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Abstract — In this paper, we present the design of a spiral
nano-antenna dedicated to infrared energy harvesting at
28.3 THz. A comprehensive, detailed parametric study
of key parameters such as the initial angle at the origin
arm , width of the spiral arms, gap between the two arms,
thickness of substrate, length of substrate, thickness of
patch and number of turns of the nano-antenna is also
presented and discussed in order to harvest maximum
electric field in the gap of the spiral antenna in the
frequency range of 28 — 29 THz. The maximum electric
field is simulated at 28.1, 28.3, 28.5 and 28.7 THz. A
variation of the electric field of the antenna for different
value of incident wave angle at the resonance frequency
28.3 THz has been simulated. The main advantages of
the studied structure are its ability to reach high confined
electric field within its gap, its wideband behavior around
the operating frequency 28.3 THz, and its insensitivity to
polarization of incident electromagnetic waves.

Index Terms —Electric field, harvesting, infrared (IR),
optical antenna, spiral antenna, THz.

1. INTRODUCTION

Actually, we still have an important demand for
new and innovative electronic devices such as portable
sensors, surveillance devices in buildings, global
positioning system (GPS), etc. Because these devices are
portable, they require a power supply of their own [1]. In
most of the aforementioned applications, the power
system is still bulky because of the electrical connection
cables which also occupy space. In order to overcome
this problem, the conventional solution was the use of
electrochemical batteries, this solution appeared to be
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better and it has known notable progress in recent years,
but, it remains very limited and has several drawbacks,
for example the lifespan of such batteries is really limited.
Regular replacement or recharging of the latter is
necessary, which can be both costly and burdensome. In
addition, 70% of the electricity is produced by combustion
from fossil resources (oil, coal, etc.). Two questions arise:
the repercussion of these combustions on the environment
(pollution, global warming, etc. and the limited stock
of these non-renewable resources [2], [3]. Progress in
developing perpetually powered systems has led to an
optimal solution to limit the use of batteries and ensure
the energy autonomy of these systems. It is at this level
that energy harvesting takes place, it is a technique that
consists in converting the ambient energy available in the
environment into electrical energy that will be supplied
to electronic systems [4-6]. There are various sources of
energy available to be recovered and converted into
electricity and, indeed, a lot of work has been presented
on generators capable of generating electrical energy from
mechanical vibrations, light, thermal gradients, ambient
RF, solar energy ... etc. [7-11]. Each energy source has
advantages and disadvantages. For example, the most
direct and abundant source of energy comes from the sun
are solar. However, the energy recovered depends
heavily on: ambient conditions, angle of light incidence,
the spectral content of light arriving at the surface of the
solar cell, the size, the sensitivity of the solar cell, which
can result in low variation efficiency [6], [12].

There is a lot of unutilized energy on Earth, most
of the sunlight that strikes our planet is absorbed by
surfaces, oceans and our atmosphere [2]. Generally
heated bodies emit electromagnetic radiation. Stefan-
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Boltzmann law estimates the amount of radiation from a
heated perfect black body [13]. This warming leads to a
constant leak of infrared radiation, which some estimate
to be millions of gigawatts per second. This energy
lies in the Infrared Region (IR), i.e., 7-17um spectral
range [6], [14]. Unlike conventional Photovoltaic (PV)
technology, which are limited by daylight and climatic
conditions, energy from IR heat can be harvested 24
hours a day [15]. The IR band extends from 0.3 to 430
THz with three sub-bands, namely far, mid, and near IR
[3], [16], [17]. In [18], Gallo et al. showed that the peak
of the earth’s emissivity is at 10.6 um, according to the
Stefane-Boltzmann radiation law, therefore the incoming
solar radiation being an electromagnetic (EM) wave
radiation at terahertz wavelengths and it can be collected
using optical antennas which resonates at 10.6 um,
i.e., 28.3 THz. Optical antennas designed to collect the
maximum of energy at 28.3 THz (10.6 wm), this method
has emerged as a good alternative for the energy
harvesting in the infrared region.

Optical antennas are very similar to their Radio
Frequency (RF) antennas, but there are crucial differences
in their physical properties and scaling behavior. Most of
these differences occur, because metals are not perfect
conductors at optical frequencies, but rather are highly
correlated plasmas described as a free electron gas
[19]. The plasmon resonance phenomenon is involved
in optics, can be treated from the effects observed
on metallic nanoparticles. Surface plasmon modes
are electromagnetic modes that are generated by
nanoparticles. They have a spectral response dependent
on the geometric shape and the size of the particle, in the
visible domain. At optical frequencies, the electrons in
metals have considerable inertia and cannot react
instantly. The average depth of the skin is therefore
of the order of tens of nanometers, comparable to the
dimensions of the antenna [20-26]. The traditional
design rules which prescribe antenna parameters, for
radio waves, only in terms of external wavelength A are
therefore no longer valid. Optical nano-antennas can be
found in a wide range of applications in the optical and
IR ranges such as photo detection, antenna probes for
nano-imaging, non-linear signal conversion, clocking
and energy harvesting.

Energy harvesting systems require a wave receive
antenna connected to a conversion system forming a
rectifier antenna or “Rectenna”. Recently, several optical
nano-antenna with different geometries has been
investigated such as dipole [3], bowtie [23], [28], spiral
[29] and crescent [30]. In [3], three printed dipoles
antennas have different shapes: namely; rectangular,
curved bowtie, and elliptical are designed to collect
maximum electric field in the gap to operate in the IR
region at 28.3 THz. The authors proved that the curved
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bowtie dipole shape collects a larger electric field than
the rectangular and elliptical shapes. In [23], a design of
terahertz Bowtie antenna for Infrared Energy harvesting
applications is presented. The proposed antenna resonates
at 27.4THz with a peak electric field value of 40.934
VIm. The need of establishing communications with
higher throughput prompted the use of Ultra Wide Band
(UWB) antennas. In fact, they allow the transmission of
a large volume of data with a low power density. In
this paper, a spiral optical antenna is presented witch
resonant at 28.3 THz. In the first section, we present the
design of the proposed spiral antenna as well as the design
methodology adopted to optimize their performance.
The parametric study of different parameters of the
antenna at 28.3 THz are presented and commented on
section 2. Finally, we detail the results of the optical
antenna in infrared band and we will finish with a general
conclusion.

I1. ANTENNA DESIGN
Antenna is an important element of the IR energy
harvesting system. It receives infrared frequency energy
and therefore defines the amount of energy supplied to
the rectifier [31]. The need to establish communications
with higher throughput prompted the use of UWB
antennas. In fact, they allow the transmission of a large
volume of data with a low power density. UWB antennas
are widely used in energy harvesting applications.
Among these antennas, there is the spiral antenna. The
gradual opening of the slots and arms of the spiral
antenna allows for a significant bandwidth. This type of
antenna makes it possible to have a circular polarization
of the electromagnetic field. The internal radius of the
spiral limits the high operating frequency of the antenna
while the external radius limits its low frequency which
is detailed in [32]. This type of antenna has very favorable
characteristics, in terms of gain and polarization, for use
in an energy harvesting system.
The general equation of a turn is defined as follows
[33]:
fn =1 exp (a (a+¢n)), 1)
1

wheren=12,a= — ®n is the maximum angle of the

radius n and o is the initial angle at the origin of the turn.
The arm thickness is limited by the two radii rl and r2.
It is equal to the difference of these for a given angle. If
we apply this equation, we get two spiral arms which
widen according to the angle ®n. Figure 1 shows the
prototype simulated antenna. The substrate used in the
simulations was quartz (e, = 3.78, tan 6 = 0.0001) having
dimensions of 2.8umx 3.2um pm with an initial thickness
of 89.1 um. This antenna uses gold, are the most used
because the negative value of their refractive index in the
visible, printed on the same substrate.



Fig. 1. Spiral nano antenna.

I1l. PARAMETRIC STUDY

We carried out under Ansys HFSS [34] parametric
study on the geometric parameters of the antenna, always
with the same objective of maximizing the electric
field, with dimensions which remain on the order of
a micrometer. We will present results showing the
influence of the 7 antenna parameters: the initial angle
on the original arm (o), width of the spiral arms (), gap
between two arms (g), thickness of the substrate (h),
length of the substrate (Ls), thickness of the patch (t)
and number of turns (N), on the electric field in order
to analyze the existing compromises. The range of
parameters mentioned before was chosen to achieve the
maximum of E-field. We have studied the effect of each
parameter on the electric field. The first values that we
have started with it, was chosen approximately to satisfy
the normal dimensions at this frequencies band then we
have started the optimization. The upper and lower limit
of each parameter is chosen by covering the maximum
range of values without affecting the shape of the
proposed antenna. In all the parametric study we present
only the important parameters values which give us
significant behavior.

A. Effect of Alpha

The electrical field of the antenna versus frequencies
for different a is shown in Fig. 2. It is noted that when
the initial angle at the origin of the turn (a) = 0.31°, the
electric field is important. It is 1010 V/m at 28.3 THz,
whereas when a = 0.29°, the electric field is less than 300
V/m. For both o = 0.3° and a.= 0.32°, E-field is 550 V/m
and 800 V/m respectively at 28.3 THz.
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Fig. 2. Effect of Alpha () on the electric field.

B. Effect of Delta

The & parameter is a critical parameter for the
antenna. It controls the width of the spiral arms. Figure
3 shows the electrical field of the antenna versus
frequencies. The four curves correspond to the & for
four values of &: {105, 110, 115 and 120} um. We can
observe the influence of the width of the arms on the
performance of the antenna. When § = 105 um, 110 m
and 120 um, the electric field is around 670 V/m at 28.3
THz. When 6 = 115um, the electrical field is large and is
equal to 1010 V/m. The optimum width o, that which
allows operation around 28.3 THz in simulation is equal
to 115 pm.
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Fig. 3. Effect of Delta (d) on the electric field.
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C. Effect of the Gap

The third critical parameter, carefully studied during
the antenna design, is the gap (g) etween the two arms in
which the incident electromagnetic wave excites the
antenna to generate a localized electric field. In Fig. 4,
we show the variation of the electric field vs frequencies
for different distances g separating the two arms from the
antenna. The result is optimal for a value of g equal to
0.02 pm. the E-field is about 1000 V/m at 28.3 THz.
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Fig. 4. Effect of the Gap (g) on the electric field.

D. Thickness of patch

In order to estimate the effect of the thickness of
patch, the performance of the antenna present was
studied for different values of thickness "t". Figure 5
shows the evolution of the antenna's electric field for
different values of t from 0.042 to 0.072 um with a step
of 0.01. It was noticed that the thickness 0.062 um offers
a high electrical field. It is about 1010 V/m at 28.3 THz.
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Fig. 5. Effect of thickness of the patch on the electric
field.

E. Thickness of the substrate
Another important parameter to study is the effect
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of substrate thickness on the performance of the spiral
antenna. For this study, the parameter noted “h” varies
from 89.1 to 119.1 um with a step of 10 um, by fixing
the other geometric parameters of the antenna.
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Fig. 6. Effect of substrate thickness (h) on the electric
field.

The simulated results of this study are presented in
Fig. 6. This parameter directly influences the electric
field. For values of h = 89.1 um, h =109.1 yum and h =
119.1 um, the electric field values are less than 500 V/m
at 28.3 THz. While for the value of h = 99.1 um the E-
field is equal to 2010V/m.

F. Length of the substrate

In this part of the study, we try to vary the substrate
dimensions in the HFSS tool with a variable marked "Ls"
as shown in Fig. 7. According to this study, we find
that the electric field is important at Ls= 3.9 um at IR
frequency. It is from the order of 1000 V/m at 28.3 THz
however for Ls = 2.9 um and Ls = 4.9 um the electric
field is less than 250 VV/m and when Ls=5.9 um, the E-
field is about 950 V/m at 28.3 THz.
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Fig. 7. Effect of length on the electric field.



G. Number of turns

In order to estimate the effect of the number of turns,
the performance of the antenna was studied for different
values of this geometric parameter noted "N".
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Fig. 8. Effect of the number of turns on the electric field.

A parametric study was carried out on the number
of turns to visualize its impact on the value of the electric
field. The results of this study are presented in Fig. 8.
This figure shows that the electric field is sensitive to the
variation in the number of turns .When N = 2.1 um, the
electrical field collected is important. it is equal to 1000
V/m at 28.3 THz while for other values less than 2.1 um,
the electric field is very weak; it is less than 250 V/m.

A complete study of the key parameters of the spiral
antenna has been made. We present in Table 1 the main
geometrical parameters of the spiral shape. The optimal
values obtained for having a significant energy harvesting
is listed in Table 1.

Table 1: Final parameters dimensions
Parameter Value | Parameter | Value (um)
a 0.31° t 0.062
) 115 um h 99.1
Ls 3.9 um N 2.1
g 0.02um

IV. ANALYSIS AND DISCUSSIONS

A. E-Fields in some frequencies

The absorption of incident electromagnetic energy
occurs with maximum values of the electric field through
the air gap of the antenna. The maximum electric field of
the antenna for different frequencies namely 28.1 THz,
28.3 THz, 28.5 THz and 28.7 THz are presented in Fig.
9. The antenna is illuminated by electric fields in the gap
higher than 2100V/m for the 4 frequencies from 28.1
THz to 28.7 THz.
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Fig. 9. E-fields at: (a) 28.1 THz, (b) 28.3THz, (c) 28.5
THz, (d) 28.7 THz, and (e) 28.9 THz.
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B. E-fields (variation of incident wave angle)

Figure 10 shows the variation of electric field of the
spiral antenna for different value of incident wave angle
at 28.3 THz. For 0=0°, 0=20°, a=40° and a=60°, E-field
remains virtually unchanged. Recall that an application
of environmental energy harvesting suggests that the
direction of propagation of incident waves, nor their
polarizations are unknown in advance. It is therefore not
possible to predict the orientation of the antenna which
will encourage the maximum reception of the waves. The
use of an omnidirectional circular polarization antenna
overcomes this difficulty. Indeed, such an antenna will
be able to capture the waves in all directions and for
several polarizations. The antenna was able to function
whatever its orientation and wave polarization without

the need to replace or maintain it.
ﬂ:?

(b)

cns2sBREEEHE L‘i
Pl |
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Fig. 10. E-Fields (variation of incident wave angle): (a)
a= 0, (b) a= 20, (c) a= 40, and (d) a=60.
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V.CONCLUSION

A nano-antenna for infrared energy harvesting
system has been studied in this article. A spiral antenna
was chosen to collect a maximum IR electromagnetic
radiation at 28.3 THz. a parametric study is presented on
the effect of the initial angle on the origin arm, width of
the spiral arms, gap between two arms, thickness of the
substrate, length of the substrate, thickness of the patch
and number of turns. The spiral antenna has a circular
polarization which allows it to capture infrared waves
from different polarization.
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