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Abstract— This paper provides some design guidelines for the 

excitation of broadband slotted planar antennas, addressing key 
issues such as coupling, symmetries and multiple feeding. The 
Theory of Characteristic Modes is used to identify the collection 
of current modes that exists on these structures, dealing to a  
valuable understanding of the radiating mechanisms and 
allowing a more controlled design process.  Modal analysis of a 
circular aperture cut on a finite square ground plane is presented 
in order to demonstrate that an optimum choice of the feeding 
mechanism can be made according to the current distribution of 
the desired modes.  Based on the information yielded by this 
modal analysis, a capacitive-coupled dual-feed circular aperture 
antenna is presented. This antenna takes advantage of the 
symmetries of the characteristic currents by making use of 
multiple feeding, in order to excite only some particular modes. 
Usage of commonly-fed and differentially-fed configurations 
enables an increased control of the excitation of modes in the 
structure. Characteristic modes analysis of the antenna including 
the feeding structures is presented, showing the influence of the 
feeding lines in the performance of this type of antennas. A 
prototype of the antenna has been fabricated and measured. 
Simulated and measured results are presented, being in good 
agreement.   
 

Index Terms—Characteristic Modes, Antenna Design 
Guidelines, Printed Wide Slot Antennas, Excitation of 
Characteristic Modes, Theory of Characteristic Modes.  

I. INTRODUCTION 

HE Theory of Characteristic Modes (TCM) [1][2] has 
demonstrated to be really helpful for the analysis and 

design of different types of antennas, such as small antennas 
[3][4], wire antennas [5][6],  planar patches and monopoles 
[7][8], vehicle mounted antennas [9][10], handset antennas 
[11]-[13], or dielectric antennas [14][15], among others.  The 
success of Characteristic Modes (CM) lies on the physical 
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insight they provide of the resonances and radiating behavior 
of arbitrarily shaped metallic bodies. In the last years, the 
number of publications concerning the application of this 
modal theory to the design of antennas has increased 
exponentially. However, in the available literature, there are 
few examples of application of TCM to the systematic 
analysis of slotted planar antennas, probably because of the 
high number of modes that need to be considered and the great 
complexity involved in the analysis.  

In planar antenna design, the inclusion of narrow slots is a 
common technique used for several purposes such as reducing 
size [16], creating extra resonances [17], producing dual or 
circular polarization [18][19], and generating band notch 
effects [20]. Also in mobile phone handset antennas the 
incorporation of slots in the ground plane is a very common 
technique for getting compact and multiband behavior [21]-
[23]. Moreover, in the last decade a wide variety of printed 
wide-slot antennas have been proposed for wideband or ultra-
wideband operation [24]-[26]. 

Different slot shapes and geometries have been 
investigated, and experimental design guidelines have been 
proposed for this kind of antennas. An excellent summary of 
these design guidelines has been presented in the introduction 
section of [24]. These design guidelines are however based on 
experimental results provided by many recently published 
papers, which are based on parametric studies or on the 
observation of the total current distribution associated to the 
different resonances of the antenna [24]-[26]. Little theoretical 
investigations can be found in the literature associated to this 
type of antennas. 

TCM is an excellent candidate to be used for the analysis of 
this type of slotted antennas, in order to identify the different 
resonances exhibited and examine their properties. To authors’ 
knowledge, this is the first time a CM analysis is presented for 
wide slot antennas, providing physical understanding of their 
radiation behavior and some design guidelines for the 
excitation of CM. By studying the current distribution of the 
collection of CM, it is possible to determine the most 
appropriate feeding configuration in order to excite specific 
modes, using capacitive or inductive coupling. Moreover, 
symmetry conditions imposed by the feeding configuration 
can reinforce the excitation of some modes, while preventing  
excitation of undesired modes. This can be useful to increase 
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bandwidth and/or control the radiation pattern of the antenna.  
This paper provides guidelines for the excitation of 

broadband slotted planar structures using TCM. The structure 
of the paper is the following: Section II reviews different 
approaches to analyze apertures and presents a complete 
modal analysis of a circular aperture etched on a finite square 
ground plane. Section III gives some design guidelines to 
excite modes with particular symmetries in order to achieve 
broadband matching and pattern stability. It also proposes a 
practical design based on the radiating aperture analyzed in 
section II. The paper finishes with the conclusions. 

II. MODAL ANALYSIS OF SLOTTED PLANAR STRUCTURES 

CM analysis of slotted planar structures was first performed 
by R.F. Harrington in [27] using equivalent magnetic currents. 
Based on this magnetic approach, later works developed by 
Kabalan et al. studied the CM of infinite slots in conducting 
planes excited by TM and TE plane waves [28][29]. The 
characteristic magnetic currents of a rectangular aperture in an 
infinite perfectly conducting plane were also obtained in [30]. 
However, after these works, dating back more than 20 years, 
little research has been conducted concerning the computation 
of the CM in slots and apertures. To authors’ knowledge, only 
in [20] and [31], analysis of slotted planar antennas using the 
Theory of Characteristic Modes has been presented. In [20], 
the band-notch effect in a U-slotted UWB planar monopole 
was explained using the CM approach, and in [31], CM were 
used to obtain circular polarization by modifying the geometry 
of a U-slot embedded in a microstrip patch.  

As mentioned above, the first slotted planar structures 
analyzed using CM by R.F. Harrington in [27] were studied 
using a modal approach based on equivalent magnetic 
currents. In this preliminary work, it was demonstrated that 
CM could be defined for aperture problems in a manner dual 
to those defined for scattering problems, considering an 
admittance operator and the following weighted eigenvalue 
equation: 

                                   n n nB M b G M                         (1) 

where Mn are the characteristic magnetic currents, bn are the  
real magnetic eigenvalues, and G and B are the real and 
imaginary parts of the admittance operator (Y): 

                                 G jBY                                       (2) 

By applying Babinet’s Principle [32] it can be demonstrated 
that the characteristic magnetic currents (Mn) of a finite 
aperture etched in an infinite conducting plane are dual to the 
characteristic electric currents (Jn) of a metallic plate with the 
same shape and size as the aperture. Thus, if we consider, as 
an example, a circular aperture in an infinite ground plane (as 
shown in Fig.1(a) the associated magnetic CM (Mn) will be the 
same as those electric CM (Jn) exhibited by a circular plate of 
the same radius. The current distribution for these Jn can be 
found in [33]. 

Nevertheless, in practice, this duality is not preserved since 
apertures are inserted in finite conducting planes, so the 
electrical current modes of the conducting plane interact and 

merge with the aperture modes.  For the case of finite ground 
planes, the equivalent magnetic currents defined in the 
aperture (3) create a radiated magnetic potential (4) that leads 
to the electric field and the magnetic field defined in (5) and 
(6), respectively. The magnetic field excites the current modes 
(7) in the finite ground plane. Fig. 1 (b) shows an example of 
the electric current distribution that appears in a circular 
aperture etched in a finite ground plane. The effects of the 
ground plane size on the performance of slot antennas have 
already been reported experimentally by other authors [34]. 
The electric currents located in the truncated ground plane 
suffer from diffraction at the outer edges [34], influencing 
very much the radiation pattern. Therefore, the ground plane 
plays a crucial role when radiation pattern stability is desired 
in an aperture antenna.  
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                           (3) 

                          (4) 

                          (5) 

                          (6) 

                          (7) 

 
 

 
 
 
 
 
 
 
 
                            (a) 

 
 
                            (b) 

Fig. 1.  (a) Wide circular slot in an infinite ground plane. (b) Circular aperture 
in a truncated ground plane excited by a circular waveguide. 

Most commercial electromagnetic simulators are based on 
the EFIE (Electric Field Integral Equation) formulation, so 
they analyze apertures from an electrical point of view, 
considering just the currents that flow along the metallic plane 
surrounding the aperture. In this paper, the classical electric 
approach of  TCM is used to obtain the modal currents of a 
truncated ground plane with a circular aperture.   

By applying the TCM, the total current (J) in the surface of  
the ground plane of the aperture can be expanded as a 
combination of its CM as follows [2]: 

                             
1

i
n n

n n

V J
J

j


                                   (8) 

where Jn are the eigencurrents or characteristic modes, n are 
the eigenvalues and Vn

i is the modal excitation coefficient. 
This modal excitation coefficient can be obtained as: 

Mn 

Jn 
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                      ,i i i

n n n

S

V J E J E dS                        (9)                                        

The product Vn
iJn in (8) models the coupling between the 

excitation and the nth mode, and determines which modes will 
be excited by the antenna feed or incident field (Ei). 

Next section presents a complete analysis of the modal 
electric currents and fields of a finite square ground plane with 
a circular aperture. 

A. Modal Analysis of a Finite Ground Plane with a Circular 
Aperture 

Circular-shaped slots etched in a square ground plane have 
been extensively investigated for the design of UWB antennas. 
These structures combine in a single geometry the resonances 
of the ground plane and the circular aperture. As it will be 
shown next, the application of the TCM for the analysis of 
these wideband radiating apertures helps to understand the 
behavior of the current distribution and the radiating 
characteristics of the different modes. 

The computation of the modes presented here has been 
performed by means of a self-developed electromagnetic 
simulation tool based on the Method of Moments programmed 
in Matlab, in combination with FEKO. A very important 
conclusion of this study is that the modes of the radiating 
aperture do not appear as independent or isolated modes, as in 
[20], but they couple in a coherent way to the modes of the 
ground plane with the same current variation characteristic, 
generating a new family of combined radiating modes.  

The structure under consideration is a circular aperture of 
radius R=26 mm etched at the center of a finite ground plane 
of dimension L=80 mm. The relation RL/3 used in the 
structure has been chosen in order to obtain a good trade-off 
between radiating bandwidth and pattern stability. This 
relation has been determined and optimized by means of a 
parametric analysis that for brevity is not included. 

Fig. 2 presents the characteristic angle variation with 
frequency for the most relevant CM that appear when the 
structure is analyzed in a wide frequency band. The resonant 
frequency of the CM can be determined from these 
characteristic angle curves, since a mode is considered to be at 
resonance when its associated characteristic angle is equal to 
180º. Due to the symmetry of the structure, there are 
degenerated modes that resonate at exactly the same 
frequency, such as pairs J1-J1’ and J4-J4’. Modes J2 and J2’ 
exhibit the same current distribution but rotated 45º, however 
they are not degenerated modes due to the corner effect that 
reduces the length of the current path for the case of mode J2’ 
shifting its resonance to higher frequencies. Mode J3 that 
exhibits rotational symmetry does not have a degenerated 
associated mode.  Moreover, there are special non-resonant 
modes, such as J0, J01 or J02, that present inductive behavior in 
the complete frequency band.  

Fig. 3 shows the normalized current distribution of the first 
eight modes of the circular aperture at their corresponding 
resonant frequency. Observe that the current of the non-
resonant mode J0 flows forming loops. The rest of radiating 
modes presents intense currents flowing around the contour of 
the aperture and the contour of the ground plane. This 
behavior of the currents reveals that the modes of the 

considered structure are a combination of the modes of the 
square ground plane and the aperture, so they account for the 
coupling between both structures. 
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Fig. 2. Characteristic angle versus frequency for the most relevant modes of a 
circular aperture of radius R=26 mm, etched on a square ground plane of 
dimension L=80 mm. 

 
Fig. 4 depicts the normalized characteristic electric fields 

(|En|) associated to the CM of Fig. 3. These modal far field 
patterns have been obtained with FEKO by using the 
Characteristic Modes request tool. As observed, the number of 
lobes in the radiation pattern increases with the order of the 
mode.  

When the dimensions of the ground plane are very much 
adjusted to the aperture size, the structure behaves as a 
metallic ring that presents narrowband radiating modes. As the 
ground plane is made larger, the matching bandwidth 
increases, especially at the lower band [24], but at the expense 
of degrading the radiation pattern. This degradation can be 
associated to the excitation of an increased number of higher 
order modes of the ground plane that combine with the first 
order modes of the aperture at the frequencies of interest. If 
the excitation of these higher order modes is not avoided, they 
produce the undulating phenomenon described in [35], which 
degrades the radiation pattern and reduces its stability. 

It should be pointed out that the number of modes to be 
considered in the modal analysis presented in Fig. 2 is easily 
manageable until 5 GHz, as only eight CM have a relevant 
contribution to radiation up to this frequency. Nevertheless, as 
the frequency increases, a huge amount of CM should be 
considered, leading to a very complex analysis. Note also that 
above 5 GHz modes appear in groups, and inside these groups 
they resonate very close to each others. As a result of this 
boost on the density of modes, there will be not a single 
dominant mode to be considered in the higher frequencies, but 
a combination of several dominant modes. 
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       J1 (1.4 GHz)             J1’ (1.4 GHz)               J0 (1.4 GHz)       

      

       J2 (2.2 GHz)             J2’ (3.5 GHz)                J3 (4.3 GHz)  

       

  J4 (4 GHz)               J4’ (4 GHz) 

                
Fig. 3. Normalized current distribution of the first eight modes of a circular 
aperture of radius R=26 mm, etched on a square ground plane of dimension 
L=80 mm. 

E1 (1.4 GHz) 

 

E1’ (1.4 GHz) 

 

E0 (1.4 GHz) 

E2 (2.2 GHz) E2’ (3.5 GHz) 

 

E3 (4.3 GHz) 

                            E4 (4 GHz)                 E4’ (4 GHz) 

           

Fig. 4. Normalized characteristic electric fields of the first eight modes of a 
square plate of dimension L=80 mm with a circular slot of radius R=26m. 

As will be shown in section III, a very powerful stategy to 
reduce the number of modes to be considered in a broadband 
modal analysis is to make an optimum choice of the feeding 
mechanism and to take advantage of the symmetries of the 
structure in order to excite only some particular desired 
modes. 

III. COMMONLY-FED AND DIFFERENTIALLY-FED CIRCULAR 

APERTURE ANTENNA 

This section discusses different kinds of excitation as well 
as the feeding symmetries that can be exploited for selective 
excitation of CM in order to reduce the number of modes 
excited and obtain increased bandwidth and/or more stable 
radiation pattern. A capacitive coupled dual-feed circular 
aperture antenna is presented as an example of application. 

A. Excitation of Characteristic Modes by Using Different 
Coupling Mechanisms and Feeding Symmetries 

Characteristic modes are computed in the absence of any 
specific source or excitation. Once the modal analysis has 
been performed, the next step is to decide how to feed the 
structure in order to excite the modes that provide the desired 
radition characteristic (e.g. vertical polarization, 
omnidirectional or directional radiation, pattern diversity, etc).   

In general, either inductive or capacitive coupling 
mechanisms can be used to excite CM, as it has been proposed 
for mobile terminals [36][37]. Inductive feeding will 
effectively excite those modes whose electric current 
distribution shows intense currents at the location of the 
source. On the contrary, capacitive coupling mechanism will 
excite modes with strong electric field at the source location. 
This means that the magnitude of the modal electric current 
distribution should be small at the location of the capacitive 
source. Moreover, polarization of the sources is critical, as 
they have to force the polarization of the modal currents to be 
excited (i.e. inductive horizontally polarized sources at points 
with intense current do will not excite CM with intense current 
distribution exhibiting vertical polarization at this point). 

Additionally, not only the magnitude and polarization of the 
electric current or electric field, but also the symmetries 
exhibited by the modal current distributions are important for 
the excitation of CM. By taking into account even and odd 
symmetries of the different modal currents, effective 
excitation of specific modes can be achieved, while preventing 
excitation of undesired modes. This can be only accomplished 
if multiple sources are used to excite the radiating structure, 
setting their phase and magnitude accordingly to the symmetry 
condition desired for the modes on the structure. 

It is true that a single feed is usually chosen to excite 
apertures, as it simplifies the feeding mechanism design. 
However, the use of a single feed only allows for a limited 
control of CM excitation, as it doesn’t take advantage of the 
symmetries exhibited by the current distribution of CM on the 
structure.   

In general terms, modes can be classified in different 
families according to their even or odd symmetry. By applying 
symmetry conditions at the excitation of the antenna, a sort of 

Y

X

Z 

X Y 



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2016.2618478, IEEE
Transactions on Antennas and Propagation

AP1507-1160.R2 5

filtering of the CM capable of being excited will be produced. 
Thus, in the structure just analized, different families of modes 
can be excited when using different coupling mechanisms 
combined, for example, with double feeding. Fig. 5 proposes 
two alternatives for the excitation of the modes. In both cases 
a double feeding is used combined with commonly-fed and 
differentially-fed configurations, in order to take advantage of 
the modal symmetries. The ports (Port1, Port2) are placed 
along the vertical axis of symmetry of the structure.  

 

    

(a) (b)  

Fig. 5. Alternatives for the excitation of modes using double feeding. (a) 
Inductive coupling. (b) Capacitive coupling.  

 
In Fig. 5 (a) an inductive mechanism is used, this means 

that modes with intense currents at the source positions, such 
as J1’, J0, J2 or J4 of Fig. 3, are candidates to be excited with 
this configuration. Aditionally, a higher discrimination of 
excited modes can be obtained playing with the phase of the 
ports. The excitation of modes with even horizontal symmetry 
(e.g. J1’ and J4) will be favoured when the two ports are 
configured in phase with a  commonly-driven configuration 
(+1,+1). Conversely, modes with odd horizontal symmetry 
(e.g. J0 and J2) will be excited if the ports are configured in 
opposite phase with a differentially-driven configuration (+1,-
1).  

Fig. 5 (b) proposes a capacitive coupling mechanisms based 
on two microstrip feeding lines. This feeding configuration 
will couple with the modes that present very low modal 
current intensity at the ports, such as J1, J2’, J3, and J4’ of Fig. 
3, among others. Once more, deeper discrimination of modes 
can be achieved creating symmetry conditions. With the 
commonly-driven configuration (+1,+1), the excitation of 
modes with even vertical symmetry is reinforced (e.g. J2’and 
J3). When the differentially-drive configuration (+1,-1) is 
applied, modes with odd symmetry are excited (e.g. J01, J1 and 
J4’).       

Fig. 6 shows visually a classification of the characteristic 
angle of Fig. 2, considering the modes which are candidates to 
be excited with the inductive and the capacitive feeding 
mechanism for the cases of commonly-fed and differentially-
fed configurations. When comparing with the complete 
collection of modes depicted in Fig. 2, it is evident that in the 
all cases, the number of modes to be considered is drastically 
reduced, dealing to an easier to handle analysis. As observed, 
different families of modes with different contour conditions 
and different symmetries are excited in each case. 

The reduction of the number of excited modes is an 
important issue, since the excitation of several successive 
modes with even and odd symmetries in an antenna could 
create strong anti-resonances in the structure which may 
degrade its impedance bandwidth [38], or reduce the stability 
of the radiation pattern.  When modes with the same symmetry 
are excited these effects are minimized.  

Inductive coupling mechanisms are rarely used for exciting  
printed slot antennas, since matching to 50 Ω is difficult to 
achieve and narrow impedance bandwidth is obtained.  
Conversely, slotted planar antennas with different slot shapes 
have shown very broadband behavior when excited 
capacitively using coplanar waveguide (CPW) or microstrip 
feed line, terminated in a shaped stub [24]. This shaped stub 
acts as a tuning element that effectively matches the different 
resonant modes exhibited by the structure. Therefore, although 
the structure presents many resonant modes, it has been 
experimentally demonstrated that a tuning stub can provide 
very good transition from one mode to the next one, and 
obtain broadband or ultra-wideband impedance bandwidth 
[24][39].  

In the next section, a capacitive-coupled antenna will be 
proposed in order to show how the excitation of CM can 
effectively be controlled and how different radiation patterns 
can be obtained by exciting different CM. Furthermore, the 
effect of the insertion of a capacitive feeding structure in the 
resonances and radiation behavior of the antenna will be 
analyzed using CM.  

 

 
(a) Inductive coupling (+1,+1) (b) Inductive coupling     

 (+1, -1) 

 
(c) Capacitive coupling (+1,+1) (d) Capacitive coupling  

(+1, -1) 

Fig. 6. Filtering of the characteristic angle of Fig. 2 considering the modes 
which are candidates to be excited when using different feeding schemes.   
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B. Proposed Antenna Geometry with Dual-Feeding 

In order to excite the CM of the circular aperture of Section 
II, the structure shown in Fig. 7 is proposed. As observed, two 
microstrip lines terminated in a rectangular stub are used to 
excite the aperture by capacitive coupling. As commented in 
previous section, capacitive excitation of wide slots using 
microstrip feed lines terminated in a stub has shown to provide 
a large impedance bandwidth. In this paper, the proposed 
structure is based on that presented in [39] for pattern 
diversity, but now the two ports are combined to selectively 
excite specific modes and increase stability of the radiation 
pattern.  

The proposed antenna is printed on an air dielectric with a 
thickness of 1 mm. The circular aperture with radius R=26 mm 
is etched on a square ground plane with size 80x80 mm2. The 
antenna is fed by two microstrip lines printed on the bottom 
side of the substrate and dimensions of these microstrip lines 
are Lfeed=15.25mm, Wm=1.9mm, W1=13.5mm and W2=13.5 
mm. 

 
Fig. 7. Bottom view and side view of the circular aperture antenna with two 
feedings. The darker grey in the XY plane is the top side, whereas the lighter 
grey is the back side.  

Excitations (+1, +1) and (+1,-1) for Port 1 and Port 2 (Port 
1, Port 2) will be used, which corresponds to a commonly-
driven and a differentially-driven excitation, respectively. Fig. 
8 shows schematically the symmetry conditions imposed to 
the electric current distribution in the finite metallic ground 
plane by the two feeding configurations. Dashed line 
represents the presence of a null in the current distribution, 
imposed by the symmetry condition created by the phases of 
the sources. As observed in Fig. 8 (a), sources with same 
magnitude and phase will impose odd symmetry in the surface 
current distribution with respect to x-axis. Moreover, the use 
of capacitive feeding (even when using only one port) 
implicitly creates an odd symmetry condition for the electric 
current distribution with respect to y-axis, as shown in Fig. 8 
(b). By using capacitive coupling excitation, only modes with 
low electric current magnitude (high electric field magnitude) 
at the location of the sources will be excited. 
 

 

(a) (b) 

Fig. 8. Symmetry conditions imposed on the current distribution by the 
feeding configuration: (a) Sources with same phase and magnitude (common 
feed); (b) Sources with same magnitude but opposite phase (differential feed). 
Dashed line in the figure represents a null of current distribution in the ground 
plane. 

 

C. Characteristic Modes of a Finite Ground Plane with a 
Circular Aperture including the Feeding Structure 

When analyzing the structure including these two microstrip 
feed lines terminated in a square stub, we observe that some 
additional resonant modes appear, which are linked to the 
presence of the feeding structure.  

Fig. 9 shows a comparative (up to 8 GHz) of the CM 
associated to the circular aperture in the finite ground plane 
with and without the two feeding structures. In order to bring a 
clearer view, modes have been separated in two families. Fig. 
9 (a) and (b) contain the families of modes that could be 
excited when the symmetry conditions of the diferentially-
driven and the commonly-driven configurations are imposed, 
respectively. As observed, two pairs of modes associated to 
the feeding structures appear within the frequency range 
considered (Jfeed - Jfeed_2 and Jfeed_3 - Jfeed_4 modes). The rest of 
the modes associated to the aperture in the finite ground plane 
remain almost the same, except for the separation of 
degenerated modes, as the rotational symmetry of the antenna 
is broken by the presence of the two feeding lines. 

Since two feeding structures are needed in order to impose 
symmetry conditions, additional modes appear in pairs. Each 
pair correspond to the “antenna mode” (current flowing in the 
same direction in both feeding lines) and “transmission line 
mode” (current flowing in opposite direction) resulting from 
the combination of the two feeding lines [33]. This can be 
seen in Fig. 10, where the current distribution associated to the 
first (Jfeed - Jfeed_2) and second pair (Jfeed_3 - Jfeed_4) of resonant 
modes associated to the feeding structures is presented. 
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(a) 

 
(b) 

Fig. 9. Comparison of the characteristic angle vs. frequency for the first 
modes of a square plate of L=80 mm with a circular slot of R=26 mm, with 
feeding (lines) and without feeding (symbols). Modes associated to the 
symbols are those shown in Fig. 2. New modes linked to the feeding structure 
are marked with a red oval: (a) Differential feeding; (b) Common feeding. 

 

 

(a) (b) 

 
(c) (d)  

Fig. 10. Normalized current distribution of the two additional modes 
associated to the feeding structure of the structure: (a) Jfeed ; (b) Jfeed_2.; (c) 
Jfeed_3  and (d) Jfeed_4 . Dashed line in the figure represents a null of current 
distribution. 

D. Results 

Fig. 11 shows the fabricated prototype and Fig. 12 depicts 
the simulated and measured reflection coefficient for the 
circular aperture with common and differential feeding 
configurations. Differential-mode and common-mode 
measurements are performed with PNA-N5227A network 
analyzer. As observed, measured bandwidth from 2.6 to more 
than 12 GHz is obtained for |S11|<-10 dB and differential 
feeding, while an operating frequency range from 3.2 to more 
than 12 GHz is obtained for common feeding. Simulated and 
measured results agree quite well, although some frequency 
shift is observed due to minor fabrication issues. 
 

  

(a) (b) 

Fig. 11. Fabricated prototype: (a) Top view; (b) Bottom view. 

 

Fig. 12. Simulated and measured reflection coefficient for differential feeding 
(|Sdd|) and common feeding (|Scc|). 

  Fig. 13 and Fig. 14 illustrates the contribution of each 
mode to the total power radiated by the antenna (calculated as 

,J RJ from the MoM impedance matrix Z R jX  ), when 

using common and differential feeding configurations, 
respectively. 

As observed, common feeding facilitates the excitation of 
mode Jfeed_2, J2’, J3, J8 and Jfeed_4 up to 8 GHz, whereas higher 
order modes are excited at higher frequencies. All these modes 
follow the symmetry condition imposed by the feeding 
configuration, as observed in the current distibutions shown in 
Fig. 3, Fig. 6 and Fig. 10. As observed, the number of modes 
excited increases with frequency due to the fact that the 
density of modes at higher frequencies is much higher, as 
commented in section II.  
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Conversely, with the use of differential feeding, a different 
family of modes is excited in the structure. As shown in Fig. 
14, modes J1, J4’, Jfeed  and Jfeed_3 and Jfeed are mostly excited at 
lower frequencies, while higher order modes are again excited 
from 8 GHz up. Once more, all these modes follow the 
symmetry condition imposed by the sources (see Fig. 6).  

As observed in Fig. 13 and Fig.14, modes associated to the 
feeding structure are the main radiators around their resonant 
frequency, while the aperture modes are also excited and 
contribute to achieve an appropriate transition from one mode 
to the following. Consequently, large impedance bandwidth 
can be achieved for both common and differential feedings, 
being the radiation pattern determined by the mode/s excited 
at each frequency. 

Fig. 15 shows the total current distribution obtained with 
CST Microwave Studio for the proposed antenna at different 
frequencies within the operating frequency range. Total 
current distribution for the two feeding configurations is 
presented in the figure, which allows an easy determination of 
the dominant mode excited in the structure at each frequency. 

Finally, simulated and measured radiation patterns for 4 and    
6 GHz are shown in Fig. 16. As observed, radiation pattern 
behavior is associated to that of the characteristic mode 
excited in the structure at a specific frequency. As observed, 
measured and simulated results correlate well. 

Large bandwidth is also possible with a single feeding [39], 
but radiation pattern in this case is much less stable in 
frequency, as successive even and odd modes are excited with 
frequency, changing the radiating performance.  

Some differentially driven antennas have been proposed 
recently for polarization diversity [40]-[42]. By using 
differential feeding, very low cross-polarization level can be 
achieved and dual polarization can be obtained by using two 
pairs of orthogonal differential ports. In [42], gain and 
beamwidth is kept constant along the operating frequency due 
to the differential feeding.  

CM analysis provided in the present paper brings a very 
clear physical insight on differentially-driven antennas and the 
advantages they can provide. Common feeding is also 
proposed now following the basic idea of selective excitation 
of CM. A pair of orthogonal ports (four ports in total) with 
common or differential feeding can also be used in the 
proposed antenna to obtain orthogonal polarization. Very low 
coupling between the two pairs of orthogonal ports would be 
achieved for both differential and common feed. 

 

 
Fig. 13. Contribution of each mode to the total radiated power of the 

circular aperture antenna, when using common feed.

 
Fig. 14. Contribution of each mode to the total radiated power of the circular 
aperture antenna, when using differential feed. 
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(a) (b) 

Fig. 15. Simulated total current distribution on the antenna for the two feeding 
configurations at different frequencies within the operating bandwidth: (a) 
Common feed; (b) Differential feed. 

 
 

 

 

 
(a) (b) 

Fig. 16. Simulated and measured radiation patterns for the two feeding 
configurations: (a) Common feed; (b) Differential feed. 

IV. CONCLUSIONS 

TCM has been applied to a circular aperture antenna 
inserted in a square ground plane, in order to determine the 
resonance frequency, current distribution, and radiation 
pattern of the CM of the structure. This information is then 
used to provide general design guidelines for  the appropriate 
excitation of CM with particular symmetries in order to 
achieve large matching bandwidth and pattern stability. 
Selective excitation of CM has been discussed, and a 
common-fed and differential-fed capacitive-coupled circular 
aperture antenna has been proposed. Multiple feeding is 
proposed as a useful technique for gaining higher control of 
CM excitation. A prototype of the antenna has been fabricated. 
Radiation patterns have been measured for commonly-fed and 
differentially-fed configurations. A common-fed 
configuration, which is not commonly used, has demonstrated 
to provide wideband matching and alternative radiation 
patterns to those associated to the differential feed.  

 

REFERENCES 
[1] R. F. Harrington and J. R. Mautz, “Theory of characteristic modes for 

conducting bodies,” IEEE Trans. Antennas Propagat., vol. AP-19, no. 5, 
pp. 622-628, September 1971. 

[2] R. F. Harrington and J. R. Mautz, “Computation of characteristic modes 
for conducting bodies,” IEEE Trans. Antennas Propagat., vol. AP-19, 
no. 5, pp. 629-639, September. 1971. 

[3] E. H. Newman, “Small antenna Location Synthesis Using  Characteristic 
Modes,” IEEE Trans. Antennas Propagat., vol. AP-21, no. 6, pp. 868-
871, Nov. 1973. 

[4] J. J. Adams, and J. T. Bernhard, “A Modal Approach to Tuning and 
Bandwidth Enhancement of an Electrically Small Antenna,” IEEE 
Trans. on Antennas and Propagat., vol. 59, no. 4, pp. 1085-1092, 2011.  

4 GHz - Common Feed - XZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-5e+1-4e+1-3e+1-2e+1-1e+1 0

4 GHz - Differential Feed - XZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-50 -40 -30 -20 -10 0

4 GHz - Common Feed - YZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-50 -40 -30 -20 -10 0

4 GHz - Differential Feed- YZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-5e+1-4e+1-3e+1-2e+1-1e+1 0

6 GHz - Common Feed - XZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-5e+1-4e+1-3e+1-2e+1-1e+1 0

6 GHz - Differential Feed - XZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-50 -40 -30 -20 -10 0

6 GHz - Common Feed - YZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-50 -40 -30 -20 -10 0

6 GHz - Differential Feed - YZ

-180

-150

-120

-90

-60

-30

0

30

60

90

120

150

-5e+1 -4e+1 -3e+1 -2e+1 -1e+1 0

-5e+1

-4e+1

-3e+1

-2e+1

-1e+1

0

-5e+1-4e+1-3e+1-2e+1-1e+10

-5e+1

-4e+1

-3e+1

-2e+1

-1e+1

0

Etheta_Simulated
Ephi_Simulated
Etheta- Measured
Ephi- Measured



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2016.2618478, IEEE
Transactions on Antennas and Propagation

AP1507-1160.R2 10

[5] M. Cabedo-Fabrés, A. Valero-Nogueira, and M. Ferrando-Bataller, 
“Systematic Study of Elliptical Loop Antennas Using Characteristic 
Modes,” IEEE Antennas and Propagat. Society Int. Symp., vol. 1, pp. 
156-159, 2002. 

[6] K. Obeidat, B.D. Raines, and R. G. Rojas “Design and analysis of a 
helical spherical antenna using the theory of characteristic modes,” IEEE 
Antennas and Propagat. Society Int. Symp., vol. 3, pp. 1-4, 2008. 

[7] Y. Chen and C. Wang, “Characteristic-mode-based improvement of 
circular polarized U-slot and E-shaped patch antennas,” IEEE Antennas 
and Wireless Propagat. Lett., vol. 11, pp. 1474-1477, 2012.  

[8] M. Cabedo-Fabres, E. Antonino-Daviu, A. Valero-Nogueira and M. 
Ferrando-Bataller, “The Theory of Characteristic Modes revisited: A 
contribution to the design of antennas for modern applications”, IEEE 
Antennas and Propagat. Magazine, Vol. 49, no. 5, pp.52-68, Oct. 2007 

[9] B.A. Austin and K.P. Murray, “The application of characteristic-mode 
techniques to vehicle-mounted NVIS antennas,” IEEE Antennas and 
Propagat. Magazine, vol. 40, no. 1, pp. 7-21, 1998. 

[10] J. Chalas, K. Sertel, J. L. Volakis, “NVIS synthesis for electrically small 
aircraft using characteristic modes” IEEE Antennas and Propagat. 
Society Int. Symp., pp. 1431-1432, 2014. 

[11] E. Antonino-Daviu, M. Cabedo-Fabrés, M. Ferrando-Bataller, and J. I. 
Herranz-Herruzo, “Analysis of the coupled chassis-antenna modes in 
mobile handsets,” IEEE Antennas and Propagat. Society Int. Symp., vol. 
3, pp. 2751-2754, 2004. 

[12] J. Ethier, E. Lanoue, and D. McNamara, “MIMO handheld antenna 
design approach using characteristic mode concepts” Microwave and 
Optical Tech. Letters, vol. 50, no. 7, pp. 1724–1727, July 2008. 

[13] M. Sonkki, M. Cabedo-Fabrés, E. Antonino-Daviu, M. Ferrando-
Bataller, and E.T. Salonen, “Creation of a Magnetic Boundary Condition 
in a Radiating Ground Plane to Excite Antenna Modes,” IEEE Trans. 
Antennas Propagat., vol. 59, no. 10, pp. 3579– 3587, Oct. 2011. 

[14] R.F.Harrington, J.R.Mautz and Y.Chang, "Characteristic modes for 
dielectric and magnetic bodies", IEEE Trans. Antennas Propagat., vol. 
20, pp.194-198, 1972. 

[15] T. Bernabeu-Jiménez, A. Valero-Nogueira, F. Vico-Bondia, E. 
Antonino-Daviu, M. Cabedo-Fabrés, “A 60 GHz LTCC rectangular 
dielectric resonator antenna design with characteristic modes theory,” 
IEEE Antennas and Propagat. Society Int. Symp., pp. 1928-1929, 2014. 

[16] J. S. Kuo and K. L. Wong, “A compact microstrip antenna with 
meandering slots in the ground plane” Microwave and Optical 
Technology Letters, vol. 29, no. 2, pp. 95–97, April 2001. 

[17] K. F. Lee, S. L. S. Yang and A. A. Kishk “Dual- and Multiband U-Slot 
Patch Antennas,” IEEE Antennas and Wireless Propagation Letters, vol. 
7, 2008. 

[18] P. C. Sharma, and K. Gupta, “Analysis and optimized design of single 
feed circularly polarized microstrip antennas” IEEE Trans. Antennas 
Propagat., vol. 31, no. 6, pp. 949–955, May 1983. 

[19] K. Gosalia, and G. Lazzi, “Reduced size, dual-polarized microstrip patch 
antenna for wireless communications” IEEE Trans. Antennas Propagat., 
vol. 51, no. 9, pp. 2182–2186, 2003. 

[20] E. Antonino-Daviu, M. Cabedo-Fabrés, M. Ferrando-Bataller, and V. M. 
Rodrigo-Peñarrocha, “Modal Analysis and Design of Band-notched 
UWB Planar Monopole Antennas” IEEE Trans. Antennas Propagat., 
vol. 58, no. 5, pp. 1457–1467, May 2010. 

[21] R. Hossa, A. Byndas, and M. E. Bialkowski, “Improvement of Compact 
Terminal Antenna Performance by Incorporating Open-End Slots in 
Ground Plane”, IEEE Microwave and Wireless Component Lett. Vol14, 
nº6, June 2004  

[22] M.F.Abedin and M.Ali, “Modifying the Ground Plane and Its Effect on 
Planar Inverted-F Antennas (PIFAs) for Mobile Phone Handsets”, IEEE 
Antennas and Wireless Prop. Lett., vol.2, 2003, pp.226-229  

[23] J. Anguera, I. Sanz, J. Mumbrú, and C. Puente, “Multi-Band Handset 
Antenna with a Parallel Excitation of PIFA and Slot Radiators”, IEEE 
Transactions on Antennas and Propagation, vol.58, nº2, pp.348-356, 
Feb.2010. 

[24] M.C. Tang, R.W. Ziolkowski, and S. Xiao, “Compact Hyper-Band 
Printed Slot Antenna with Stable Radiation Properties”, IEEE Trans. 
Antennas Propagat., vol. 62, no. 6, pp. 2962– 2969, June 2014. 

[25] P. Li, J. Liang, and X. Chen, “Study of Printed Elliptical/Circular Slot 
Antennas for Ultrawideband Applications”, IEEE Trans. Antennas 
Propagat., vol. 54, no. 6, pp. 1670– 1675, June 2006. 

[26] Y. F. Liu, K. L. Lau, Q. Xue, and C. H. Chan, “Experimental Studies of 
Printed Wide-Slot Antenna for Wide-Band Applications”, IEEE 
Antennas Wireless Propag. Lett., vol. 3, pp. 273–275, 2004. 

[27] R.F. Harrington and J. R. Mautz “Characteristic Modes for Aperture 
Problems,” IEEE Transactions on Microwave Theory and Techniques, 
vol. MTT-33, no.6, pp. 500-505, June 1985. 

[28] K.Y. Kabalan, R.F. Harrington, H. A. Auda, and J. R. Mautz, 
“Characteristic Modes for Slots in a Conducting Plane, TE Case” IEEE 
Transactions on Antennas and Propagation, vol. AP-35, no. 2, pp.162-
168, Feb. 1987. 

[29] K.Y. Kabalan, R.F. Harrington, J. R. Mautz  and H. A. Auda, 
“Characteristic Modes for Slots in a Conducting Plane, TM Case” IEEE 
Trans. Antennas and Propagat., vol. AP-35, no. 3, pp. 331-335, March. 
1987. 

[30] A. El-Hajj, and K. Y. Kabalan, “Characteristic Modes of a Rectangular 
Aperture in a Perfectly Conducting Plane,” IEEE Trans. on Antennas 
and Propagat., vol. 42, no. 10, October 1994. 

[31] Y. Chen, and C.F. Wang, “Characteristic-Mode-Based Improvement of 
Circularly Polarized U-Slot and E-Shaped Patch Antennas”, IEEE 
Antennas Wireless Propag. Lett., vol. 11, pp. 1474–1477, 2012. 

[32] H. G.Booker, “Slot aerials and their relation to complementary wire 
aerials (Babinet's principle)” Part IIIA: Radiolocation, Journal of the 
Institution of Electrical Engineers, vol 93, no. 4, pp. 620-626, 1946. 

[33] M. Cabedo, “Systematic design of antennas using the Theory of 
Characteristic Modes”, Ph.D. Dissertation. 2007. 

[34] N. A. Aboserwal, C.A. Balanis, and C.R. Birtcher, “Impact of Finite 
Ground Plane Edge Diffractions on Radiation Patterns of Aperture 
Antennas”, Progress In Electromagnetics Research B, Vol. 55, 1–21, 
2013. 

[35] J. D. Kraus, R. J. Marhefka, “Antennas for all applications,” McGraw 
Hill, 3rd Edition, 2001.  

[36] J. Holopainen, R. Valkonen, O. Kivekäs, J. Ilvonen, and P. Vainikainen, 
“Broadband Equivalent Circuit Model for Capacitive Coupling 
Element–Based Mobile Terminal Antenna,” IEEE Antennas Wireless 
Propag. Lett., vol. 9, pp. 716–719, 2010. 

[37] Martens, R., Safin, E., Manteuffel, D.: “Inductive and capacitive 
excitation of the characteristic modes of small terminals”.LAPC, 2011, 
pp. 1–4. 

[38] E. Antonino, “Analysis and design of antennas for wireless 
communications using modal methods”, Ph.D. Dissertation. 2008. 

[39] M. Gallo, E. Antonino-Daviu, M. Ferrando-Bataller, M. Bozzetti, J. 
Molina-Pardo, and L. Juan-Llacer, “A broadband pattern diversity 
annular slot antenna,” IEEE Trans. Antennas Propagat., vol. 60, no. 3, 
pp. 1596–1600, 2012. 

[40] Z.H. Tu, W.A. Li, and Q.X. Chu, “Single-Layer Differential CPW-Fed 
Notch-Band Tapered-Slot UWB Antenna,” IEEE Antennas Wireless 
Propag. Lett., vol. 13, pp. 1296–1299, 2014. 

[41] M. Li, and K.M. Luk, “A Differential-Fed Magneto-Electric Dipole 
Antenna for UWB Applications,” IEEE Trans. Antennas Propagat., vol. 
61, no. 1, pp. 92–99, Jan. 2013. 

[42] H. Huang, Y. Liu, S. Zhang, and S. Gong, “Uniplanar Differentially 
Driven Ultrawideband Polarization Diversity Antenna With Band-
Notched Characteristics,” IEEE Antennas Wireless Propag. Lett., vol. 
14, pp. 563–566, 2015. 

 
 
 

 
Eva Antonino-Daviu (M’00) was born in 

Valencia, Spain, on July 10, 1978.  She received 
the M.S. and Ph.D. degrees in electrical 
engineering from the Universitat Politècnica de 
València (UPV), Valencia, Spain, in 2002 and 
2008, respectively. She became a member of IEEE 
in 2000. 

In 2002 she joined the Electromagnetic 
Radiation Group, UPV, and in 2005 she became a 
Lecturer at UPV, Spain. Since 2012 she is an 
associate professor in the Communications 

Department of the UPV. During 2005 she stayed for several months as a guest 
researcher at the Department of Antennas & EM Modelling of IMST GmbH, 
in Kamp-Lintfort, Germany. Her current research interests include wideband 
and multi-band planar antenna design and optimization and computational 
methods for printed structures. 

Dr. Antonino-Daviu was awarded the “Premio Extraordinario de Tesis 
Doctoral” (Best Ph.D. thesis) from the Universitat Politècnica de València in 
2008. 

 



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2016.2618478, IEEE
Transactions on Antennas and Propagation

AP1507-1160.R2 11

Marta Cabedo-Fabrés was born in Valencia, 
Spain, on June 8, 1976. She received the M.S. and 
Ph.D. degrees in electrical engineering from 
Universidad Politécnica de Valencia, Spain, in 
2001 and 2007, respectively. 

In 2001, she joined the Electromagnetic 
Radiation Group at Universidad Politécnica de 
Valencia (UPV), as a Research Assistant. In 2004, 
she became an Associate Professor in the 

Communications Department, Universidad Politécnica de Valencia. Her 
current scientific interests include numerical methods for solving 
electromagnetic problems, and design and optimization techniques for 
wideband and multi-band antennas. 

 
 

Marko Sonkki was born in Kalanti, Finland, in 1972. 
He received his Master's degree in Electrical Engineering 
from the Department of Electrical and Information 
Engineering at the University of Oulu, Finland, in 2004. 
In 2013, he received his Doctoral degree in Radio 
Telecommunications Engineering at the University of 
Oulu, Finland. The topic of the dissertation was wideband 
and multi-element antennas for wireless applications. 

He is currently as a post-doctoral researcher with the Centre for Wireless 
Communications (CWC), University of Oulu. His research interests are design 
and analysis of wideband multi-mode antennas, mm-Wave antenna arrays, 
and antennas for full-duplex, MIMO and diversity systems. 
 
 

 Nora Mohamed-Mohamed-Hicho received the 
M.S. degree in electrical engineering and Master´s 
degree in Technologies, Systems and 
Communications Networks from the Universitat 
Politècnica de València (UPV), Spain, in 2009 and 
2014 respectively.  

She is currently working toward the Ph.D. degree. 
Since 2009 she is with the Institute of 
Telecommunications and Multimedia Applications 
(iTEAM) when she is currently working as a 

researcher in modal analysis of antennas. Her current research interests 
include modal analysis of antennas, metamaterial antennas design and small 
planar antennas design for biomedical applications. 
 

 
Miguel Ferrando-Bataller was born in Alcoy, 

Spain, in 1954. He received the M.S. and Ph.D. 
degrees in electrical engineering from the 
Universidad Politecnica de Catalunya, Barcelona, 
Spain, in 1977 and 1982, respectively. 

From 1977 to 1982, he was a Teaching 
Assistant with the Antennas, Microwave, and 
Radar Group, Universidad Politécnica de 
Catalunya, and in 1982 he became an Associate 
Professor. In 1990, he joined the Universidad 
Politecnica de Valencia, Valencia, Spain, where he 

is a Professor. His current research activities include numerical methods, 
antenna design, and e-learning activities. 
 


