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Abstract— Plasmonic nano-antennas are typically designed 

with RF-inspired rigorous parametric optimization processes that 

lack proper physical insights. In this study, we demonstrate a 

systematic optimization approach for nano-antennas based on 

characteristic mode analysis (CMA). A complex geometry, 

designated as split-ring two-wire antenna (SRA), is selected and 

optimized using the CMA technique. CMA identifies the dominant 

modes of the structure at the frequency of interest as well as 

explains the dependency of the modes on the structure’s shape, size 

and material properties. These insights from CMA have been used 

in the present study to efficiently optimize SRA shape, size, and 

material which yield more than 700 % near-field intensity 

enhancement (NFIE) at the desired operating frequency. This 

proposed CMA based optimization method can be adapted easily 

for many other nano-antenna applications, facilitating the 

development of improved nano-structures. 

 
Index Terms—Plasmonic, Nano-structures / Nano-antennas, 

Characteristic Mode Analysis (CMA), Surface Integral Equation 

(SIE), Method of Moments (MOM), Split-ring Two-wire Antenna 

(SRA), Near Field Intensity Enhancement (NFIE). 

 

I. INTRODUCTION 

Engineered plasmonic nano-structures are currently being 

deployed extensively in a wide range of fields such as solar 

energy harvesting, non-linear optics, near-field scanning optical 

microscopy, photo-catalysis, metamaterials, quantum 

computing and many other sensing applications [1]-[2]. 1This 

wide applicability comes from the outstanding characteristics 

of plasmonic materials such as extreme light trapping at the 

sub-wavelength vicinity of the nano-structure, manipulating 

and redirecting light well below the classical diffraction limits, 

enhancing the rate of photo-chemical reactions, and modulating 

thermal decay rates [2]-[3]. In this work, we will focus on 

enhancing the near-field intensity of a plasmonic nano-antenna. 

Generally, this enhancement is  defined by the ratio of measured 

electric field intensity near the nano-antenna (|𝐸|2) to the 
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illumination intensity in the absence of the nano-antenna 

(|𝐸0|2), termed as the near-field intensity enhancement (NFIE), 

|𝐸|2/|𝐸0|2 [2]. The magnitude of the NFIE can range from 

several hundred [4] to several thousand [5].  

Extensive studies have been carried out to push the upper 

limit of the NFIE at a specified frequency by optimizing the 

shape and material of the nano-structure. The optimization 

process starts by defining a set of goals, known as fitness 

parameters. The shape of the nano-antenna is then varied 

computationally and iteratively until it meets the goal within a 

certain threshold. Most optimization techniques use the same 

general methodology, but they differ only in the specific 

evolutionary optimization algorithm (EA) and/or the 

electromagnetic (EM) solver used to calculate the 

electromagnetic response.  

Examples of different EA/EM solver combinations 

previously reported include: the binary particle-swarm 

optimization (BPSO) algorithm combined with the Coupled 

Dipole Approximation (CDA) solver [6], the genetic 

optimization algorithm coupled with multi-particle Mie Theory 

[7], the repetitive perturbation technique combined with the 

Finite-Difference-Time-Domain (FDTD) solver [8], the Gielis’ 

Super formula based stochastic optimization coupled with 2D 

boundary-element method solver [9], and the evolutionary 

search algorithm coupled with the FDTD solver [10]-[11]. The 

previously mentioned optimization techniques are basically 

iterative trial and error approaches, which lack proper physical 

insights and are computationally expensive. 

In this present work, a different method for nano-antenna 

optimization is proposed where characteristic mode analysis 

(CMA) has been used to understand the physics of the near-

field enhancement process, so that the nano-antenna shape, size, 

and material can be strategically optimized using lower 

computational time and memory requirements. CMA is 

basically an eigenvalue problem where the currents excited on 

the nano-antennas are decomposed into a weighted summation 

of fundamental modes [12]–[13]. At each frequency, the CMA 
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provides the relative significance of each mode and defines how 

strongly it is coupled to the incident field. CMA has been 

extensively used for the analysis and design of RF and 

microwave antennas composed of perfect electric conductors 

(PEC) [14]-[16]. More recently, CMA was also employed for 

the design of antennas composed of lossless dielectrics and with 

simple canonical shapes [17]. However, in this work we focus 

on the CMA optimization of plasmonic nano-antennas, with 

complex shapes, composed of noble metals like gold and silver. 

In the infrared and visible frequency ranges, gold and silver 

behave more like lossy dielectrics than PEC leading to 

differences in the modal behavior that will be discussed in the 

following sections. Also, all of the previous CMA studies 

focused on optimizing the matching of the antenna feed or on 

optimizing its far-field radiation characteristics. However, this 

work shows for the first time the use of CMA for the 

optimization of a near-field property such as the near-field 

intensity enhancement (NFIE). 

To the best of our knowledge, for nano scale designs,  CMA 

has only been used for 1D structures, i.e. CNTs [18], or 2D 

structures like graphene [19], or canonical 3D shapes like 

spheres and rods [20]. In our present study, we have picked an 

arbitrary complex nano-antenna shape from the literature, 

called a split-ring-two-wire nano-antenna (SRA) hybrid [10], 

and improved its NFIE performance by more than 700 % at the 

desired operating frequency by using currently proposed CMA-

based shape and material optimization technique. The process 

has been documented in detail in the following sections.  

The organization of this paper is as follows: Section II 

discusses the geometry of SRA and analyzes its 

electromagnetic response using multiple electromagnetic 

solvers. Section III briefly reviews the CMA theory and 

explains how it can be adapted for the modal analysis of 

plasmonic nano-antennas. Section IV demonstrates the shape 

optimization process of SRA using dominant eigenmode 

information. Section V explains the correlation between 

plasmonic material properties and the eigenmode behavior and 

its impact on frequency specific performance optimization. 

Section VI documents the detailed development process of an 

improved SRA design conceived by combining CMA-based 

shape and material optimization procedures. Finally, Section 

VII discusses the conclusions and future work.  

 

II. SPLIT-RING-TWO-WIRE NANO-ANTENNA   

The split-ring-two-wire nano-antenna (SRA) hybrid was 

recently reported by Feichtner et al.  [10]. The schematic 

diagram of the SRA structure is depicted in Fig. 1. This shape 

was guided by an optimization process that coupled an 

evolutionary algorithm with the FDTD electromagnetic solver. 

The process was initiated by dividing the optimization domain 

into 21 × 21 square pixels. Considering the current fabrication 
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Institute of Standards and Technology, nor does it imply that the 

limitations the minimum feature size or the voxel size was 

restricted to 10 nm × 10 nm × 11 nm. Therefore, the 

optimization domain had an overall volume of 210 nm × 210 

nm × 11 nm. The goal of the optimization was to maximize the 

NFIE at the center of the optimization domain (indicated by the 

red dot in Fig. 1) by deciding which voxels to fill with gold 

block and which voxels to leave empty. The NFIE magnitude 

can easily be increased by decreasing the minimum voxel size 

or by using sharp nanoscale vertices and edges [21]–[23]. 

However, fabrication tolerances and production costs limit the 

minimum voxel size and/or the use of sharp edges and vertices 

[24]-[25]. Therefore, during our CMA-based optimization 

process, we have restricted ourselves to the minimum voxel size 

of 10 nm × 10 nm × 11 nm and all the lateral dimensions are set 

to integer multiples of 10 nm. 

As can be followed from Fig. 1, the SRA has a geometry 

similar to a conventional nano-dipole whose two arms are 

connected via a bridge section (also termed as split-ring). The 

SRA structure is characterized with the following parameters: 

length of each dipole arm (L), width of each dipole arm (W), 

height of entire structure (H), length of bridge section (RL), 

width of bridge section (RW), and finally the gap between the 

two dipole arms whose value is fixed at 10 nm (as depicted in 

Fig. 1) to avoid quantum tunneling effects [26] and maintain 

current fabrication limitations [11], [24]-[25] .  

As the starting point of our analysis, we will use a similar set 

of dimension values (Fig. 1) as reported in [10], where L = 50 

nm), W = 30 nm, H = 11 nm, RL = 30 nm, and RW = 10 nm. 

This configuration of SRA was reported to produce a NFIE 

value ~ 3500 near a wavelength of 647 nm (463 THz), when 

illuminated with an x-polarized Gaussian beam simulated in a 

FDTD solver. We have verified the reported NFIE response 

with two independent commercial full-wave 3D 

electromagnetic solvers, namely, the Method of Moment 

(MOM) based FEKO2 [27] and the Finite Element (FEM) based 

CST Microwave Studio [28]. To accurately model the fine 

geometrical details of the nano-antennas customized mesh 

settings were used throughout the operating frequency range 

from 400 THz to 550 THz (550 nm – 750 nm). In FEKO, the 

average edge length of the mesh triangles used was ~ 5 nm (Fig. 

2a). In CST, the structures were meshed using a high frequency 

materials or equipment identified are necessarily the best available for 

the purpose. 

 
Fig. 1.  3D schematic view of Split-ring Two wire Antenna (SRA). L is along 

the x-axis, W is along the y-axis and H is along the z axis. Red-dot at the feed-

gap shows the desired location of NFIE. 
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adaptive tetrahedral mesh with maximum edge length of 3 nm 

(Fig. 2b). The waist size of the Gaussian beam used originally 

in [10] was wide enough to cover the entire SRA structure, 

which ensures uniform illumination over the SRA surface. In 

our present study, we have opted for a simple plane wave 

excitation uniformly illuminating the SRA. The propagating 

wave direction and electric field polarization are depicted in 

Fig. 2. Frequency-dependent material properties of gold has 

been incorporated into the simulations by using an interpolated 

version of the complex permittivity profile obtained from the 

experimentally-measured optical constants of gold  [29]. 

Feichtner et al. have used a similar kind of curve-fitted model 

given in [30], based on the data from [29].  

The NFIE (|𝐸|2/|𝐸0|2) profiles of gold SRA obtained from 

FEKO and CST are compared in Fig. 3, calculated at the red dot 

location as shown in Fig. 1. The nano-structure was found to 

resonate near 472 THz. The close agreement between the 

independent results from FEKO and CST indicates the accuracy 

of the present NFIE calculations. A blue-shift  of ~ 2 % in 

resonant frequency was observed while comparing FEKO/CST 

results (472 THZ) with the reported results (463 THz) [10]. 

Moreover, the NFIE magnitude in the present calculation is 

~1800 whereas the reported value was ~3500 [10]. This 

deviation can be attributed to the difference in excitation 

methods (plane wave in the present case versus Gaussian beam 

in [10]) and the choice of electromagnetic solvers (FEKO and 

CST MWS in present case versus FDTD in [10]). The reliability 

of the simulated value for the highly sensitive near field has 

always been a prime question.  Excellent work has been 

reported in this regard by Kupresak et al. in [31], where they 

have compared the plasmonic resonances, scattering cross 

section, and near-field values of nano-antennas calculated by 

Mie theory versus the values obtained from commercial 

electromagnetic solvers based on FEM, MOM and FDTD 

methods, which clearly shows that not all EM solvers are able 

to produce the same level of accuracy.  

Since FEKO and CST show good agreement with each other 

(Fig. 3), we will carry out further optimization processes using 

MOM based FEKO and verify the results against the FEM-

based CST solver. In the following section, we will briefly 

review the theory of CMA. 

III. REVIEW OF CHARACTERISTIC MODE ANALYSIS   

Due to its computational efficiency, we have chosen the 

surface integral equation (SIE) approach to perform CMA of 

the plasmonic nano-antennas [32]. The impedance matrix of the 

nano-antenna is generated using FEKO’s surface equivalent 

principle (SEP) based MOM solver that uses the Poggio–

Miller–Chan–Harrington–Wu (PMCHW) formulations [33]. 

The accuracy of FEKO’s MOM matrix in performing CMA of 

nanostructures has been reported previously [18]-[19]. An in-

house code, developed based on the CMA procedure outlined 

in [33]–[37], was used for necessary post-processing of the 

FEKO generated MOM matrix. The post-processing of the 

impedance matrix involves the application of Galerkin’s MOM 

formulation on PMCHW integral equation that establishes a 

system of equations containing the partitioned impedance 

matrix, the equivalent surface electric and magnetic currents 𝑱 

and 𝑴, and the vectors proportional to the incident electric and 

magnetic fields VE and VH [38]:  

 

 
[𝑍𝐸𝐽 𝑍𝐸𝑀

𝑍𝐻𝐽 𝑍𝐻𝑀] [
𝑱

𝑴
] =  [𝑽𝑬

𝑽𝑯] 

 

(1) 

where ZEJ and ZHJ are the MOM impedance matrix partitions 

that link the electric currents J to VE and VH, respectively, and 

ZEM and ZHM are the MOM impedance matrix partitions that link 

the magnetic currents M to VE and VH, respectively.  This set of 

linear equations can be re-formulated to express the induced 

magnetic current equivalently as,   

 

 𝑴 = [𝑍𝐻𝑀]−1[𝑽𝑯 − 𝑍𝐻𝐽𝑱] 
 

(2) 

Substituting (2) back into (1) yields a new relation between 

the induced electric current 𝑱 and the external excitations 

through a new symmetric impedance matrix 𝑍𝐸, 

 

 [𝑍𝐸][𝑱] = 𝑽𝑬 −  𝑍𝐸𝑀[𝑍𝐻𝑀]−1 𝑽𝑯 (3) 

where  𝑍𝐸  is given by 

 

 𝑍𝐸 = 𝑍𝐸𝐽 − 𝑍𝐸𝑀[𝑍𝐻𝑀]−1𝑍𝐻𝐽 (4) 

 

Applying CMA to 𝑍𝐸, a new generalized eigenvalue problem 

can be formed: 

 𝑋𝐸(𝑱𝒏) = 𝜆𝑛𝑅𝐸(𝑱𝒏) (5) 

   

where the subscript 𝑛 signifies the mode numbers, 𝜆𝑛 are the 

eigenvalues, and 𝑱𝒏 are the eigenvectors or fundamental 

eigenmodes/eigencurrents of the structure. The terms 𝑅𝐸  and 

 
(a)                                                     (b) 

 

Fig. 2.  Mesh view of SRA as obtained from (a) FEKO triangular surface 
meshing and (b) CST tetrahedral mesh. The incident plane wave is propagating 

in the negative z-direction with x-polarized electric field.  

 

 
Fig. 3.  Comparing NFIE of gold SRA with x-polarized plane wave excitation 

with two different full-wave EM solvers (FEKO and CST). Design parameters 

are as follows: L = 50 nm, W = 30 nm, H = 11nm, RL = 30nm, RW = 10nm. 
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𝑋𝐸 are the real and imaginary parts of the equivalent MOM 

impedance matrix 𝑍𝐸 , respectively, which are frequency- 

dependent, and thus it becomes necessary to solve (5) to yield a 

new set of 𝜆𝑛 and  𝑱𝒏 at every solution frequency.  

The equivalent surface electric current (𝑱) on the scatterer can 

be expressed as a weighted sum of its eigenvectors or 

eigenmodes [32]: 

 

 
𝑱 = ∑ 𝑎𝑛𝑱𝒏

𝑛

= ∑
𝑉𝑛𝑱𝒏

(1 + 𝑗𝜆𝑛)
𝒏

 

 

(6) 

The term  𝑉𝑛 is the modal excitation coefficient (MEC), which 

defines the coupling between the impressed electric field and 

the nth eigenmode:   

 

 
𝑉𝑛 =< 𝑱𝒏, 𝑬𝒊 > = ∬ 𝑱𝒏 . 𝑬𝒊 𝑑𝑠 

 

(7) 

The magnitude of the inverse of the denominator in (6) is 

defined as the Modal Significance (𝑀𝑆𝑛) of the nth mode, 

whose dimensionless value always lies between 0 and 1:  

 

 
𝑀𝑆𝑛 =

1

|1 + 𝑗𝜆𝑛|
 

 

(8) 

The smaller the value of 𝜆𝑛, the higher the value of 𝑀𝑆𝑛, and 

the more significant the mode becomes at a particular 

frequency. The modal significance (𝑀𝑆𝑛) is independent of the 

incident excitation, and it depends only on the properties of 

scattering object (e.g., shape, size, and material) and its 

environment. The modal excitation coefficient (𝑉𝑛) 

encapsulates the entire dependency on the incident field 

excitation. Decomposing the surface equivalent electric current 

(𝑱) of the nano-antenna, as in (6), into terms that are 

independent of the incident excitation, (𝑀𝑆𝑛), and terms that 

depend on the incident excitation, (𝑉𝑛), facilitates the nano-

structure optimization process, as will be detailed in the 

following sections. Readers should note that from here 

onwards, all the diagrams showing 𝑀𝑆𝑛 variations and 

eigencurrent patterns are generated by our in-house CMA 

algorithm whereas the near-field value and total surface 

currents are obtained from FEKO. The details are also given 

within each figure caption.  

IV. CMA BASED SHAPE OPTIMIZATION OF NANO-ANTENNAS 

In the following subsections, we will discuss the process of 

SRA shape optimization using the CMA technique to enhance 

the induced near field around 472 THz at the desired location 

near SRA (red dot in Fig. 1). This optimization differs from the 

previously reported study in [10], since we are utilizing the 

CMA as the decision making tool in the process of optimization 

and using a plane wave excitation instead of a Gaussian beam. 

A. Finding the dominant SRA eigenmode at a desired 

frequency 

We first calculate the modal significance, MSn, for gold SRA 

and compare its response against PEC SRA, both having 

identical dimensions as in Fig. 1. CMA information is extracted 

by post-processing the FEKO-generated impedance matrix  𝑍𝐸  

with our in-house CMA algorithm. We consider the frequency 

range from 154 THz to 550 THz (545 nm – 2000 nm) for the 

gold SRA, which partly covers the visible spectrum as well as 

the infra-red spectrum. For PEC SRA this range is moved to 

100 THz to 4000 THz. Figs. 4a and 4b. depict the modal 

significance of first three dominant eigenmodes for gold SRA 

and PEC SRA with large modal significance values. The first 

mode of gold SRA, M1 in Fig. 4a, resonates at 237 THz with a 

peak value of MS1 ≈ 1. The MSn profiles for the second and third 

mode (M2 and M3 respectively) almost overlap, resonating 

near 483 THz. M2 and M3 are insignificant near 237 THz, as 

𝑀𝑆2 ≈ 𝑀𝑆3 ≈  0 in that region. From 450 THz to 500 THz, M2 

and M3 show higher modal significance than M1 and therefore 

M2 and M3 will have higher chances to dominate the total 

current response 𝑱 induced on the SRA surface as well as the 

NFIE response in this frequency range. 

It is clear from Fig. 4a and Fig. 4b that the values of the MSn 

coefficients of the PEC SRA are significantly different from 

those of the gold SRA. Gold and similar noble metals behave 

more like lossy dielectrics in the visible spectrum. The mode 

resonances for the gold SRA appear below 500 THz, whereas 

the PEC modes start resonating beyond 1000 THz.  This is due 

to the difference in velocity factors between PEC and gold [39]. 

The MSn resonances of the gold SRA not only shift to lower 

frequencies, but their bandwidths become narrower, unlike PEC 

  (a)                                                     (b) 

  

 
(c)                                                     (d) 

 
Fig. 4. Modal significance of first three significant eigen modes of (a) gold 

SRA and (b) PEC SRA. Normalized eigen current patterns at their respective 

mode resonant frequencies for (c) gold SRA and for (d) PEC SRA. All design 
parameters are same as in Fig. 1. Solution generated by in-house CMA 

algorithm. 
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antennas, which show wideband modes. Therefore, the material 

of a nano-antenna changes the resonant frequencies of the 

modes and their bandwidths affect the mode mixture at each 

frequency. For example, at the resonant frequency of Mode 2 

of the gold SRA, the modal significance of the first three modes 

is {0.15, 1.0, 1.0} whereas at the resonant frequency of Mode 2 

of the PEC SRA, the modal significance of the first three modes 

is {0.5, 1.0, 0.95}. 

Fig. 4c and Fig. 4d depict the normalized eigencurrent 

patterns for the gold and PEC SRAs, respectively, generated by 

our in-house CMA algorithm. The eigenmodes exhibit slight 

variations with frequency and so each mode is plotted at its 

corresponding resonant frequency. The color bar refers to the 

normalized scale for each individual mode, where red defines 

the maximum normalized current strength of 1 and blue defines 

the minimum normalized current strength of 0. The direction of 

the currents are highlighted with white arrows.  

The eigencurrent pattern of mode M1 for the gold SRA (Fig. 

4c), is mostly confined in the vicinity of the bridge connecting 

the two dipole arms. In contrast to that, the eigencurrents for 

M2 are found to be strongly distributed over the dipole arms 

that are flowing in phase with each other but 180° out of phase 

with the split ring current flow. For M3, the eigencurrents start 

flowing from the split ring section and spread uniformly into 

the dipole arms but in opposite directions. 

The eigencurrent distribution of the PEC SRA modes are 

significantly different from that of the gold SRA modes, as 

evident from the comparison between Fig. 4c and Fig. 4d, even 

though they show the same directional trends. The infinite 

conductivity of the PEC SRA causes the eigencurrents to show 

maxima near the sharp edges of the structure as observed in Fig. 

4d. However, Fig. 4c shows that the eigencurrents of the gold 

SRA are more uniformly distributed and, therefore, do not 

exhibit maxima at the edges. These differences in the 

eigencurrent distribution along with their different modal 

significance values will lead to significant differences in the 

total current excited on the SRA and ensuing NFIE.  

We plot the NFIE and the total surface current pattern (J) for 

the gold and PEC SRA as shown in Fig. 5. For both the gold 

and PEC cases, J is plotted at their respective NFIE resonant 

frequencies. The plots of J and NFIE are obtained from the 

FEKO simulations where each SRA is illuminated with a 

normally incident 𝒙 - polarized plane wave 𝑬𝒊. A comparison 

between Fig. 5c and Fig. 4c gold M1 mode clearly shows that 

M1 dominates the total current response of the gold SRA at the 

first near-field resonant frequency (233 THz). This is because 

the gold M1 mode is the only significant mode near 233 THz 

(Fig. 4a) whose eigencurrents in the bridge section can couple 

strongly to the incident electric field 𝑬𝒊,  leading to a high value 

of 𝑉1 (MEC of M1) following (7). A similar explanation holds 

for the total current response of the gold SRA at second near-

field resonant frequency (472 THz) (Fig. 5e), which closely 

matches that of the 2nd eigenmode (Fig. 4c, M2). In this case 

also, we find a high value of V2 according to (7), since the 

incident field 𝑬𝒊 now couples strongly with the in-phase dipole 

arm currents of M2, which along with the high value of MS2 

near 472 THz makes M2 the strongest mode to dominate the 

total current response for the gold SRA.   

However, despite being a significant mode at 472 THz, the 

gold M3 mode is not expressed in the total surface current since 

it is unable to couple to the incident field 𝑬𝒊. This is because the 

M3 gold eigencurrent is flowing in opposite directions on the 

two dipole arms (Fig. 4c, gold M3). Therefore, when evaluating 

the integral for 𝑉3 in (7)  over the surface of the gold SRA, the 

contribution of surface currents from the right hand side dipole 

arm will cancel the contribution from the left hand side dipole 

arm, causing 𝑉3 to nearly vanish  [18]–[19]. This study shows 

 

 
(a)                                                     (b) 

 
(c)                                                     (d) 

 
(e)                                                     (f) 
 

Fig. 5. NFIE response of (a) gold SRA and (b) PEC SRA with identical 

dimensions as in Fig. 1. Total surface current distribution corresponding to 
first near-field resonance for (c) gold SRA at 233 THz and (d) for PEC SRA 

at 1003 THz. Total surface current distribution corresponding to second near-

field resonance for (e) gold SRA at 472 THz and (f) for PEC SRA at 2125 
THz. Results obtained using FEKO. 

 

Surface Current 
[mA / m]

Gold PEC

f = 1003 THzf = 233 THz

Gold PEC

f = 2125 THzf = 472 THz

Surface Current 
[mA / m]

 
Fig. 6.  Comparison between near-field resonance as obtained from FEKO and 
eigenmode resonance as obtained from in-house CMA algorithm for a gold 

SRA with dimension as in Fig. 1. Blue curve shows the near-field resonance 

and corresponding magnitude is labeled in y-axis on the left hand side. Red 
curve shows the modal significance of eigenmode M2 and corresponding 

magnitude is labeled in y-axis on the right hand side. 
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that the expression of a mode in the total induced surface 

current depends on both the 𝑀𝑆𝑛 and 𝑉𝑛 parameter values. At 

frequencies between the two resonances (e.g. 300 – 400 THz), 

the total current is a mixture of all modes, since in this range the 

values of 𝑀𝑆𝑛 and 𝑉𝑛 for different modes are comparable to 

each other.  

A comparison between Fig. 5a and Fig. 5b shows that the 

NFIE of the PEC SRA is significantly smaller than that of the 

gold SRA (notice the difference in the scale used for the y-axis 

in both subplots). Also, Fig. 5b shows that the PEC NFIE’s 

second resonance is higher in magnitude than the first 

resonance, which is opposite to the behavior observed in the 

gold SRA. These differences between the NFIE of the gold and 

the PEC SRAs can be attributed to the differences between the 

J of the PEC and the J of the gold SRA as shown in Fig. 5c-5f. 

In particular, we have highlighted the edges of the PEC SRA in 

Fig. 5d exhibiting current maxima, which are absent from the 

gold SRA (Fig. 5c). In Fig. 5f the red circle highlights the 

circulating total current near PEC SRA feed edge which are 

absent from gold SRA in Fig. 5e. The results in Fig. 4 and Fig. 

5 show the effect of the material composition on the 

electromagnetic response of the SRA and highlight that the 

behavior of a PEC nano-antenna differs significantly from that 

of a nano-antenna composed of a realistic metal like gold or 

silver, and thus the optimization strategy will be different in 

these two different scenarios. 

Since FEKO better interpolates the color shadings, the 

current plots in Fig. 5c-5f appears smoother compared to plots 

in Fig. 4c-4d, which are generated by our in-house CMA 

algorithm. However, the Fig. 4 and Fig. 5 current plots are both 

derived from the same impedance matrix generated by the 

FEKO MOM solver. These close similarities between the total 

surface current and eigencurrent patterns are sufficient to 

identify the dominant mode at a particular frequency.  

     

B. Shape optimization based on eigenmode behavior 

Our objective in this section is to improve NFIE response of 

gold SRA near 472 THz with 𝒙 - polarized plane wave 

excitation. Our strategy is to first identify the eigenmode 

responsible for the near field resonance and then focus on 

improving its effects. Fig. 5e clearly shows that the total current 

on gold SRA at 472 THz is dominated by the gold M2 mode. 

Fig. 6 shows the close proximity between the modal 

significance of M2 and the near field value within the 450 THz 

to 550 THz range. There is only ~ 2 % shift between the 

eigenmode resonance of M2 (483 THz) and the corresponding 

near field resonance (472 THz). This shift can be attributed to 

the fact that M2 is the modal significance of the entire SRA 

structure, whereas the near field is evaluated at only one 

specific point (red dot in Fig. 1). Since gold M2 is the only 

dominant mode near 472 THz and is able to strongly couple to 

the incident 𝒙 - polarized plane wave excitation, our focus will 

be on strengthening this coupling further by means of gold SRA 

shape optimization to pursue the ultimate goal of near-field 

enhancement. This can be done by controlling the two 

independent parameters, 𝑀𝑆2 and 𝑉2.  

To enhance the expression of M2 in the total current 𝑱 in (6), 

either 𝑀𝑆2  or  𝑉2 or both can be increased. Already, at 483 THz, 

𝑀𝑆2 has the maximum value of unity and therefore it cannot be 

increased further. Preserving this condition, we still can 

improve 𝑉2 by increasing the surface area of the dipole arms of 

the gold SRA where M2 is strong in magnitude. This will 

increase the area of the integral in (7), increasing the coupling 

of the incident field to the structure and in turn the value of  𝑉2. 

This is true when the x-polarized electric field 𝑬𝒊 is uniform 

over the plane of the gold SRA, which happens in the case of 

normal incidence. We also assume that the eigencurrent pattern 

of  𝑱𝟐 remains approximately the same as in Fig. 4c. We will 

check the second assumption later.  

 The surface area of the SRA dipole arms can be increased in 

three ways, either by increasing L or W or both. Changing L or 

W will change the aspect ratio of the structure, which can 

potentially shift the resonant frequency [2]. Our goal is to 

increase the near field value while keeping the resonant 

frequency unchanged. Inspecting Fig. 4c, we find that the 

dimension L is parallel to the direction of the gold M2 

eigencurrent. Therefore, increasing L will red-shift the modal 

resonant frequency of gold M2 from 483 THz. Thus, we keep 

the value of L unchanged (50 nm) and instead W is increased 

successively in steps of 10 nm to manifest the increment in the 

surface area.  

Fig. 7a shows the NFIE response obtained from FEKO for 

five different values of W, starting from its initial value of 30 

nm up to 200 nm (since the total optimization space is limited 

to 210 nm × 210 nm). As we can see, the variation in W changes 

 

 
           (a) 

 
       (b) 

Fig. 7.  (a) NFIE response as obtained from FEKO for gold SRA with different 
values of W. (b) Verifying FEKO solution against CST for W = 60 nm shape 

optimized gold SRA. Remaining parameters are same as in Fig. 1. 
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the NFIE’s second resonant frequency slightly but still all the 

curves resonate near 472 THz. This is because the second 

resonant frequency is less sensitive towards the W dimension 

since the W direction is perpendicular to the direction of the M2 

eigencurrent. The largest NFIE is achieved at W = 60 nm (Fig. 

7a, red curve), which surpasses the NFIE of the original SRA 

(W=30 nm), by 31 %. This is achieved near a frequency of 468 

THz which is only 0.84 % red-shifted from the desired near-

field resonance of 472 THz. This result was again verified in 

CST MWS (Fig. 7b), which shows excellent agreement with the 

FEKO optimized design.  

To explain why W = 60 nm becomes the optimum value and 

why further increments in W resulted in degradation of near 

field performance, we have compared three cases of gold SRA 

M2 eigencurrent patterns: (i) the original SRA with W = 30 nm 

(Fig. 8a), (ii) the optimum SRA with W = 60 nm (Fig. 8b), and 

(iii) the SRA with largest possible value of W = 200 nm 

(Fig.8c). We observe that for values up to W = 60 nm, the M2 

eigencurrent pattern remains similar to that exhibited by the 

original SRA structure (W = 30 nm), and only one maximum, a 

red region, occurs in the dipole arms of the SRA as shown in 

Fig. 8a and Fig. 8b. With further increments in W, the 

eigenmode pattern starts to exhibit multiple maxima with 

opposite directions of currents along the dimension W, as 

shown in Fig. 8c. Since these maxima are opposite in direction, 

their contribution to the integral in (7) are also of opposite sign, 

causing the value of  𝑽𝟐 to drop and the near field strength to 

decrease. Moreover, the eigencurrent M2, which was 

predominantly aligned with the x-axis (Fig. 8a), gradually 

becomes aligned with the y-axis (Fig. 8c) as W reaches its 

maximum. Therefore, the coupling of M2 eigencurrents with 

the x-polarized incident electric field decreases significantly. 

So far, in this section we have focused on the second 

resonance in the NFIE, which occurs around 472 THz for the 

gold SRA. However, it is also interesting to study the first 

resonance in the NFIE, which occurs around 233 THz for the W 

= 30 nm gold SRA (Fig. 7a). Unlike the second resonance, 

increasing W monotonically red-shifts the first resonant 

frequency location. The first NFIE resonance is dominated by 

M1, as shown in Fig. 5c, which is sensitive to the W dimension. 

The successive increments in W cause the effective electrical 

length of current path corresponding to M1 increase and 

resonant frequency decrease. The peak amplitude also reduces 

for the first NFIE resonance with increasing W. This is because 

the M1 eigencurrent distribution does not have maxima in the 

SRA arms (Fig. 4c, gold M1), so that increasing the width of 

the arms does not help the coupling to mode M1, which 

dominates the response at the first NFIE resonance. 

To highlight the effect of the material on the NFIE of a nano-

antenna, Fig. 9 shows the variation in the NFIE response of the 

gold SRA and the PEC SRA due to an identical increase in W 

from 30 nm to 60 nm. Opposite to the gold SRA, Fig. 9b shows 

that for the PEC SRA this increase in W will cause the first 

resonance of the NFIE to increase its peak amplitude and the 

second resonance to decreases its peak amplitude. This 

difference in behavior between the gold and the PEC SRA can 

also be attributed to the differences in the eigencurrent 

distribution shown in Fig. 4.    

In summary, CMA can be used to optimize the NFIE 

response by identifying the modes that contribute to each near-

field resonance and by showing the current distribution of each 

mode for nano-antennas with different materials. The 

knowledge of the current distribution of these modes can be 

used to identify which dimensions of the nano-antenna to 

optimize. Therefore, CMA gives physical insight into the 

problem and so leads the optimization process in the right 

direction. This is where the CMA approach differs from other 

computationally expensive search algorithms, where the nano-

antenna shapes are optimized using trial and error methods. 

  

 
Fig. 8.  Enhancing incident field coupling to gold SRA by studying 

eigencurrent behavior (near 483 THz). (a) Mode 2 eigencurrent pattern with 

W=30 nm, (b) modified eigencurrent of Mode 2 with W=60 nm and (c) 
repetition in current maxima-minima as observed in SRA with W=200 nm. 

Rest of the parameters are same as in Fig. 1. (Solution generated by in-house 

CMA algorithm.) 
 

 
 (a)                                                     (b) 

 

Fig. 9.  Comparison of NFIE response in (a) gold SRA and in (b) PEC SRA 
with W = 30 nm and 60 nm. Results obtained using FEKO. Remaining 

parameters are same as in Fig. 1. 
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V. IMPACT OF MATERIAL PROPERTIES ON EIGENMODE 

BEHAVIOR 

A proper choice of material plays an important role in 

achieving the desired plasmonic effects when the operating 

frequency is predefined [3], [40]-[41].  We consider two noble 

metals, gold (Au) and silver (Ag), whose relative complex 

permittivity profiles are shown in Fig. 10a (real part) and Fig. 

10b (imaginary part), as obtained from the Johnson and Christy 

experimental data reported in [29]. Fig. 11 compares the modal 

significance profiles of two identical dimension SRAs 

composed of gold or silver (dimensions as in Fig. 1), so that if 

any changes occur in the modal behavior that will be due to 

material changes only.  Significant differences are observed 

between the gold and silver modes. All the silver modes 

resonate at higher frequencies compared to the gold modes, and 

they also have narrower bandwidths. Moreover, Fig. 11 shows 

that all the silver modes exhibit sharp distinct resonances, 

where the 𝑀𝑆𝑛 values reach their maximum first and then 

decrease monotonically with increasing frequency. However, 

the 𝑀𝑆1 profile for gold SRA shows a resonance at 237 THz, 

followed by a decrease in magnitude until approximately 450 

THz, and then again increasing until it saturates to a value of 

unity. A similar kind of rise in magnitude is found for the 

𝑀𝑆2 and 𝑀𝑆3 coefficients for the gold SRA beyond 500 THz, 

following their resonances near 483 THz. These differences can 

be explained as follows: 

 

1) Plasmonic Resonance  

The occurrence of plasmonic resonances in a nanostructure 

depends on its size, material, and environment, which 

altogether define a real negative value of the relative dielectric 

permittivity of the constituent material required to create a 

resonance condition. To produce a plasmonic resonance in the 

SRA structure in free-space, with dimensions as stated in Fig. 

1, the required value was found as 𝑅𝑒(𝜀)~ − 12 (indicated by 

a horizontal dash-dot line in Fig. 10a). The gold SRA reaches 

this required value of 𝑅𝑒(𝜀) near 472 THz, whereas the silver 

SRA reaches this value near 565 THz. Due to this difference, 

silver nanostructures resonate at higher frequencies than their 

gold counterparts.   

 

2) Plasmonic quality factor 

The narrower resonances of the silver SRA can be explained 

in terms of the plasmonic quality factor, which is inversely 

related to the resonance bandwidth, defined as the negative ratio 

of the real part of permittivity to the imaginary part of 

permittivity [42],  

 

 
𝑄(𝜔) = − 

𝑅𝑒[𝜀(𝜔)]

𝐼𝑚[𝜀(𝜔)]
 

 

 

(9) 

From Fig. 10a and Fig. 10b, it is evident that for a fixed 

frequency value,  

 

−𝑅𝑒[𝜀𝑠𝑖𝑙𝑣𝑒𝑟(𝜔)] >  −𝑅𝑒[𝜀𝑔𝑜𝑙𝑑(𝜔)]  

𝐼𝑚[𝜀𝑠𝑖𝑙𝑣𝑒𝑟(𝜔)] <  𝐼𝑚[𝜀𝑔𝑜𝑙𝑑(𝜔)] 

 

Consequently from (9) we get, 

 

𝑄𝑠𝑖𝑙𝑣𝑒𝑟(𝜔) >  𝑄𝑔𝑜𝑙𝑑(𝜔) 

 

Thus, the silver SRA modes have higher quality factors and 

therefore narrower bandwidths compared to the corresponding 

gold SRA modes. 

 

3) Inter-band transition effects 

The rising trend in the modal significance plot in Fig. 11 for 

gold SRA modes beyond 500 THz is related to the inter-band 

transition phenomena that occur in both gold and silver 

plasmonic materials [43]–[45]. As shown in Fig. 10b, the 

imaginary part of the complex permittivity, for both gold and 

silver, decays monotonically starting from very low frequency 

till approximately 435 THz, as marked by the first vertical 

dashed line. Beyond that region, inter-band transitions initiates 

in gold and increases material losses, resulting in an increase of 

𝐼𝑚[𝜀𝑔𝑜𝑙𝑑(𝜔)]. This increase in the imaginary part of the 

complex permittivity is reflected in the gold SRA modes in Fig. 

11 as a rise in the modal significance value of the modes beyond 

their resonant frequency. But for silver, the inter-band transition 

region is located in the ultra-violet range, beyond 900 THz (3.7 

eV) [43], marked by the second vertical dashed line in Fig. 10b. 

Since the current operating frequency range is limited to 700 

 

 
       (a)   (b) 

Fig. 10.  Frequency dependent interpolated complex permittivity data for gold 

and silver computed using experimental optical constants as reported by 
Johnson and Christy [29]. 

 
Fig. 11.  Study of modal significance behavior of first three significant modes 

of gold SRA and silver SRA. All design parameters are same as in Fig. 1, and 
solved with in-house CMA algorithm. 
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THz, the rising phenomena of silver SRA modes did not appear 

in Fig. 11.   

This analysis helps us to understand the plasmonic response 

from the viewpoint of material characteristics. The correlation 

between modal behavior and the complex permittivity model 

characterizing the material can play a critical role in choosing 

the optimum material for any frequency-specific plasmonic 

application. This general statement will be elaborated in the 

following section. 

 

VI. PLASMONIC MATERIAL OPTIMIZATION BASED ON CMA 

So far we have discussed how to independently optimize 

either the shape or the material of nano-antennas by studying 

their modal behavior response. In section IV, we achieved a 

31% improvement in the NFIE value for the gold SRA by 

optimizing its shape with CMA information. But one can 

generate a much higher value of NFIE if the nano-antenna shape 

as well as the material are optimized together following the 

eigenmode response. One such outstanding NFIE response is 

shown in Fig. 12 (cyan curve), achieved by simultaneously 

optimizing the shape and material of an SRA designed to 

resonate near 472 THz. The steps for this dual-optimization 

process are as follows: 

1. As silver shows enhanced material properties 

compared to gold, our idea was to re-design the SRA 

with silver material.  

2. With the dimensions as in Fig. 1, the silver SRA was 

observed to produce its second eigenmode resonance 

near 565 THz (Fig. 11), which is the preferred mode 

to produce a high NFIE value under an x-polarized 

incident electric field. 

3. To make the silver SRA NFIE resonate near 472 THZ, 

it was required to redshift the silver M2 resonance 

from 565 THz towards 472 THz and this was achieved 

by increasing the aspect ratio (L/W) of the silver SRA 

structure.  

4. The strategy of decreasing W was discarded since it 

would decrease the surface area exposed to the 

incident electric field resulting in a decrease in the V2 

value according to (7).  

5. Therefore, the W value was kept fixed at 30 nm, and 

the value of L was increased in steps of 10 nm.  

6. The CMA shows that increasing L is the optimum 

choice to red-shift the second eigenmode resonance of 

the silver SRA, since the currents of M2 are parallel to 

the L dimension. Moreover, an increase in the L 

dimension eventually increases the surface area of 

integration in (7), resulting in a better coupling of the 

incident field to the structure. 

This optimization process was continued until the resonant 

frequency fell within 2 % of the desired value of 472 THz. The 

final optimized silver SRA satisfying the resonant frequency 

condition was found to have L = 80 nm and W = 30 nm. Fig. 12 

compares three NFIE profiles as follows: (1) gold SRA with the 

original dimensions as in [10] (L = 50 nm and W = 30 nm), (2) 

the CMA-based shape optimized gold SRA with dimensions (L 

= 50 nm and W = 60 nm), and (3) finally the CMA based shape 

and material optimized silver SRA with dimensions (L = 80 nm 

and W = 30). The optimized silver SRA resonates near 464 THz 

which is only 1.9 % red-shifted from the desired frequency of 

472 THz of the original gold SRA. This optimized silver SRA 

(cyan curve) produces an extremely high NFIE value that 

surpasses the value of the shape optimized gold SRA (red 

curve) by ~ 700 %, and exceeds the original gold SRA (black 

curve) by ~ 1000 %. This superior NFIE response is due to the 

superior silver permittivity profiles.  

The enhanced performance of silver was anticipated, and it 

has already been reported in several studies [41],[46]. But the 

analysis was carried out intentionally to show a different aspect 

of CMA that works efficiently for joint shape and material 

optimization in achieving a desired plasmonic response within 

a specific set of requirements.  

VII. CONCLUSION 

This paper provides general guidelines to understand and 

optimize complex plasmonic nano-antenna problems with the 

aid of Characteristic Mode Analysis (CMA). The near field 

enhancement process of a split-ring two-wire antenna (SRA) 

has been demonstrated using this technique. CMA provides the 

modal significance of the excitation-independent eigenmodes at 

each frequency and plots corresponding eigencurrent patterns. 

The dominant eigenmode responsible for near-field resonance 

is then identified by a detailed comparison of the total surface 

current pattern with respect to the significant eigenmode 

patterns. Guided by these CMA insights, the dimensions of the 

SRA are then modified to enhance the incident field coupling 

with the dominant mode, which results in enhancement in the 

SRA near-field value. This paper also describes the correlation 

between the inter-band transition phenomena of plasmonic 

materials and the behavior of the eigenmodes of a plasmonic 

nano-antenna. Based on CMA information, we further optimize 

both the shape and material of the SRA which yields 700 – 1000 

% enhancement of the normalized near field intensity. The 

general CMA optimization approach developed in this study 

should find a wide range of potential applications involving 

synthesizing nano-antennas for enhanced plasmonic response.  

 

 
Fig. 12.  Combination of shape and material optimization, showing a 

comparison among the normalized near-field enhancement as obtained from 
FEKO for gold SRA with L=50 nm, W=30 nm (black curve); gold SRA with 

L=50 nm, W=60 nm (red curve) and silver SRA with L=80 nm, W=30 nm 

(cyan curve). All other design parameters are same as in Fig. 1. 
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