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This paper presents a broadband nanoantenna fed by a two-wire optical transmission line (OTL). The antenna is defined by a
combination of a dipole and a loop, where only the dipole element is connected to the OTL. The analysis is fulfilled by the linear
method of moments with equivalent surface impedance to model the conductors. Firstly, the nanoantenna alone is investigated,
where the input impedance, current distribution, reflection coefficient, fractional bandwidth, radiation efficiency, and radiation
pattern are analyzed.Then, the input impedance matching of this antenna with the OTL is considered. In this case the current, near
field distribution, radiation pattern, and reflection coefficient are calculated for different geometrical parameters. The results show
that the loop inserted in the circuit can increase the bandwidth up to 42% and decreases the reflection coefficient in the OTL to
−25 dB.

1. Introduction

Recently, accompanying the development of plasmonic tech-
nology, the study of antennas exceeded the microwave
barrier, reaching the infrared and optical regions. In these
regions, there is a profusion of possibilities and proposals of
applications.These antennas are devices designed to transmit,
receive, and manipulate optical fields in nanometric scale
going beyond the diffraction limit [1, 2]. For example, using
optical antennas with broadband spectral response one can
developmore efficient photovoltaic devices [3, 4] and amplify
fluorescent emission spectroscopy [5] and Raman scattering
(SERS) [6]. For these and other applications, several models
of optical broadband antennas can be used as, for example, in
[7] where a broadband monopole nanoantenna is proposed.
The increase in bandwidth for the antenna is achieved by
varying the antenna dimensions. In [8], a trapezoidal plas-
monic nanoantenna is presented, where the enlarged band is
achieved by overlapping different dipole resonances. In [9], a
large bandwidth is obtained in the plasmonic nanoantenna
with six and eight particles with a common gap. In [10], a
nanoantenna formed by an array of equally spaced nanorods

of variable length is presented. In this case, the increase in
bandwidth is achieved by the nanoantenna arrangement.

Optical antennas can also be used in conjunction with
plasmonic waveguides for designing highly integrated pho-
tonic signal processing systems, because plasmonic waveg-
uides can efficiently handle optical fields in nanometric
scale beyond the diffraction limit as well [11]. For example,
a plasmonic waveguide in the form of a two-wire optical
transmission line (OTL) is used in papers [12–14] to make
the interconnection with optical antennas forming an optical
nanocircuit. Here, the optical antennas work as terminal
elements transforming the far field radiation into guided
waves and vice versa. In the above works, the impedance
matching between the plasmonic waveguide and the optical
antenna was analyzed. The optical circuit comprises one
nanoantenna for reception and another one for emission
connected to a two-wire OTL. In [12], the impedance match-
ing was attained varying the geometric dimensions of the
nanodipole and the gap of the OTL for a fixed frequency.
In [13] some conclusions are presented about the conditions
where a better impedance matching between the emitter
dipole and the OTL for a fixed frequency can be obtained.
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Besides, an analysis of the excitation is fulfilled as well. In
[14], the nanocircuit is fed by an aperture probe, where
the coupling between the aperture probe and the receiving
antenna is modeled by an equivalent voltage source. In
this article, the authors analyzed the impedance matching
varying the geometrical dimensions of the nanodipole for
a given frequency range. In the aforementioned works, the
optical circuits and optical antennas with broadband spectral
response were not analyzed.

In this work, a theoretical analysis of a broadband
nanoantenna in an optical nanocircuit is presented. The
broadband nanoantenna is formed by a combination of a loop
and a dipole antenna. It is connected to a two-wire optical
transmission line.Thenanoantenna is obtained by placing the
electric nanodipole in the center of the rectangular loop with
a power source connected to the nanodipole. This geometry
was used due to its simplicity in manufacturing and calculus
as compared, for example, with the geometries of [7, 8].
Notice that this type of antennas for microwave region was
analyzed in [15].

The numerical analysis is performed via a simple and
efficient computational method based on linear method of
moments (MoM) [16]. The presented results concern the
nanoantenna bandwidth and quantitative analysis of the
impedancematching of theOTLwith the nanoantenna. Some
results are compared with the simulations by the commercial
software Comsol [17]. The results show that the loop used
in the circuit increases the bandwidth of the nanoantenna
to 42% and decreases the voltage reflection coefficient of the
optical nanocircuit up to −25 dB.
2. Theoretical Development

This section presents the geometry of the problem and
the model of the plasmonic nanocircuit by the MoM. In
this model, the Lorentz-Drude model is used to represent
the complex permittivity of the metal, which is used in
the calculation of the surface impedance of the cylindrical
conductors of the circuit. The linear MoM is used to solve
the 1D integral equation of the electric field with linear
approximation of the longitudinal current, sinusoidal basis
functions, and test functions of rectangular pulse [16].

2.1. Description of the Problem. The nanocircuit structure is
shown in Figure 1, where cylindrical gold conductors located
in free space form the structure. In this figure, a voltage source
𝑉𝑠 applied in the gap 𝑑 feeds the nanocircuit.The nanocircuit
is composed of a two-wire OTL connected to a broadband
nanoantenna formed by the combination of a dipole antenna
(straight dipole) and a loop antenna (rectangular loop). The
voltage source is centered at the origin of the reference
system, theOTL and the dipole are on the plane 𝑧 = 0, and the
loop is located in the plane 𝑧 = 𝑑𝑒; that is, 𝑑𝑒 is the distance
between the dipole and the loop.

2.2. Method of Moments Model. For conducting the analysis
of the nanocircuit shown in Figure 1, the linear method of
moments is applied to solve the 1D integral equation of the
electric field with linear approximation of the longitudinal
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Figure 1: Nanocircuit, consisting of a two-wire optical transmission
line (OTL), a dipole antenna (straight dipole), and a loop antenna
(rectangular).

current, sinusoidal basis functions, and test functions of the
rectangular pulse [16]. Figure 2 shows the geometry as seen
from above in the direction of the 𝑧-axis of the nanocircuit.
The nanocircuit dimensions are as follows: 𝐿 and 𝑎𝐿 are the
length and the radius of the OTL, respectively; ℎ = ℎ𝑑 + 𝑎𝐿
and 𝑎𝑑 are the length of one arm and radius of the electrical
nanodipole, respectively; 𝑑𝐿 is the distance between the axes
of the OTL;𝐷 = 𝑑𝐿−2𝑎𝐿 is the distance between the surfaces
of theOTL; 𝑑 = 𝑑𝐿/2 is the gap of the voltage source;𝑊𝑒+2𝑎𝑒,𝐻𝑒 + 2𝑎𝑒, and 𝑎𝑒 are the width, length, and radius of the loop,
respectively; 𝑑𝑊 and 𝑑𝐻 are the distances as seen from above
the structure between the surfaces of the dipole and the loop.
The side view of the nanoantenna without the OTL is shown
in Figure 3.

Gold is the material chosen to make the cylindrical
nanostructures of the circuit considered in this work. It is
represented by the complex permittivity model of Lorentz-
Drude 𝜀1 = 𝜀0𝜀𝑟1 [18]:

𝜀𝑟1 = 𝜀∞ − 𝜔2𝑝1
𝜔2 − 𝑗Γ𝐷𝜔 + 𝜔2𝑝2

𝜔20 − 𝜔2 + 𝑗𝛾𝐿𝜔, (1)

where the constants are 𝜔0 = 2𝜋𝑐/𝜆0, where 𝜆0 = 450 nm
and 𝑐 = 3 × 108m/s, 𝜀∞ = 8, 𝜔𝑝1 = 13.8 × 1015 s−1, 𝜔𝑝2 =
45 × 1014 s−1, Γ𝐷 = 1.075 × 1014 s−1, and 𝛾𝐿 = 9 × 1014 s−1.

We use the following boundary condition for the electric
field on the surface of the linear conductor:

(𝐸𝑠 + 𝐸𝑖) ⋅ 𝑎𝑙 = 𝑍𝑠𝐼, (2)

where 𝑎𝑙 is the unit vector tangent to the conductor surface,
𝐸𝑖 is the external incident electric field, 𝐸𝑠 is the scattered
electric field, 𝐼 is the longitudinal electric current, and 𝑍𝑠 is
the surface impedance describing the losses in themetal.This
impedance 𝑍𝑠 is determined approximately by considering
the conductor as a cylindrical waveguide in the TM01 mode
[19], which is the main mode of the problem for frequency
range 100–400THz, disregarding other modes that have no
significant contribution. In this case the impedance is given
by

𝑍𝑠 = 𝑇𝐽0 (𝑇𝑎)
2𝜋𝑎𝑗𝜔𝜀1𝐽1 (𝑇𝑎) ,

𝑇 = 𝑘0√𝜀𝑟1, 𝑘0 = 𝜔√𝜇0𝜀0, 𝜀1 = 𝜀0𝜀𝑟1,
(3)
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Figure 2: Top view of the cylindrical plasmonic nanocircuit.
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Figure 3: Side viewof the cylindrical plasmonic nanocircuit without
OTL.

where 𝐽0 and 𝐽1 are the Bessel functions of first kind of
orders zero and one, respectively, 𝜔 is the operating angular
frequency, 𝑘0 is the propagation constant in air, 𝜇0 is themag-
netic permeability of air, and 𝜀0 is its electrical permittivity of
air.

The equation for the scattered electric field due the
current on length 𝑙 of the nanocircuit is given by

𝐸𝑠 (𝑟) = 1
𝑗𝜔𝜀0 [𝑘

2
0 ∫
𝑙
𝐼𝑔 (𝑅) 𝑑𝑙 + ∫

𝑙

𝑑𝐼
𝑑𝑙∇𝑔 (𝑅) 𝑑𝑙

] ,

𝑔 (𝑅) = 𝑒−𝑗𝑘0𝑅
4𝜋𝑅 , 𝑅 = 𝑟 − 𝑟 ,

(4)

where 𝑔(𝑅) is Green’s function in free space and 𝑅 is the
distance between the observation point 𝑟 (field point) and the
source 𝑟 (source point on the conductor axis).

Substituting (4) in (1), one obtains the integral equation
of the problem:

( 1
𝑗𝜔𝜀0 [𝑘

2
0 ∫
𝑙
𝐼𝑔 (𝑅) 𝑑𝑙 + ∫

𝑙

𝑑𝐼
𝑑𝑙∇𝑔 (𝑅) 𝑑𝑙

] + 𝐸𝑖) ⋅ 𝑎𝑙
= 𝑍𝑠𝐼.

(5)

Figure 4 illustrates the discretization used in the MoM
model of the nanocircuit in top view of plane 𝑥𝑦, where 𝑁𝐿,𝑁ℎ𝑑,𝑁𝑊𝑒, and𝑁𝐻𝑒 are the numbers of the straight segments
along 𝐿, ℎ𝑑, 𝑊𝑒, and 𝐻𝑒, respectively. The discretization is
uniform in these dimensions. The length of each segment
is Δ𝐿 = 𝐿/𝑁𝐿, Δℎ𝑑 = ℎ𝑑/𝑁ℎ𝑑, Δ𝑊𝑒 = 𝑊𝑒/𝑁𝑊𝑒, andΔ𝐻𝑒 = 𝐻𝑒/𝑁𝐻𝑒, respectively. The gap of the voltage source
is 𝑑 and it has two vertical segments in the source section
(dashed segment in Figure 4). The total number of straight
segments of the optical nanoantenna is 𝑁𝑡 = 2𝑁ℎ𝑑 + 2𝑁𝐿 +2𝑁𝑊𝑒 + 2𝑁𝐻𝑒 + 2. The convergence criterion (stability) used
to select 𝑁𝐿, 𝑁ℎ𝑑, 𝑁𝑊𝑒, and 𝑁𝐻𝑒 is the maximum value that
satisfies the constraints Δ𝐿 > 2𝑎𝐿, Δℎ𝑑 > 2𝑎𝑑, Δ𝑊𝑒 >
2𝑎𝑒, and Δ𝐻𝑒 > 2𝑎𝑒. Therefore, we ensure the stability
of the method considering the linear approximation of the
current.The current distribution in each segment of Figure 4
is approximated by sinusoidal basis functions [16] and the
number of these functions is𝑁 = 𝑁𝑡−1. To determine each of
these𝑁 triangular sinusoidal currents there is𝑁 rectangular
pulse test functions with unitary amplitude [16]. Thus, we
have the following system of linear equations:

𝑉𝑚 = 𝑍𝑠𝐼𝑚Δ𝑚 −
𝑁

∑
𝑛=1

𝑍𝑚𝑛𝐼𝑛, 𝑚 = 1, 2, . . . , 𝑁, (6)

where the elements of 𝑍𝑚𝑛 represent the mutual impedance
between the sinusoidal current elements 𝑚 and 𝑛 [16], 𝑉𝑚
is the voltage in each segment 𝑚 which is different from
zero only at the position of the voltage source, and Δ𝑚 =
1/2(Δ𝑙𝑚+Δ𝑙𝑚+1).The solution of system (6) gives the current
along the nanocircuit, which allows one calculation of various
parameters presented in Section 3.

3. Numerical Results

In this section, we discuss firstly the accuracy of the devel-
oped MoM code comparing our results with experimental
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Figure 4: Discretization of nanocircuit, top view (𝑧-axis) for application of MoM.

data published in literature, then we analyze the nanoantenna
separately from the nanocircuit, and, later on, the complete
circuit will be investigated. Matlab codes were developed
from the mathematical model presented in Section 2. The
numerical results of the nanoantenna and nanocircuit are
presented for the frequency range of 100–400THz and for
a voltage source (𝑉𝑠) of 1 V. In addition, some results were
simulated in the Comsol Multiphysics software [17].

3.1. Experimental Validation of MoM Model. In order to
verify the accuracy of our MoM code, this section shows a
comparison between a cylindrical gold nanorod (Figure 5)
simulated through MoM and an experimental arrangement
of rectangular gold nanorods spaced by 5 𝜇m from one
another presented in [20]. This comparison is valid because
the interaction of the arrangement is minimal for the spacing
of 5 𝜇m [20]. Both antennas are excited by a plane wave of
magnitude 𝐸0. The length of the cylindrical nanorod (ℎ =
1030 nm) equals that of the rectangular nanorod, the radius
of the cylindrical nanorod (𝑎𝑑) is found by making the cross-
sectional area of the cylindrical nanorod equal to the cross-
sectional area of the rectangular nanorod (product of height
(100 nm) and width (90 nm)), and the relative permittivity of
the medium of the cylindrical nanorod is the mean between
the permittivities of the substrate layers of the experimental
nanorod arrangement.

Among the various experimental results [20], the mea-
sured result of the extinction cross section (𝜎ext) was chosen
for comparison (Figure 5). We can assert that this parameter
in MoM is the sum of the cross sections due to absorption
(𝜎abs) and scattering (𝜎sca); that is, 𝜎ext = 𝜎abs + 𝜎sca, with
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Figure 5: Extinction cross section normalized by the area of the
geometrical cross section (𝜎ext/𝜎geo) as a function of wavelength 𝜆.
The green solid line shows the results measured for a gold nanorod
arrangement excited by a plane wave, which can be found in Figure
4 of [20]. The red dashed line shows the simulated result for a gold
nanorod excited by a plane wave with ℎ = 400 nm, 𝑎𝑑 = 47.5 nm, and
𝑁𝑡 = 10.

𝜎abs = 𝑃dis/𝑆inc and 𝜎sca = 𝑃sca/𝑆inc, where 𝑃dis and 𝑃sca are,
respectively, the dissipated power and scattered power and
𝑆inc is the Poynting vector of incident plane wave. Figure 5
shows the extinction cross section (𝜎ext) normalized by the
area of the geometric cross section (𝜎geo) of the rectangular
nanorod. This result shows that the MoM model produces
outputs which are in a good agreement with the experimental
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Figure 6: Input impedance of the electric nanodipole as a function
of frequency.

result for the rectangular nanorods. The differences between
results are due the approximation of nanorod diameter, equiv-
alent relative permittivity of the medium, the linear approxi-
mation of the cylindrical nanorod with 9 base functions (𝑁 =
9), and the array effect in far field that is not considered in
MoMmodel.

3.2. Broadband Nanoantenna Analysis. Initially, the numer-
ical results for a specific geometry with ℎ = 220 nm, 𝑎𝑑 =
20 nm, 𝑑 = 20 nm, 𝑑𝑊 = 50 nm, 𝑑𝐻 = 20 nm, 𝑎𝑒 = 20 nm,
𝑊𝑒 = 2𝑎𝑒+2𝑎𝑑+2𝑑𝑊,𝐻𝑒 = 2ℎ+𝑑+2𝑎𝑒+2𝑑𝐻,𝑁ℎ = 5,𝑁𝐻𝑒 = 13,𝑁𝑊𝑒 = 4, and𝑁𝑡 = 46 are shown. The first result obtained is
the input impedance (𝑍in = 𝑅in + 𝑗𝑋in) presented in Figure 6
for the case of isolated electrical nanodipole (i.e., without
the loop) and this result is compared with the simulation by
Comsol. It is noticeable in Figure 6 that the two methods
produce values with good agreement for the used frequency
range. As seen in the figure, the first resonant frequency for
the MoM is 191.9 THz and for the Comsol it is 187.7 THz, and
the second resonant frequency for theMoM is 263.8 THz and
for the Comsol it is 267.7 THz.

Figure 7 also shows the input impedance (𝑍in = 𝑅in +
𝑗𝑋in) calculated by MoM and Comsol, but for the case of
composed nanoantenna. One can note a good agreement
between the two methods. It can be seen that the electro-
magnetic coupling between the dipole antenna and the loop
antenna modifies the input impedance of the nanoantenna
in comparison with the isolated electric dipole (Figure 6). It
is further noted that the resonances are moved to the lower
frequencies. The first resonant frequency (𝐹𝜆/2) for the MoM
is 185.1 THz and for the Comsol is 174.4 THz and the second
resonant frequency (𝐹𝜆) for the MoM is 256.4 THz and for
the Comsol is 254.7 THz.

Figure 8 shows the results of calculation of the radiation
efficiency and reflection coefficient obtained by MoM and
Comsol for the isolated electrical nanodipole. The reflection
coefficient is given by Γ = |(𝑍in − 𝑍0)/(𝑍in + 𝑍0)|,
where 𝑍in is input impedance of the nanoantenna and 𝑍0
is the characteristic impedance of the transmission line. The
bandwidth is calculated by 𝐵 = 200[(𝐹𝑠−𝐹𝑖)/(𝐹𝑠+𝐹𝑖)], where
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Figure 8: Radiation efficiency (𝑒𝑟) and reflection coefficient (Γ for
𝑍0 = 60Ω) of the isolated electrical nanodipole as a function of
frequency, calculated by MoM and Comsol.

𝐹𝑠 is the upper frequency and 𝐹𝑖 is the lower frequency at the
level −10 dB of the reflection coefficient.

We can note in Figure 8 that the maximum radiation
efficiency calculated by the MoM and the Comsol is −1.06 dB
and −1.32 dB, respectively, occurring around the second
resonant frequency. However, the best input impedance
matching point occurs around the first resonant frequency,
using 𝑍0 = 60Ω. Therefore, the maximum efficiency and
good impedance matching are found at different frequencies.
This occurs because the characteristic impedance of an OTL
is not necessarily matched to the input impedance of nan-
odipole with maximum efficiency [12]. The calculation of the
reflection coefficient has been accomplished considering the
connection of a line with 𝑍0 = 60Ω, and for this impedance
the final value obtained by the MoM was 𝐵 = 10.1% and by
Comsol 𝐵 = 11.2%. The results of Γ show that the isolated
dipole has a narrow bandwidth.

Figure 9 shows the radiation efficiency and reflection
coefficient obtained by the MoM and Comsol for the com-
posed nanoantenna shown in Figure 3 for 𝑍0 = 90Ω. One
can see that insertion of the loop besides modifying the input
impedance also changes the reflection coefficient causing
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Table 1: Results of parametric analysis of the composed nanoantenna (calculated through Comsol).

𝑑𝑊
30 nm 40 nm 50 nm 60 nm 70 nm

𝑑𝐻
10 nm 𝐵 = 35.4% 𝐵 = 36.8% 𝐵 = 38.3% 𝐵 = 40% 𝐵 = 42%

𝑍0 = 85Ω 𝑍0 = 105Ω 𝑍0 = 100Ω 𝑍0 = 115Ω 𝑍0 = 120Ω
20 nm 𝐵 = 33.2% 𝐵 = 34.1% 𝐵 = 35.1% 𝐵 = 17.7% 𝐵 = 17.5%
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Figure 9: Radiation efficiency (𝑒𝑟) and reflection coefficient (Γ for
𝑍0 = 90Ω) of the composed nanoantenna as a function of frequency,
calculated through MoM and Comsol.

increase of the bandwidth of the nanoantenna to 37.1% by
MoM and 35.1% by Comsol.The increased bandwidth occurs
because of the inductive energy of the loop compensating
the capacitive energy of the dipole, making an overlapping
of different resonances of loop and dipole, which produces
greater bandwidth [21], similar to that occuring with the
combination of electrical and magnetic small dipoles in
[15]. We can observe also the resonance of the loop (near
𝐹 ≅ 145THz) and the resonance of the dipole (near
𝐹 ≅ 184THz). In the frequency range between 150 and
280 THz the radiation efficiency remains almost constant
reaching the maximum value of −1.276 dB by the Comsol
simulation and −1.35 dB for the MoM simulation. Thus we
have a broadband antenna with high efficiency and with a
possibility of achieving a good impedance matching with an
optical transmission line (OTL) of 90Ω.

Figure 10 shows the 3D far field gain radiation pattern
for the isolated dipole and the composed nanoantenna. The
diagram was calculated by far field approximation in MoM
model; however, it could be calculated, for example, by
ANSYS HFSS [22, 23] or Comsol [17]. The frequencies on
these diagrams correspond to the set of central frequencies
(𝐹𝑐 = (𝐹𝑠 + 𝐹𝑖)/2) of Figures 8 and 9 on −10 dB level. The
shape of the gain diagram of the isolated dipole (Figure 10)
is approximately the same as for a small radiofrequency and
microwave dipole. The maximum gain of the isolated dipole
equals 1 for 𝐹𝑐 = 194.97 THz and the maximum gain of the
composed antenna is equal to 1.4 for 𝐹𝑐 = 170.85 THz. The

3D far field gain radiation pattern for other geometrical
parameters and frequencies (100–400 THz) of the composed
nanoantenna is not shown in the article, since the shape of
the diagram is approximately the same.

Table 1 shows a parametric analysis of the composed
nanoantenna for 𝑑𝑊 = 40, 50, 60, and 70 nm and 𝑑𝐻 = 10
and 20 nm, respectively, varying only the parameters 𝑑𝑊 and
𝑑𝐻, and fixed parameters ℎ = 220 nm, 𝑎𝑑 = 20 nm, 𝑑 = 20 nm,
and 𝑎𝑒 = 20 nm. In this table the values of the impedance of
the transmission linewhichmaximize the bandwidth for each
simulated antenna geometry are given. For these geometries,
the input impedance is shown in Figures 11 and 12. In Figures
13 and 14, the radiation efficiency and the reflection coefficient
are calculated by Comsol.

The results of Figures 11 and 12 show that if 𝑑𝑊
increases the resonance frequencies decrease, this can be
better observed in the case of the second resonant frequency.
This behavior is a characteristic of microwave antennas.
This dependence of the resonances is similar to the varia-
tion of resonances of nanodipoles fed by a voltage source
[24]. Furthermore, the maximum value of 𝑅in decreases.
Regarding the results of Figures 13 and 14, the bandwidth
and the radiation efficiency increased with the increase of
𝑑𝑊; however smaller values of Γ are obtained with the
decrease in 𝑑𝑊; that is, there is an improvement in impedance
matching. Also, with the increase of 𝑑𝐻, bandwidth and
efficiency decrease, and Γ grows causing a decrease in input
impedance matching. The maximum efficiency and a good
input impedance matching occur at the same frequencies for
the cases of broader bandwidths, as shown by the marked
points in the figures.

In the next section, we consider an OTL connected to
the composed nanoantenna for a quantitative analysis of the
impedance matching of the OTL with the nanoantenna.

3.3. Analysis of Broadband Nanoantenna Connected to Optical
Transmission Line. Figure 15 shows the current distribution
along the nanocircuit for the frequencies of 100, 200, and
300 THz, for the following parameters: ℎ𝑑 = 200 nm, 𝐿 =
1200 nm, 𝑎𝑑 = 𝑎𝐿 = 𝑎𝑒 = 20 nm, 𝑑𝐿 = 60 nm, 𝑑 = 𝑑𝐿 − 2𝑎𝐿,𝑑𝑒 = 50 nm, 𝑑𝑊 = 50 nm, 𝑑𝐻 = 20 nm,𝑁ℎ = 5,𝑁𝑊𝑒 = 4,𝑁𝐻𝑒
= 13, 𝑁𝐿 = 29, and 𝑁𝑡 =104. In the figure, the circle points
identify the currents of each section of the nanocircuit. The
points to the left of 1 and between 4 and 5 are the currents
in the electrical nanodipole, the ones between 1 and 2 and
3 and 4 are the currents of the OTL, those between 2 and 3
represent the current of the source, and finally those between
5 and 6, 6 and 7, 7 and 8 and the right of 8 are the currents of
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the loop. One can see that while the frequency increases the
attenuation of the current in the OTL increases, showing that
at optical frequencies the conduction losses are higher. The
stationary pattern presented in the figure shows themismatch
of the impedance of the optical transmission line and the
nanodipole. The same oscillatory behavior is observed in
Figure 16, where the distribution of the normalized electric
field near a parallel plane to the nanocircuit (for the same
frequencies as in Figure 15) is shown. These fields were
calculated for the plane 𝑧= 80 nm. It is evident that the energy

transferred from the source to the nanodipole is reducedwith
increasing of frequency.

Figure 17 shows the 3D far field gain radiation diagram
for this nanocircuit for 𝐹 = 100, 200, and 300 THz.The shape
of these diagrams can be explained whenwe consider that the
nanocircuit in Figure 2 acts as an array of two antennas spaced
by the length 𝐿 of the OTL, wherein one is the dipole-loop
antenna (right side of circuit) and the second is an equivalent
dipole formed by the voltage source (left side of circuit),
which also radiates. Thus, the resulting radiation pattern of
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this arrangement is the product of the radiation pattern of one
element and the array factor, leading to the shape drawn in
Figure 17. Furthermore, it can be noted thatwhen frequency is
increased the resulting pattern has more side lobes. Another
observation in these diagrams is that the radiation intensity
is higher in the −z direction, because the loop element above
the dipole acts as a reflector of waves.

To analyze the impedance matching of the OTL with the
antenna, it is necessary to calculate the voltage reflection
coefficient (|Γ𝑉| = (VSWR − 1)/(VSWR + 1)) as previously
done in [13, 14, 16], doing the approximate calculation of

the voltage standing wave ratio (VSWR) near the electric
nanodipole, VSWR = 𝐼max/𝐼min, 𝐼max is themaximumcurrent
magnitude, and 𝐼min is the minimum current magnitude.
The results of calculations are shown in Figure 18 for |Γ𝑉|
as a function of frequency for the nanocircuit with the
loop and without it. In the figure the minimum points |Γ𝑉|
are highlighted. They are −7.6 dB and −13.53 dB, at 𝐹 ≅
157.3THz and 𝐹 ≅ 383.4THz, respectively, for the case
of the nanocircuit with the loop. This figure shows that the
voltage reflection coefficient decreases with the addition of
the loop into the optical nanocircuit near these frequencies
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Figure 17: 3D far field gain radiation pattern of the circuit for 𝐹 = 100, 200, and 300 THz.

(𝐹 ≅ 157.3 and 𝐹 ≅ 383.4THz). Besides, this figure explains
the stationary behavior of the current and field shown in
Figures 15 and 16.

For the frequencies corresponding to these minimum
voltage reflection coefficients for the case of the nanocircuit
with loop, the current distribution in Figure 19 and nor-
malized electrical field distribution in the plane 𝑧 = 80 nm
(Figure 20) are shown.

It can be observed in these figures (Figures 19 and 20)
that with increasing of frequency the attenuation of current
and electric field in the OTL increases due to conduction
losses. It may be noted that for the frequency of 383.4 THz
there is a significant drop at the standing wave rate in relation
to the frequency of 157.3 THz, which presents a decrease in
reflection losses on the line. Thus, the point |Γ𝑉| = −13.53 dB

and𝐹=383.4 THz correspond to a good impedancematching
between the OTL and nanoantenna.

Figure 21 shows the 3D far field gain radiation pattern for
the nanocircuit for 𝐹 = 157.3 and 383.4 THz. One observes
again that the circuit in Figure 2 works like an array of two
dipoles spaced by the length 𝐿 of the OTL. Also, the gain level
of case 157.3 THz is higher than that for 383.4 THz, which is
in accordance with the higher current levels of Figure 19.

Finally, a parametric analysis of the voltage reflection
coefficient is shown in Figures 22 and 23. For the simulations
we fix the following parameters: the distance between the
surfaces of the OTL (𝐷 = 20 nm), the length of the electric
dipole (ℎ = 220 nm), the radii (𝑎𝐿 = 20 nm, 𝑎𝑑 = 20 nm,
and 𝑎𝑒 = 20 nm), and the length of the OTL (𝐿 = 1200 nm),
still varying the parameters 𝑑𝑊 (𝑑𝑊 = 30, 40, and 50 nm)
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Figure 19: Current distribution in the nanocircuit for 𝐹 = 157.3
and 383.4 THz, for cases with reflection coefficient |Γ𝑉| = −7.6 and
−13.5 dB, respectively.

and 𝑑𝐻 (𝑑𝐻 = 10 and 20 nm), that consequently change the
width (𝑊𝑒 + 2𝑎𝑒) and the length (𝐻𝑒 + 2𝑎𝑒) of the loop. In
Figures 22 and 23we show the results for the voltage reflection
coefficient without the loop. Analyzing these figures one
comes to the following conclusions. In all simulated geometry
of the circuit with the loop there is an improvement in
comparison with the circuit without the loop regarding
impedance matching at some points as can be seen in the
figures. The second conclusion is that, for smaller values
of 𝑑𝑊, the curves of the voltage reflection coefficient (|Γ𝑉|)
are shifted to the higher frequencies. This occurs because
the impedance matching depends on the positions of the
resonances of the nanoantenna that are shifted to higher
frequencies for smaller lengths of 𝑑𝑊. In general, the best
impedance matching is obtained for smaller values of 𝑑𝑊.
This behavior can be explained by reduction of the reflection
coefficient (|Γ𝑉|) of the nanoantenna when 𝑑𝑊 decreases. But

then, an increase on 𝑑𝐻 results in increased values of |Γ𝑉|.
This occurs because the reflection coefficient of nanoantenna
increases with the increase on 𝑑𝐻.
4. Conclusions

In this study, we analyzed one application of cylindrical
broadband nanoantennas in plasmonic nanocircuits, where
the circuit comprises a nanoantenna connected to a two-wire
optical transmission line.The nanoantenna presents a combi-
nation of a loop and a dipole antenna. In the circuitmodeling,
the Lorentz-Drude model was used to represent the physical
characteristics of the metal. The method of moments (MoM)
was applied to find the solution of the 1D integral equation for
the electric fieldwith linear approximation of the longitudinal
current, finite surface impedance to represent losses in the
conductor, sinusoidal basis functions, and rectangular pulse
for test functions. To validate the MoM model we com-
pared a MoM simulation with an experimental result from
[20]. In addition, some MoM simulations were compared
with simulations carried out by the commercial package
Comsol.

Initially, the nanoantenna was investigated separately
from the nanocircuit and then the complete circuit was
investigated. In relation to the study of the isolated nanoan-
tenna, the results show that the electromagnetic coupling
between the antennas (dipole and loop) modifies the input
impedance and increases the bandwidth of nanoantenna in
comparison with the isolated electrical dipole.The best result
for the nanoantenna bandwidth is 42%, and, in general, for
all simulations, this bandwidth was within 33.2 < 𝐵 (%) ≤
42. In addition, it can be observed that the bandwidth and
radiation efficiency of the nanoantenna can be optimized
through alterations of the geometry of the rectangular loop.
Another important result is that radiation efficiency and
good impedancematching depending on the geometry of the
antenna and can be achieved in the same frequency region.
This means that the suggested nanoantennas can be used in
applications such as broadband plasmonic nanocircuits.

The nanocircuit which combines the nanoantenna and
OTL was also investigated, focusing on the input impedance
matching between the OTL and the nanoantenna. The
obtained results showed that the overall voltage reflection
coefficient decreases with the inclusion of the rectangular
loop, reaching a value of approximately −25 dB. A good
impedance matching can be achieved in different frequency
bands tuning the nanocircuit operating frequency by varying
the width and length of the rectangular loop. Another
important result is the far field gain radiation pattern of the
circuit, where the shape of the pattern suggests that the circuit
behaves as an array of two antennas spaced by the length 𝐿 of
the OTL.

The analyses presented in this paper may be useful
as guidelines for the design of efficient plasmonic optical
nanocircuits for applications in nanophotonics and nanoelec-
tronics.
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