MS 

1
| 1  j n |

(6)
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From Eq. (6), it can be observed that the eigenvalue λn tends to be zero, and the MS becomes one and the mode starts
resonating. The MS range transforms to [[0, 1]] from the much higher eigenvalue range [−∞, +∞]. Therefore, in many cases, to
investigate the resonant behavior, it is more convenient to use MS than eigenvalues, especially over wide frequency band
applications. Additionally, MS is also used to determine how many significant modes will be considered in the antenna design
from the contribution of eigenvalues. To distinguish the significant modes and non-significant modes, the half-power MS is
defined. From this, if MS ≥ 0.707, the associated modes are significant. If MS < 0.707, the associated modes are
non-significant. Further, the half-power MS also reinforces the definition of each CM bandwidth, especially in the case when
the feed structure is not available in the initial stage of the design. The half-power bandwidth of each CM is defined in Eq. (7).

BW 

fH  fL

(7)

f res

where fres, fH, and fL are the resonant frequency, upper half frequency, and lower half frequency, respectively. They are determined
from Eq. (6) in the following manner. If λn = 0 and MS = 1, then the associated mode is a resonant mode (fres). If λn = ±1 and MS =
0.707, then the associated mode is the lower and upper half power frequency band mode (fL and fH), as shown in Eq. (8):
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As a further extension, Fig. 2 shows the associated MS behavior of each mode supported by the same structure across the
frequency for four different modes [38]. As observed from the figure, MS approaches unity for mode 1 and mode 4 and is
considered to contribute to the radiation. Mode 2 and mode 3 are considered non-significant modes.

Fig. 2 Variation of MS for different modes [38]
2.3. Characteristic angle (CA)
CA is another way to show the mode behavior near resonance. It is the phase lag between the real characteristic current on
the surface and the tangential electric field. This can be extracted from the eigenvalue using Eq. (9).
1
 n  180  tan ( n )

(9)

From Eq. (9), if λn = 0, the phase lag between the electric field and real current on the surface is 180° out of phase, and the mode
is said to be the most effective radiating mode of the radiating element. On the opposite, if λn = ±∞, the attained phase lag is 90°
or 270°, and the mode is said to be non-radiating or cavity resonance mode [9]. In this case, the modal current generates a null
field in the exterior region. Additionally, if the phase angle varies between [90°, 180°] and [180°, 270°], the modes are said to
be inductive modes and capacitive modes, respectively.
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To further understand the associated modal behavior of each mode supported by a structure, the variation of CA across the
frequency for four different modes is shown in Fig. 3 [38]. From the figure, it can be easily understood that the variation of CA
for mode 1 and mode 2 attains 180° phase lag at a certain frequency and these are considered resonant modes. Mode 3 and
mode 4 are varying between [90°, 180°] and [180°, 270°] over a given frequency range, so they are said to be inductive modes
and capacitive modes, respectively.

Fig. 3 Variation of CA for different modes [38]
2.4. Eigen current or field
In addition to the characteristic parameters, the real eigen currents are important to illustrate various possible currents or
fields that are naturally supported by the structure. Thorough investigations into modal currents and modal fields can yield useful
information on how to feed the structure for certain desirable radiation patterns. To excite the desired mode, a source needs to be
positioned at a location with high characteristic currents. To understand how to place the source to excite all of the desired CMs
from the characteristic currents, the modal currents of the first three normalized modes are illustrated in Fig. 4 [39]. As from the
current distribution, the maxima and minima of the individual CMs J1, J2, and J3 are primarily observed at the edges of the major
and minor axis and can be characterized by a sinusoidal behavior. As regards this current behavior, two feeding methods have
been proposed: the capacitive coupling element (CCE) and inductive coupling element (ICE) methods. For efficient mode
excitation, CCE and ICE have to be placed at the location with the minimum and maximum characteristic current, respectively.

(a) Surface current and field
(b) Sinusoidal behavior of current
Fig. 4 Modal current and field pattern variation [39]
However, practical radiating antennas typically consider the effect of source excitation. From the source excitation point
of view, modal decompositions can tell how well each of the designs is excited in the desired modes. This can be done by
calculating the quantities called modal excitation coefficient (MEC), modal weighting coefficient (MWC), and modal input
power from Eqs. (10)-(14). The total current on the structure is assumed to be linear superposition of the orthogonal set of
mode currents [14, 37]. This can be extracted from Eq. (10).


J tot   C n .J n
n

where Cn is the MWC and Jn is the characteristic current of the mode n.

(10)
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MWC is an important guiding parameter for an antenna design to determine the appropriate feed point and feed structure
telling which mode carries the maximum current.

| Cn | 

1
| 1  jn |

. |  J n .Ei dS |

| C n |  MS. | v n |

(11)

(12)

where vn is the MEC which describes an easy way to excite the mode from its excitation.

| vn |   J n .Ei dS

(13)

From Eq. (12), it can be understood that a large MS and MEC are necessary to excite the desired operating modes. Another
important parameter is the modal input power, which is described as the power in each mode and used to find which mode is
exited for radiation behavior problems. The modal input power Pin is determined by the MWC Cn, as shown in Eq. (14).

Pin 

1
2

 | Cn |

2

(14)

n

The above quantities explain how a design can succeed in the excitation of the desired modes.
Finally, this section summarizes the standard values for the measure of a resonant mode from the above parameters, i.e.,
eigenvalue (λn) = 0, MS = 1, and CA = 180°. They are essentially expressing the same thing differently, and which parameter is
used depends on the personal design requirement. If the design requirement is only on the primary resonant mode or to identify
a few lower-order resonant modes, the parameter extraction of the eigenvalue (λn) is sufficient. To extract the behavior of
higher-order modes or over a wide frequency band of operation, MS is an important parameter. When multiple modes need to
be excited for certain radiation performance (i.e., circular polarization), the CA and current or field distribution are of great
importance in the antenna design.

3. CP Antennas Using CMA
CMA and its applications in antenna designs for enhancing various radiation parameters are described by various research
groups in the literature. However, this section has limited the review to a parameter called circular polarization. The underlying
mechanism of this parameter is readily available to be read through many electronic databases individually. This review
process is highlighted, with all those approaches together, by classifying various groups based on the feed networks and the
type of geometry. This will help further understand the insight into the design of the CP antenna and its ARBW enhancement
using CMA.
Antenna polarization is usually defined as the orientation of an electric field as a function of time, at a fixed position in
space. The polarization type of an antenna can be identified from the axial ratio (AR) [40-41]. If AR is zero or infinity, it is LP.
For unity AR, it is circular polarization. If AR is between zero to one, it is elliptical polarization. However, for practical
applications, the most acceptable AR is 1.414 = 3 dB for circular polarization.
To generate circular polarization in antennas, a well-known fact is to excite two orthogonal modes with equal amplitude
and quadrature (90°) phase difference. Various techniques have been described in the literature using single- or dual-feeding
techniques [42-43]. In a single-feeding method, a small perturbation is required for the orthogonal mode and a quadrature
phase shift at the feed point. The perturbation segment is in the form of a slit, a slot, a truncated segment, or an added stub
[44-46]. However, the single-feed antennas are structurally simple but suffer from narrow ARBW. To overcome this, a
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dual-feed network is one of the solutions. However, dual-feed CP antennas require an additional power divider to split the
input signal with equal amplitude and an additional quadrature wavelength transmission line to generate 90° phase shifts. This
enhances the design complexity.
To compensate for the two issues, another type of CP antennas called slot and stub antennas has been proposed [47-49].
However, most of these antennas are usually accomplished by tuning the patch shapes and feed positions through full-wave
simulation. Those designs have not been verified for the similarity between the natural resonance characteristics and the
physical insight of the feed location. To address the above two characteristics and further optimization of the structure, CMA
has been identified by many research groups. Using CMA and its parameter extraction, one can easily identify the circular
polarization of the design from the following three conditions:
(1) The first condition to satisfy circular polarization is to identify adjacent orthogonal modes and this can be easily verified
from the modal current distribution analysis for various modes.
(2) The next condition is that both orthogonal fields are with uniform magnitude and it can be verified from the MS between
two orthogonal modes. If the MS is the same for two orthogonal modes at a certain frequency means, it satisfies the
required condition.
(3) Finally, the last condition for circular polarization is a quadrature-phase difference between the modes and it can be
verified from CA. If the CA difference between the orthogonal modes is 90° means, it satisfies the required condition.
With the use of the above three conditions, various CP antennas have been designed in the literature. These antennas mainly
differ in the way by which the LP modes are excited properly with the help of CMA. To review those proposed structures, they are
divided into two parts. The first part of the CP antennas is considered without metasurface (MTS) and the second part is with MTS.
3.1. CP antennas without MTS
To demonstrate how CMA is useful to achieve circular polarization, a simple rectangular asymmetrical U-shaped slot
antenna as shown in Fig. 5 is considered [50]. CMA has been carried out without considering the feed structure. Fig. 6 shows the
first two modes of MS and CA across the frequency band from 2.0-2.7 GHz. It is found that the two modes have the same large
MS and a 90° phase difference at 2.3 GHz, which satisfies the above three conditions. As a result, for CP operations, these two
modes operate together at the center frequency. Next, to find the optimal feed position, the characteristic currents as shown in Figs.
7(a) and (b) have been characterized in the horizontal mode and vertical mode with respect to the modes J1 and J2. Then, to excite
two modes properly, the vertical mode is subtracted from the horizontal mode, i.e., performed J1 − J2 between the two modes. As
a result, the minimum current has been obtained at the inner edge of the U-slot’s long arm, as shown in Fig. 7(c). This location
specifies that the two orthogonal modes represent a similar current amplitude. The two orthogonal modes that have comparable
current density location points (indicated with the black dot in Fig. 5) will generate far-field CP radiation upon excitation.
To generate the circular polarization, an equal current magnitude and 90° CA phase difference has been generated from an
equal crossed dipole to an unequal crossed dipole [51]. It has been observed that a square contour parallel dipole has shown a 90°
phase difference for degenerating modes such as mode 2 and mode 3 by analyzing individual orthogonal current modes [52]. The
designs discussed above have a low profile and can be fabricated easily [53-59]. However, some of those structures exhibit a
narrow ARBW because the orthogonality and phase difference is achieved at a single frequency.
To enhance the ARBW with a single-feed mechanism from CMA, Tran et al. [53.] coupled a higher band C-shaped
monopole CP antenna with a lower band square patch with a C-shaped slot aperture, as shown in Fig. 8. To understand the ARBW
enhancement, the MS, CA, current distribution, and far-field radiation of a C-shaped monopole and C-shaped slotted patch are
presented in Fig. 9 and Fig. 10, respectively. As observed from Fig. 9, the first two modes are exactly the same, with a 90° phase
difference at around 5.5 GHz radiating in a broadside direction. From Fig. 10, a similar phenomenon is observed for the first two
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fundamental modes at around 2.1 GHz with broadside radiation. In addition, it is noticed that the same MS is quite close to 90°
phase difference between the modes J2 and J4 as well as the modes J2 and J5 at 3.2 and 3.5 GHz, respectively. However, the
current directions of the modes J2 and J4 are observed on the opposite side instead of having quadrature-phase differences. Hence,
it has been considered that the C-shaped slotted patch is proposed to radiate CP waves at 2.1 and 3.5 GHz.

Fig. 5 Asymmetric U-slot antenna for circular polarization [50]

(a) MS
(b) CA
Fig. 6 CM parameters of the asymmetric U-slot antenna [50]

(a) Mode J1
(b) Mode J2
(c) J1 − J2
Fig. 7 Current distribution of the U-slot antenna at 2.3 GHz [50]

(a) Top layer
(b) Bottom layer
Fig. 8 Geometry of the CP C-shaped monopole antenna [53]

(a) MS
Fig. 9 Modal characteristics of the C-shaped monopole patch [53]
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(b) CA
(c) Current distribution and far-field radiation
Fig. 9 Modal characteristics of the C-shaped monopole patch [53] (continued)

(a) MS

(b) CA

(c) Far-field radiation
Fig. 10 Modal characteristics of the C-shaped slotted patch [53]

(a) S11 parameters
(b) AR
Fig. 11 Parameters of the C-shaped monopole and C-shaped slotted patch antenna [53]
Once the desired modes have been selected for wide CP radiation from the above two shapes, the feed point from the
C-shaped monopole patch is subsequently identified from the current distribution. It is identified as the feed point at the corner by
subtracting the current mode J2 from the mode J1 of the C-shaped patch. Then, the patch is excited with a monopole arrangement
and the ARBW is obtained ranging from 4.6 to 6.1 GHz. Next, to enhance the ARBW, the slotted C-shaped patch aperture is
excited through a coupling mechanism with the directly fed C-shaped patch monopole. The final geometry of the CP antenna top
and bottom layer design is shown in Fig. 10. Here, the CP radiation at 2.1 GHz and 3.5 GHz is predicted based on the desired
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modes (J1, J2, and J5) of the current distribution of the C-shaped slotted patch. Therefore, the position of the C-shaped patch
monopole plays an extensive role in the performance of the C-slotted patch. To obtain the optimum coupling position, the design
is fine-tuned using numerical simulation. The simulated S11 and ARBW results of an individual and optimized patch antenna are
shown in Fig. 11. The results show that a very wide ARBW of 96.1% can be achieved in this configuration.
Using similar kinds of techniques, a CPW-fed rectangular slot antenna has been designed for wider ARBW [54-57]. The
CP conditions are attained using an asymmetric slot [54] and asymmetric stubs [55] on the ground plane by altering the current
distribution. Additionally, the ARBW has been improved by employing two symmetric inverted L-stubs with vertical strips
parallel to an antenna and a pair of asymmetric inverted L-strips with spiral slots, respectively. In another design, a circular ring
CPW-fed antenna has been proposed with two orthogonal clock angle microstrip lines on opposite sides of the substrate [56].
To attain a quadrature-phase difference CA, the angle between the microstrip lines is optimized to achieve circular polarization.
Recently, a CP loop antenna has been designed with a broad ARBW and impedance bandwidth with a single-feeding technique
[57]. Here, a 90° phase difference is attained by loading the lumped inductors. A pair of degenerated mode resonance points is
split by properly positioning the feeds and loading the inductors with the aid of CMA. Using this method, an 8.3% ARBW and
a 47% impedance bandwidth are achieved at 2.4 GHz WLAN band.
In summary, this subsection has reviewed the CMA of optimal antenna designs without MTS for CP radiation and
improvement in AR. The optimal designs discussed above [55-57] demonstrate that CMA provides important information for
CP performance and ARBW enhancement from CM parameters and current or field distribution. On the other hand, the
designs described above illustrate how to optimize the feed position to provide CP radiation and improvement in ARBW from
the modal current distribution.
3.2. CP antennas with MTS
This subsection investigates how CMA can be used to tailor the MTS for the purpose of designing CP antennas. Various
MTSs are exploited in the CP radiation and ARBW improvement [58]. To demonstrate the usefulness of CMA with respect to
MTS, the geometry of the MTS antenna is shown in Fig. 12. It comprises two dielectric layers and three metallic layers. The three
metallic layers (i.e., the MTS, cross-shaped slot, and feed structure) are placed on the top, middle, and bottom of two substrates.
To analyze the CP behavior, CMA is first performed on the top MTS, and MS is demonstrated for the first four modes across
the frequency band, as shown in Fig. 13(a). Then, the current distribution and far-field patterns of these modes at the respective
resonance frequencies, such as 6 GHz (for the modes J1 and J2) and 6.5 GHz (for the modes J3 and J4), are observed as shown in
Figs. 13(b) and (c). As observed from the modal currents, the modes J1 and J2 have an identical current distribution except for the
90° phase difference. However, they are a pair of degenerate modes and cannot provide 90° CA. The modes J3 and J4 are
self-symmetrical modes with out-of-phase current distribution and appear null in the broadside direction. Hence, only mode 1 and
mode 2 have been considered for CP radiation with simultaneous excitation with a 90° phase difference from the feed structure.

(a) Top view of MTS

(b) Cross slot

(c) Back view of the microstrip line

(d) Side view of the antenna
Fig. 12 Configuration of the MTS-based antenna [58]
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(a) MS

(b) Current distribution

(c) Far-field patterns

Fig. 13 MTS CM parameters [58]
To excite only the first two modes with a 90° phase difference and suppress higher-order modes, an adaptive feed network
has been employed with a combination of a cross-slot and a microstrip meander-line (Figs. 13(b) and (c)). As a result, CP
radiation is formed. To investigate the CP performance, the S parameter and AR performance are compared in Fig. 14.
Further, various MTS antennas have been proposed in the literature based on the orthogonality principle of surface current
distribution and identical MS between adjacent or lower-order modes and higher-order modes [59-62]. A perforated H-shaped
MTS [59] and a corner-truncated patch MTS with capacitive loading strips [60] have been proposed by exciting adjacent
higher-order modes and lower-order modes, respectively. Recently, another non-uniform Chebyshev distribution MTS has
been exploited as a superstrate by exciting two alternative modes such as mode 1 and mode 3 with an equal electric field and
relative phase difference close to 90° [61]. Apart from the ARBW enhancement, the CP MTS antenna has been proposed for
radar cross-section (RCS) reduction [62]. Here, by using CMA, a linearly polarized slot antenna is converted to a CP antenna
with the help of polarization-dependent MTS and is additionally used for RCS reduction. In another design, a dual CP MTS
antenna has been proposed [63].

(a) S11

(b) AR
Fig. 14 MTS antenna parameters [58]
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In this design, the desired modes are chosen and excited by a modified slot antenna with two orthogonal feeds. The
modified cross slots, called two diagonal linear slot arms and a circular ring slot, introduce another resonance for wide ARBW.
Apart from the ARBW enhancement, the MTS is also used for polarization conversion [64]. Here, various etching mechanisms,
like diagonal slot, cross slot, and corner truncation, have been used on a linearly polarized rectangular MTS. To achieve
circular polarization, this has been done with the exciting slot antenna. Modal analysis is used to verify CP conditions and
optimize them. Recently, an artificial magnetic conductor (AMC)-based reflector CP antenna using a CPW-fed structure has
been proposed for 5G sub-6 GHz communications with unidirectional radiation [65]. The periodic metallic square patches
AMC improve ARBW from 27.27% to 51.67% and gain increases from 3.3 dBic to 8.7 dBic than the conventional PEC.
From the above discussion, it can be summarized that orthogonality is verified before the selection of a specific feed
design. If any of the CP conditions are not satisfied for a simultaneous 90° phase difference for excitation, it has been
optimized from the feed network and further analyzed. In some designs, the quadrature phase shift has not been attained from
the CMA and has been compensated by properly designing the feed network. Moreover, the largest MS of different modes at
the same frequency and different frequencies together with the 90° phase differences can generate narrowband and wideband
ARBW, respectively. Studies have also indicated how to optimize CP antenna designs for two linear modes using MTS. After
identifying the CP waves in a particular frequency band with the CMA, antenna designers concentrate their effort on the feed
structure.
Moreover, in the literature, most of the CMA has been carried out for isolated patches by neglecting the ground plane and
dielectric material. The accuracy of the resonant frequencies will be affected by such kind of simplification. This is because the
characteristic fields and currents are dependent on the size and shape of the patch as well as the dielectric substrate. Hence,
while considering CMA, the dielectric substrate and ground plane cannot be ignored when seeking resonant frequencies of
microstrip antennas. Moreover, Fig. 15 represents a potential MTS utilized for circular polarization and ARBW enhancement
using CMA.
Additionally, the design approaches discussed above are consolidated in Fig. 16 based on the utilized feed network.
Moreover, the analysis of these parameters is performed before the selection of source excitation. Thus, there is a degree of
freedom in the feed network selection and feed location in the final antenna design. Therefore, the techniques for the selection
of feed networks and their final optimization with the help of CMA are reviewed in the above section from the mentioned
literature [50-65]. Fig. 17 shows the antenna designs for various feeding methods. Additionally, the important observations of
all these antenna designs are summarized with their achieved operating band and ARBW as shown in Table 1.

Fig. 15 Typical MTS geometry utilized for circular
polarization using CMA

Fig. 16 CP antennas designed using CMA with different
feeding techniques
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Fig 17 Typical CP geometry using CMA with various feeding methods
Table 1 Summary on various antenna design approaches for circular polarization
AR band
(GHz)

ARBW
(% and GHz)

Gain
(dBi)

Observation

[50]

(a) An asymmetric U-slot antenna
(b) A redundant E-slot antenna

(a) 2.28-2.37
(b) 2.2-2.55

(a) 3.8 and 0.09
(b) 3.7 and 0.35

(a) 5.86
(b) 8.87

(a) An offset probe feed provides better AR
performance than a center feed.
(b) An insignificant mode is suppressed to get a
redundant E-shaped slot antenna.

[51]

Two crossed-dipole antennas

0.282-0.295.5

4.65 and 13.5

-

The length of one dipole is increased slightly to
get a 90° phase shift.

[54]

A small semicircular slot rectangular antenna

2.25-4.4

64.6 and 2.15

-

The inverted-L stubs are used for desired phase
difference and diagonal corner truncation for
orthogonal modes.

[55]

An I-shaped radiating patch

6.6-11.8

56.5 and 5.2

5.5

The simultaneous excitation of even and odd
modes from a rectangular stub, inverted-L stub,
and spiral slot provides the wideband radiation
behavior.

[56]

A clock-shaped antenna from a metallic ring antenna

2.38-5.8

84.6 and 3.42

3.9

A 90° phase difference is introduced by the two
opposite microstrip lines in the X and Y
directions.

[59]

A crossed shape aperture with H-shaped unit cell MTS

5.2-6

14.3 and 0.8

9.4

The additional required phase for circular
polarization is compensated via a cross-shaped
strip with an aperture.

[60]

A corner-truncated patch along with a pair of inserted
capacitive loading strips

3.3-3.6

8.5 and 0.3

6.57

From CMA, the pair of inserted diagonal
capacitive loading strips of a corner-truncated
patch is optimized for attaining quadrature phase
difference and ARBW improvement.

[61]

A non-uniform MTS superstrate layer excited by a
stripline through a rectangular slot

1.99-2.37

17.4 and 0.265

7.1-8

The phase difference between the orthogonal
modes is observed only 60° and exploited as an
inductive exciter for an additional 30° phase shift.

Ref.

Antenna design approach

[62]

A rectangular patch as a polarization-dependent MTS

5.83-6.32

9.05 and 0.49

6.4

The degenerated modes are achieved using
polarization-dependent MTS with 74° phase
difference and excited with a linearly polarized
slot antenna to achieve CP radiation.

[63]

An MTS excited with a hybrid feed system consisting
of a cross slot and a microstrip line

2.15-2.95

31.3 and 0.8

7.01

Due to a cross-slot on the ground plane, 90° phase
difference is presented via microstrip meander
line excitation.

[64]

A square patch with a diagonal slot, crossed slot, and
corner-truncated MTS

2.32-2.46
2.55-2.58
2.52-2.54

5.8 and 0.14
1.1 and 0.03
0.7 and 0.02

5
3.5
3.5

Due to asymmetry on the square patch, a phase
difference is created for circular polarization.

4. Conclusions
This article concentrated on modal parameters that are required to analyze the natural mode resonance and radiating behavior,
followed by a novel approach for designing an antenna using CMA to improve ARBW. The CM parameters together with
characteristic currents explicitly gave useful information for analysis of the antenna before excitation. In particular, this review
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presented how the ARBW is enhanced in various developed structures from the theoretical formation analysis of the CM theory.
The information provided by these developed structures helps understand valuable insights for the selection of feed position to
maximize the antenna performance. Moreover, the authors’ abundant contributions to the study of the CM theory were
summarized based on the feed structures, utilizing MTS with concluding remarks. Fully exploiting and making use of CMA in
antenna designs could significantly enhance 5G and mm-wave applications from the dual-polarized CP antenna perspective.
From a future perspective, if CP antennas can fulfill the needs of long-distance communication as done by high gain
linearly polarized antennas, the CM-based approach becomes attractive in antenna designs. Numerical models, physical
interpretation insights, and CMA would be available for a more detailed analysis of CP antennas with and without MTS. This
approach is also helpful to demonstrate that simultaneous MIMO operations increase channel capacity and throughput. For
efficient MIMO performance, the radiation diversity is also explored for its low correlation coefficient. Additionally, further
research is going on to improve other important parameters, such as gain, efficiency, compactness, and polarization purity.
Finally, these challenges require the CMA method to become more efficient for designing CP antennas.
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