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Antenna Element Design Using Characteristic
Modes Analysis

Jacob J. Adams, Simone Genovesi, Binbin Yang, Eva Antonino-Daviu

Abstract—This paper provides a comprehensive review of
recent applications of characteristic mode analysis (CMA) to
innovative antenna element designs, including multi-port an-
tennas, circularly polarized, wideband antennas, reconfigurable
antennas, and dielectric resonator antennas. Emphasis is made on
the interpretation of the characteristic modes for those unfamiliar
with the method and on the physical insights gained from
characteristic eigenvalues and eigenvectors of an antenna. In
addition, we review CMA-based design strategies and specific
design examples that highlight the application of CMA to various
types of antennas. Ultimately, this paper seeks to demonstrate the
value of CMA-based design insights for antenna engineering and
to look towards promising new research directions for CMA and
antenna research.

Index Terms—Characteristic modes, shape synthesis, MIMO,
wideband antennas, dielectric resonator antennas, reconfigurable
antennas, circular polarization.

I. INTRODUCTION

THE Theory of Characteristic Modes was initially for-
mulated for scattering problems [1], but it was quickly

realized to have applications in antenna and radiation problems
as well [2], [3]. The application of characteristic mode analysis
(CMA) to antenna input parameter calculation was first inves-
tigated in [3], which laid the foundation for many later studies
on CMA-based antenna design. Newman arguably conducted
the first platform-based antenna analysis using CMA in [4],
and antenna shaping or shape synthesis was studied as early
as 1982 [5]. Around the same time, the increasing power of
desktop computers and the growing availability of computa-
tional electromagnetics codes led to a period of rapid new
research into novel antenna designs. However, only a handful
of CMA studies were published during this time, until a review
of the theory in this very publication [6] brought CMA once
more into the spotlight, reviving interest within an antenna
community in search of new methods to address a growing
number of challenging problems.

Research over the past decade has shown that CMA offers
important physical insight into antenna behavior from the
modal perspective and can be a powerful tool for antenna
modeling and design. Broadly speaking, CMA offers two
unique features for antenna design: (i) CMA decomposes the
antenna response into constitutive parts (characteristic modes),
making it easier to study and control than the total response.
(ii) CMA gives valuable information about the properties of
the antenna structure irrespective of the feed, which allows for
more fundamental analysis of the structure, unimpeded by a
specific feed choice. However, CMA should be viewed as just
one powerful tool in the antenna engineer’s repertoire rather

Fig. 1: Illustration of the primary relationships between antenna
applications and characteristic mode properties.

than a panacea. Proper interpretation of CMA results relies on
the engineer’s understanding of the method and their ability to
apply this knowledge appropriately to their specific problem.
This paper first describes an interpretation of the characteristic
modes from the point of view of antenna element design, and
then reviews ways in which CMA has been used for novel
antenna element designs.

II. INTERPRETATION OF EIGENVALUES λn AND
EIGENVECTORS Jn FOR ANTENNA DESIGN

The interpretation of the eigenvalues and eigenvectors is
central to the application of CMA to antenna design. The
eigenvalues contain information about the net magnitude and
type (electric or magnetic) of energy stored by the mode
(relative to its radiated power) while the eigenvectors represent
currents and thus pertain to the radiation properties as well
as potential excitation schemes. Figure 1 illustrates several of
the key antenna properties that can be manipulated through
proper selection of the modal eigenvalues and eigenvectors,
ultimately leading to applications across a wide range of
antenna problems.

As described in [PAPER2] of this special issue, currents
on an antenna are a weighted sum of the characteristic modal
currents, and thus many other antenna properties, from the
field patterns to the terminal currents, are a linear combination
of the characteristic modes. Thus, the input impedance at a
set of physical or conceptual terminals on the device can be
expressed as a parallel combination of modal “circuits”, as
illustrated in Figure 2, wherein energy dissipated in each cir-
cuit is in fact radiated by that characteristic mode. This picture
provides the antenna engineer a framework to conceptualize
the underlying physics of their device. While a weighted sum
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Fig. 2: An example characteristic eigenvalue spectrum showing
capactive, inductive and resonant regions. Inset: illustration of the
conceptual antenna input impedance as parallel modal impedances.

of all modes must be calculated in principle, in practice, CMA
has been most frequently and effectively applied to the design
of resonant antennas where only a few modes are well-excited
and the sum can be truncated when considering radiated
energy. Thus, a useful model is to consider the properties of
modal “circuits” of a few critical modes in detail while higher
order modes are lumped into a single reactance that produces
negligible radiation.

Modes can generally be considered as “capacitive” modes
with eigenvalues that begin at −∞ in the low frequency
limit or “inductive” modes that tend toward +∞ in the low
frequency limit and then approach resonance as frequency
rises. In most cases, the eigenvalues of capacitive modes ap-
proach zero and resonate while inductive modes are sometimes
referred to as “non-resonant” modes due to the tendency of
their eigenvalues to remain above zero. Figure 2 illustrates
common eigenvalue behavior, but these categories are not
absolute and characteristic modes do not always fit neatly into
these patterns. Still, this model provides a useful conceptual
framework for antenna behavior.

Commonly, eigenvalues cross from capacitive to inductive
at a single resonant frequency, and the modal “circuit” of each
resonant mode can be approximated in this vicinity as a series
resonator or a high pass series ladder network, akin to the
spherical modes [7], [8]. Thus, the antenna response is mod-
eled as a parallel combination of several series resonators, each
with a well-defined and calculable resonant frequency and Q
factor that can be used for design prior to selection of a feed.
Such mode-based circuit models have also proven useful for
a number of antenna applications, including rapid impedance
and mutual coupling analysis for multi-port antennas [9], [10].

III. ANTENNA DESIGN USING CMA
Characteristic mode analysis has been applied to numer-

ous antenna problems, with interest exploding over the past
decade. Even classical antenna designs such as the U-slot patch
have revealed compelling new physical and design approaches
using CMA [11], [12]. In this section, we highlight recent
work on antenna elements and design methods that rely on
CMA. Two other papers in this special issue [PAPER4],

[PAPER5] discuss applications to platform-mode antennas and
array antennas.

A. Multi-port Antennas

The inherent properties of the characteristic modes make
CMA a natural choice for modeling and designing multiport
antennas, and the method has drawn particular interest for
multi-input, multi-output (MIMO) applications. For example,
the characteristic modes have orthogonal radiation patterns,
which is a key property sought after in MIMO antenna design.
Thus, the characteristic modes represent a compelling basis
for developing new MIMO antenna designs, as a design that
can excite the characteristic modes would be guaranteed to
have negligible coupling. Of course, it is impossible to excite
a single characteristic mode in practice, but modal current
distributions can give insight into feed configurations that
produce low mutual coupling.

In developing the proper characteristic modes for a multiport
antenna, the critical features to study are (i) the eigenvalues,
which should be near resonance (|λ| < 1 suggested in [13])
for at least as many modes as are required for the design, and
(ii) the current modes on the antenna, which give an indication
as to how the feed should be constructed and how each
mode will radiate. When designing an antenna with multiple
characteristic modes, one can either assume that the modes are
already present on a large, fixed conducting platform or that
the antenna element itself should be redesigned to support
multiple modes. This paper primarily deals with the latter
situation and the design of individual multi-port elements,
while the former approach is reviewed in [PAPER4].

The selection and design of a radiating element often
begins with a canonical resonant antenna, such as a loop
or microstrip antenna. These structures can then be analyzed
using CMA and modified heuristically [13]–[18]. For example,
in [15], the modes of a wide loop antenna were analyzed and
found to support four modes with low eigenvalues, although
they resonate at different frequencies. By selectively placing
capacitive gaps at positions where some modes have current
nulls, their eigenvalues and thus, resonant frequencies, can be
controlled somewhat independently and are moved near each
other for MIMO operation.

The desired multi-mode response can also be obtained
through numerical optimization or shape synthesis [19]–[23].
Since CMA allows access to the antenna responses without
specifying a feed, shape synthesis can be conducted inde-
pendent of excitation, with many important parameters such
as resonance frequency [6], radiation efficiency [24], quality
factor [25], [26], and radiation pattern [27] of each individual
mode directly available from the modal solutions. Because any
possible port response is a superposition of these modal re-
sponses, such mode-based synthesis approach avoids imposing
unnecessary constraints arising from a feed and allows a more
thorough exploration of the design space. For example, in [20],
[21], a feed-independent shape synthesis technique for multi-
port antennas is developed, where modal properties (resonant
frequency, Q factor) of several modes are included in the cost
function for shape synthesis. This CMA-assisted shape-first,
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(a)

(b)

Fig. 3: (a) Design flow for CMA-assisted feed-independent antenna
synthesis; (b) an example shape synthesis for a 2-port microstrip
MIMO antenna at 2.4 GHz [21].

feed-next design methodology is illustrated in Figure 3 for a
2-port MIMO antenna system at 2.4 GHz [21].

Element feeding is another essential step in the design of a
MIMO antenna. In general, a single characteristic mode can
only be excited in isolation by a feed network distributed over
the entire antenna. Of course, this is impossible in practice,
and thus, antennas fed by local excitations will inevitably
produce coupling to the other modes with low eigenvalues
at the design frequency and as a result, ports will experience
mutual coupling. To mitigate coupling, feeds can be arranged
in such a way that modal excitation coefficients are small
for all modes except for the intended one. Recalling that the
modal excitation coefficient is related to the inner product of
the modal current distribution and the exciting electric field
[2], the feed design must somehow apply each excitation in
a location or direction with which only the intended mode
aligns. This approach becomes challenging as the number of
required ports and modes increases as a single feed will often
excite multiple characteristic modes.

Thus, an alternative technique is to combine signals from
multiple physical feed points on the antenna to create de-
coupled input ports elsewhere in the circuit, as illustrated in
Figure 4. In [28], the authors apply the concept of “char-
acteristic port modes” [29] in which the antenna structure
stays fixed and a mode decoupling network is used to extract
combinations of characteristic modes that are orthogonal at
the observation terminals. The mode decoupling network maps
physical antenna ports that excite several characteristic modes
to MIMO terminal ports by combining their currents with
varying magnitude and phase. CMA can give insight into how
to select excitation points to take advantage of the natural
symmetry of the modes so that simple combiner networks
such as hybrid couplers can be used. For example, [13]
demonstrated a four port MIMO antenna that extracts four-port
modes from eight physical excitation points on each antenna
element using a combination of power dividers and branchline
couplers. The symmetry of the modal currents was essential to
the development of the decoupling network in this design. In

Fig. 4: A mode-decoupling network concept for a multi-port antenna.
While difficult to isolate many physical antenna ports on a complex
aperture, CMA gives design insight into decoupling networks that
isolate modes through linear combinations of physical port currents.

another case, it is shown that if the modal currents are slowly
varying in the band of interest, a simple analytical decoupling
network consisting of a transformer array can be designed
using CMA [30], irrespective of the symmetry of the antenna
or feeds.

The multi-port design approaches outlined here employing
characteristic modes and characteristic port modes can also
be applied to a range of problems beyond MIMO antenna
design, including diversity antennas [14], [31], [32] and space-
modulated arrays [33].

B. Circular Polarization

The intrinsic orthogonality of characteristic mode currents
and radiated fields can be exploited to obtain a structure
radiating a circularly polarized wave. Two conditions have to
be simultaneously satisfied for providing the desired circular
polarization (CP). First, two modes with orthogonal linear
polarization must exist with the necessary 90 degrees phase
difference between their characteristic angles (CAs), and sec-
ond, both modes must exhibit the same modal significance
(MS) at the working frequency, f0. The condition on the CAs
is represented in Figure 5(a) where two characteristic modes
differ by 90◦ at frequency f0 and the desired MS behavior
is shown in Figure 5(b). If these two conditions are strictly
satisfied then the correspondent axial ratio (AR) is equal to 0
dB as shown in Figure 5(c) at frequency f0 [6] but begins to
rise as the MS and CA begin to deviate from this ideal.

The described guidelines can be also exploited to produce
more than two characteristic modes with the proper amplitude-
phase condition in order to widen the CP frequency bandwidth.
Several antennas are shown in Figure 5(d) that began with
known designs and were enhanced using through CMA of
the modal currents and eigenvalues. For example, in [34] an
E-shaped microstrip patch antenna is tailored to provide two
pairs of modes that are able to radiate circularly polarized
fields. The physical insight provided by the CMA also allows
control of the level of cross-polar radiated field. A further
example of bandwidth broadening is reported in [35] where
three pairs of characteristic modes are properly excited. A
slightly different approach has been adopted in [36] where a
pair of characteristic modes has been excited by using a set of
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Fig. 5: Requirements on a pair of linearly polarized characteristic
modes to achieve circular polarization at frequency f0: (a) difference
of 90◦ between the two characteristic angles; (b) equal valued modal
significance; (c) achieved axial ratio; (d) examples of non-trivial CP
antenna design obtained by exploiting CMA insights (top left and
bottom right in [34], bottom left in [35], top right in [39]).

inductive exciters but the required phase difference is obtained
by a phase-shift applied to the exciters. Characteristic modes
have also been adopted to study the current modes excited
on a finite metasurface and find the proper exciter to convert
a linearly polarized source into a circular radiated field [37],
[38]. Finally, CMA has also been exploited for the design of
three-dimensional structures [39], [40] able to provide CP.

Although the conditions to obtain CP of the field radiated
by an antenna can be easily defined in terms of characteristic
modes, the designer has to choose the most suitable excitation
scheme through the implementation of inductive or capacitive
exciters such as slots, vias or loops [6], [34], [36], [41].

C. Reconfigurable Antennas

The reconfigurability feature of a radiator may involve
its radiation pattern shape and polarization as well as its
working frequencies. The modal resonance can be controlled
by applying reactive loads in view of obtaining the desired
reconfigurability function. A first approach using CMA was
presented in [29], [42] where the modal resonances are calcu-
lated from a matrix which is the sum of the impedance matrix
of the unloaded structure, which has to be evaluated just once,
and a diagonal load matrix that can be optimized to achieve the
requested radiator performance. The main concept is illustrated
in Figure 6(a) where an unloaded antenna with an impedance
matrix Z1 is initially considered. This radiator has three
resonant modes corresponding to the frequencies, fi−UL, i =
1, 2, 3, where the eigenvalues cross the frequency axis (see
Figure 6(b)). The modal resonances can be shifted through
the use of lumped elements (i.e. Load ]i, i = 1, 2, ...N )
placed on the radiator, thus obtaining a new impedance matrix,
Z2, that is the sum of the unloaded antenna matrix and the
matrix containing the loading impedances. The introduction
of the loads alter the original characteristic modes of the

(a)

(b)

Fig. 6: Example of the effects of adding reactive loads to an antenna
structure: (a) the initially unloaded antenna with an impedance matrix
Z1 and three resonant modes (left) and the loaded one described by an
impedance matrix Z2; (b) the resonant modes of the unloaded antenna
(dashed line) are shifted into the loaded ones (continuous line) due to
the loading effect and the new resonances are fi−LOAD, i = 1, 2, 3.

unloaded structure but the current modes on the new structure
can be expressed in terms of the original current modes to
ease the design process. An example of this method of using
concentrated reactive loads for shaping the characteristic mode
eigenvalues is illustrated in [43] where it is employed for
increasing the antenna bandwidth. An approach relying on
reactively-loaded antenna design is adopted in [44] where the
resonance frequency can be tuned at six different states within
the addressed bandwidth (i.e., 50 MHz-350 MHz). Another
example of frequency-reconfigurable antenna is reported in
[45] where two tunable capacitors load a slotted patch antenna
to achieve a variable resonance frequency in the range between
2.0 GHz and 3.0 GHz. The use of reactively-loaded elements
has also been used to achieve main lobe reconfigurability. In
this case, the loads are introduced to change the resonance
frequencies of the characteristic modes and therefore the
radiated field. This approach has been firstly introduced in
[46] but recent applications of this concept can be found in
[47]–[49]. In [50] reactive elements are used to provide the
proper phase shift between the mode exciters with the aim
of achieving a full 3D null-pattern control whereas reactive
loading is exploited for polarization reconfigurability in [51],
[36] and [52].

D. Wideband Antennas
During the last decade, CMs have been used to design a

great variety of wideband antennas for applications ranging
from WLAN to 5G, on-body implantable devices or AiP
designs for mm-wave. In other cases, CMA has been used
to analyze the behavior of some wideband antennas so as to
get deeper physical insight into the operation performance, and
draw clear guidelines for their design [63].

From a modal perspective, there are two prevalent strategies
behind the design of wideband antennas: A) Excitation of
wideband mode(s), or B) combination of multiple close nar-
rowband modal resonances. In the first case (A), the geometry



5

TABLE I: Comparison of innovative wideband and bandwidth-enhanced antennas using CMA

Ref. Antenna type Freq.
(GHz)

Size (λ0) FBW
(%)

Design
strategy

Peak gain
(dBi)

Application

[53] Miniaturized patch 5.8 1.31 × 1.31 × 0.03 8.5 A & B 10.5 Wifi
[54] Stub-loaded Printed Dipole 3.5 1.03 × 0.82 × 0.014 11.2 B 4.4 5G communications
[55] Dipole and loop combination 2.4 0.63 × 0.32 × 0.006 44.2 B 2 Wireless communications

with stable radiation pattern
[56] Groups of patches 28 1.12 × 1.12 × 0.04 37.5 B 10.7 Mm-wave antenna-in-package
[57] 2x4 dual-patch array 25.3 0.36 × 0.37 × 0.05 20.6 A & B 14.2 Mm-wave antenna-in-package
[58] Dual-mode SIW & PIN-loaded 4 1.33 × 1.33 × 0.09 22 B 11.9 High-gain communications
[32] Patch Antenna 5 1.3 × 1.3 × 0.05 6 B 9.6 5G communications
[59] Metasurface-inspired Omni

Antenna
5.5 1.13 × 1.13 × 0.06 19.9 A 1.8 5G wireless local area

network
[60] Metallic planar loop 3.1 0.58 × 0.58 × 0.013 51.6 B 4 Wireless Communications
[61] U-Slot-Loaded Microstrip

Patch
3.1 0.58 × 0.58 × 0.013 51.6 B 4 Wireless Communications

[62] CPW-fed biocompatible planar
monopole

2.5 0.42 × 0.42 × 0.0072 93.5 B -6.8 Body implantable applications

of the radiating structure can be modified or the excitation
mechanism can be optimized to excite CMs that provide
large bandwidth or low Q factor [64]. Following this strategy,
some recent designs propose the proper excitation of wideband
higher-order modes instead of narrowband lower-order modes
to achieve wideband performance, and the optimization of the
feeding mechanism to excite wideband modes [59], [61]. For
instance, this technique helped to enhance the bandwidth of a
microstrip patch up to 46% by optimizing the feed structure
in [61].

In the second case (B), the strategy consists of appropriately
exciting two or more modes that resonate at closely spaced
frequencies so the overall bandwidth of the antenna is in-
creased. Close resonant modes can be obtained in different
ways: by combining resonances of two different structures
by loading the antenna with Foster or non-Foster elements,
or by modifying the geometry of the antenna to shift the
resonant frequency of some mode(s) close to other modes, thus
increasing the total bandwidth [54]- [56], [58], [32], [60]- [62].
To indicate the potential of this technique, in a recent design
[54] the bandwidth of a simple dipole has been increased from
1.8% to 11.2%.

Additionally, the two strategies can be combined to sig-
nificantly enhance the bandwidth of radiating structures, as in
[53] and [57]. Moreover, excitation of multiple modes in PIFA
antennas has also been very popular for creating multiband or
wideband antennas [65], [66].

Table I summarizes the main characteristics of very recent
wideband antenna designs for several innovative applications,
employing the aforementioned techniques. Note that some of
these designs aim to obtain large bandwidth together with
high-gain and/or stable radiation pattern.

IV. NEW DIRECTIONS IN CMA FOR ANTENNAS

Beyond the topics discussed in Section III, several new
directions are growing in the literature on CMA. The first
is dielectric resonator antenna (DRA) design. Compared to
metallic antennas, limited research efforts have been made
in applying CMA to DRAs, partly due to the existence of
spurious modes [67] in surface equivalence based formulations
and the heavy computation in volume equivalence based

formulations. Interested readers can refer to [PAPER1] for
discussion on CMA formulations for DRAs. Though DRAs
based on canonical geometries can be readily analyzed through
approximate analytical formulas, CMA brings similar physical
insight to more general DRAs of more complex geometries
where analytical solutions are impossible. CMA also enables
direct study of stored energies and quality factors of DRAs
without a feed [68], again bringing useful new design tech-
niques to non-canonical DRAs. Some of the CMA techniques
described in Section III can be applied to DRAs. For example,
recent CMA-based DRA shape synthesis work has explored
new DRA concepts beyond simple shapes [23], [69] for MIMO
and wideband applications.

Beyond just dielectrics, another interesting direction is the
development of new CMA techniques capable of handling
complex materials that can solve more practical engineering
problems. Recent developments in this direction include both
new CM formulations for lossy [70] and magnetodielectric
materials [71] and new applications to the design of antennas
resistant to hand loading [72].

Finally, CMA has been applied to other emerging antenna
design topics. For example, the study of metasurfaces and
other periodic structures with CMA is increasingly popular and
is covered in more detail in this special issue [PAPER5]. Also,
applying duality, CMA has recently been used for the design
of aperture antennas [73] to directly study the equivalent
magnetic current modes. CMA has also been recently applied
to orbital angular momentum (OAM) structures [74], [75].

V. CONCLUSION

In recent years, researchers have recognized the important
role of CMA in antenna design due to its ability to directly
investigate the fundamental building blocks of an antenna’s
response and to do so in a way that is unconstrained by a
feed choice. The link between the radiation characteristics,
equivalent circuit behavior, and the antenna structure is invalu-
able to improve design insight toward new antenna element
designs. The past decade has shown that different aspects of
the versatile CMA technique can provide value in nearly any
antenna problem; today’s new engineers will inevitably find a
way to apply these tools to tomorrow’s problems as well.
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