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Abstract

Harnessing energy from clean and sustainable resources is of crucial importance to our
planet. Several attempts through different technologies have been pursued to achieve ef-
ficient and sustainable energy production systems. However, having systems with a high
energy harvesting efficiency and at the same time low energy production cost are chal-
lenging with the existing technologies. In this research, several novel structures based on
electrically small particles are proposed for harvesting the microwave and infrared energy
efficiently. First, a proof of concept demonstrates a metamaterial unit cell’s ability to har-
ness the ambient electromagnetic energy. A split-ring resonator (SRR) representing the
metamaterial unit cell is designed at a microwave frequency (5.8 GHz) and then fabricated
by using printed circuit board technology to prove this concept. A bow-tie antenna, op-
erating at the above frequency, is also designed to show the power efficiency improvement
achieved by utilizing the SRR. More than 37% of power efficiency is achieved using SRRs-
based structure compared to the 13% of the bow-tie antenna. A new efficiency term is also
proposed to take into account the size reduction and efficiency advancement resulting from
SRR structures. To this end, two comparable arrays of SRRs and bow-tie antennas are
made. Power efficiency of 63.2% and 15.3% for the SRRs and bow-tie arrays, respectively,
are achieved. Another structure composed of an ensemble of electrically small resonators
for harvesting microwave energy is presented. A flower-like structure composed of four
electrically small SRRs arranged in a cruciate pattern, each with a maximum dimension
of less than \,/10, is shown to achieve more than 43% microwave-to-alternating current
(AC) conversion efficiency at 5.67 GHz. Even- and odd-mode currents are realized in the
proposed harvester to improve the efficiency and concurrently reduce the dielectric loss in
the substrate. An experimental validation is conducted to prove the harvesting capability.

To extend the work to operate at the far-infrared regime, a novel structure based on
electrically small resonators is proposed for harvesting the infrared energy and yielding
more than 80% harvesting efficiency. The dispersion effects of the dielectric and conductor
materials of the resonators are taken into account by applying the Drude model. A new
scheme to channel the infrared waves from an array of SRRs is proposed, whereby a
wide-bandwidth collector is utilized by employing this new channeling concept. With the
same pattern of the flower-like harvester operating in microwave regime, a new structure
composed of electrically small SRRs, each of whose greatest length is less than \,/21, is
proven to achieve more than 85% of power harvesting efficiency at 0.348 THz. Furthermore,
the infrared energy harvesters are fabricated using nano-fabrication tools. At last, the
infrared harvesters are experimentally validated with the numerical findings using THz
time-domain spectroscopy (THz-TDS).
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Chapter 1

Introduction

1.1 Motivation

The massive amount of solar power received by the earth can theoretically supply all human
electricity consumption. Thus, many attempts have been going on to exploit this abundant
resource, mainly through photovoltaic technologies. Different solar cell efficiencies above
20% have been reported [10]. More recently, multi-junction (MJ) solar cells have proven
to convert solar energy with above 40% efficiency [11]. However, the recent solar cell
efficiency was achieved under a sunlight concentrator, which basically needs lenses along
with the photovoltaic module [1]. Furthermore, the multijunction solar cell is usually built
by stacking multi layers with different bandgaps, resulting in sophisticated manufacturing
and high production cost.

Other attempts have been devoted to decreasing the production cost of photovoltaic
technology by utilizing thin-film silicon solar cells, which have thicknesses of a few mi-
crometers [12-14]. However, the conversion efficiency of thin-film are lower than that of
wafer-based solar cells, owing to the weak absorption in such thin thickness. Consequently,
many researchers have proposed different methods to enhance light trapping in thin-film
solar cells. In particular, silver particles in nanoscale were deposited on top of the thin-film
solar cell to increase the scattering cross section, which in turn enhances the light trapping
or absorption inside the silicon substrate [15].

Generally speaking, to make photovoltaic technology competitive, its production cost
needs to be decreased by a factor of 2-5 compared with fossil fuel. Figure 1.1 shows the
leading-edge of solar cell efficiencies, where the highest performance belongs to multijunc-
tion concentrator technology.
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Indeed, seeking efficient technologies to provide environmental-friendly energy excites
scientists to look back into antennas for energy harvesting purposes. Surprisingly, antenna-
based technology was first suggested to trap and convert solar energy by R. Baily in 1975
[16]. Following Baily’s proposal, much attention has focused on harnessing solar energy
using classical antennas, by which electromagnetic waves can be confined and directed to
the intended load.

After the 1990s, Chang’s group contributed significantly in the development of systems
composed of antennas and rectification circuits for energy harvesting [17]. Many different
rectenna systems that consist of three major elements, the antenna, the rectifying circuit
and the load, are extensively employed in wireless power transmission (WPT) systems, to
harvest and collect ambient RF and solar wave energy. Many publications have consid-
ered WPT using classical antennas [6,17-23]. In particular, McSpadden et al. presented
theoretical and experimental investigation of a rectenna element for WPT [17]. This in-
vestigation developed a measurement method to characterize a packaged GaAs Schottky
barrier diode. McSpadden also showed that the DC conversion efficiency may achieve about
82% at 2.45 GHz. Another patch antenna was designed at millimeter frequency (35 GHz),
achieving a 29% RF-to-DC conversion efficiency.

McSpadden and Fan continued to improve DC conversion efficiency by designing a
dipole antenna at 5.8 GHz by means of a full wave simulator [6]. An 82% conversion
efficiency was achieved by employing a Schottky diode. In 2002, Suh and Chang added
another contribution to WPT systems by creating a new dual-frequency rectenna that
operates at 2.45 GHz and 5.8 GHz [18, 19]. This structure achieved markedly higher
efficiencies than the aforementioned works, with 84.4% and 82.7% of conversion efficiency
reported at 2.45 GHz and 5.8 GHz, respectively. A circularly polarized antenna operating
at 5.8 GHz was later designed as a component of a rectenna system. Next to the antenna,

a coplanar stripline (CPS) filter was positioned to improve the conversion efficiency, which
reached 82% [20].

In 2006, Chang’s team designed a rectenna system with two pairs of retroactive bow-tie
antennas [21]. This rectenna model includes a band pass filter, a Schottky diode and a
resistive load, in addition to the antenna. An overall DC conversion efficiency is reported
of 84%. Another structure of retroactive rectenna arrays was also designed by Chang’s
group [22]. Utilizing circularly polarized proximity-coupled microstrip rings, reduced the
likelihood that the antenna performance would be affected by the circuit rotation. A
measured conversion efficiency for a 2x2 array was reported of 73%.

In view of the importance of miniaturizing in rectenna systems, Tu et al. designed a
stepped impedance dipole rectenna that led to about 23% reduction of the dipole antenna



arms’ length by utilizing a capacitive patch on each side of the dipole [24]. This work
achieved about 76% DC conversion efficiency.

To increase rectenna system power transfer capability, rectenna arrays have been intro-
duced [22,25-27], and different configurations have also been designed and implemented
to gain better power harvesting efficiency. For example, Youn and Park from Korea devel-
oped a microstrip patch rectenna centering at 2.45 GHz [26,27]. A 20x20 array rectenna
system was connected in series and parallel to improve the overall efficiency. Although one
rectenna element demonstrated about 75% DC conversion efficiency, the entire efficiency
from the transmitter to the receiver was only about 33%. However, these designs add great
complexity to the rectenna systems in terms of their matching networks and connectivity.

Most of the aforementioned advancements in rectenna systems have focused on either
improving the DC conversion efficiency or miniaturizing the rectenna footprint. The em-
phasis is on the DC conversion efficiency, which it is defined as the ratio of the output DC
power dissipated in a load to the AC power received before the rectification circuit. This
definition reflects the rectification efficiency only, not whether the antennas or collectors
are efficient in trapping the ambient electromagnetic energy. For example, approximately
33% harvesting efficiency from the source to the load was reported in [26,27], utilizing an
array of 400 microstrip patch antennas.

Typically, power harvesting using a classical rectenna is still not able to provide signifi-
cant amounts of energy and has the disadvantage of design complexity. However, artificially
engineered structures (metamaterials) have received much attention in recent years owing
to the uniqueness of their electromagnetic properties [28]. Pendry showed that metamate-
rials possess interesting characteristics such as negative-refractive index and the capability
of amplifying evanescent fields [29].

In 2011, a near-field metamaterial structure to enhance the coupling between mag-
netic dipoles was studied [30]. This work demonstrated an improvement of power transfer
efficiency using a metamaterial slab compared with free-space efficiency. In practice, em-
ploying multiple unit cells to harvest and collect feasible amounts of power necessitates the
design of efficient, miniaturized and cost-effective systems.

1.2 Thesis Objectives

The main goal of this thesis is the design and implementation of an efficient and cost-
effective electromagnetic energy harvester that can work in the microwave and infrared



regimes, while concurrently occupying a small footprint area. The work is broken down
into the following objectives:

e To analyze and prove the feasibility of an electrically small resonator for electro-
magnetic energy harvesting in the microwave regime, for which a split-ring resonator
(SRR) is chosen as a scope of this analysis.

e To compare the energy harvesting efficiencies per unit area of two arrays of meta-
material unit cells and microstrip antennas, where the two arrays occupy the same
footprint area.

e To investigate the coupling effect between any two adjacent SRR cells or microstrip
antennas, and whether the coupling contributes positively or negatively to the overall
harvesting efficiency.

e To extend the analysis of energy harvesting by a single electrically small resonator to
the far infrared frequency regime, and to study the optical properties of the dielectric
and conductor materials of the proposed structures, where these materials behave
nonlinearly at such high frequencies.

e At infrared frequency, an ensemble of SRR cells is proposed to increase the energy
harvesting efficiency. The proposed structure is designed, fabricated using nano-
technology facilities, then is experimentally tested to validate the promising numerical
findings.

e A new channeling concept to collect and transfer trapped energy by multiple unit
cells to a resistive load is presented for the first time.

e To improve the electromagnetic energy harvesting efficiency, a compact flower-like
array consisting of circular SRRs and a central microstrip line is introduced. Two
flower-like array harvesters at microwave and far infrared frequencies are designed,
analyzed, and validated experimentally with the simulation results.

1.3 Thesis Outline

The remaining parts of this thesis are outlined as follows. Chapter 2 presents the main
recent technologies used to harvest ambient electromagnetic radiation. Specifically, photo-
voltaic technology and recent advancements to improve the conversion efficiency are dis-
cussed. Furthermore, the latest nanoantennas that operate in infrared or visible regimes are



introduced, as well as their capability in energy harvesting. An overview of the three main
components of rectennas is presented. Utilizing a metamaterial element as a collecting
source for energy harvesting, and its advantages over classical antennas are summarized.

Chapter 3 introduces metamaterial and its ability to harvest electromagnetic radiation
efficiently. A harvester utilizing an SRR is proposed and compared with a classical bow-tie
antenna. The scattering parameters of the SRR harvester and bow-tie antenna with and
without loading the structure are computed giving a sense of energy harvesting possibility.
Moreover, a new efficiency definition is proposed to take into account the size reduction
achieved by utilizing electrically small resonators. Thus, two arrays of bow-tie antennas
and SRRs, having the same area and operate at 5.8 GHz, are designed and compared in
terms of power harvesting efficiency.

Chapter 4 proposes a new array composed of electrically small resonators to harvest
electromagnetic energy in the microwave regime. Each single resonator is designed in a
circular shape and has a gap with a sharp and wide opening. The proposed configuration
creates in- and out-of-phase currents, which in turn increases the current flow on the
channeling line and concurrently limits the dielectric loss in the substrate. The concept
of power harvesting with the proposed configuration is validated by measuring the voltage
across the resistive load. Moreover, the coupling effect achieved by positioning any two
elements of the proposed configuration in a closely-adjacent manner is studied in terms of
improving the overall harvesting efficiency.

Chapter 5 extends the concept of using an SRR as an electromagnetic energy collector
to be used in the infrared frequency regime. The metal of the resonator, chosen to be
silver in this work, is modeled using the Drude dispersion model. An ensemble of SRR
cells will be used to increase the energy harvesting efficiency by employing a microstrip
line within the SRR array to collect the power from the SRR elements and channel it to
a resistive load. The power harvesting efficiencies of the proposed structure at different
incident electromagnetic waves are calculated. In addition, the proposed structure has
been fabricated using nano-technology tools, and its robustness improved by adding a thin
layer of titanium.

Chapter 6 presents the proposed array in Chapter 4, but to operate at infrared frequency
after proper scaling and designing procedures. The dispersion effect of metals used in this
configuration are computed and considered. The structure is then fabricated using nano-
fabrication facility followed by experimental work to prove the harvesting capability.

Lastly, Chapter 7 contains the concluding remarks of this thesis work, its contributions,
and the potential developments of the research.



Chapter 2

Recent Advancements in EMR
Energy Harvesting

Many efforts have been devoted to exploit new efficient and environmental-friendly energy
resources. As photovoltaic technology is the most prominent sustainable energy, it has
received the lion’s share in sustainable energy research advancements. However, and as
of yet, none of the photovoltaic technologies have reported more than 50% conversion ef-
ficiency. This relatively low conversion efficiency and the associated high production cost
have led researchers to investigate new technologies that pave the way for more efficient
and low-cost renewable energy resources. This chapter presents an overview of recent ad-
vancements in electromagnetic radiation (EMR) energy harvesting, including photovoltaic
technology.

2.1 Photovoltaic Technologies

2.1.1 Thin-Film Silicon Solar Cells

As the most of solar cell devices are made from crystalline silicon wafers, with thicknesses
of 200-300 pm, about 40% of the total cost of a solar module fabrication is due to the
crystalline silicon wafers. Therefore, many researchers have focused on thin-film solar
cells, which have thicknesses that vary from 1-2 yum. However, thin-film solar cells have
a weakness related to near-bandgap light absorption, leading to the need to design and
investigate new structures to enhance light trapping [31].



Recently, a technique for scattering the incident light from novel metallic nanoparticles
at their surface plasmon resonance has been developed. The basic mechanisms of enhanc-
ing photocurrent by metallic islands, followed by two different solar cell structures using
nanoparticles, are introduced.

Light scattering and near field intensity are the two mechanisms that have been sug-
gested to explain the enhancement of light trapping into solar cells using metallic nanopar-
ticles. Each mechanism is generally characterized by three factors: particle size, the ability
of the semiconductor to absorb the light, and the electrical design of the solar cell [31].
Because of the importance of adding nanoparticels to improve light trapping solar cells,
the mechanism of scattering by such particles is presented.

At wavelengths of light close to the plasmon resonance of metallic particles, light is
intensely scattered owing to a collective oscillation of the conduction electrons in the metal.
A point dipole model is considered to explain explicitly the absorption and scattering
mechanisms of light. The scattering and absorption cross-sections are given by [32]:
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is the polarizability of the nanoparticle, and V' represents the particle volume. Also, ¢,
and ¢, are the dielectric function of the particle and dielectric function of the embedding
medium, respectively. It is obvious that when €, = —2¢,,, the particle polarizability tends
to be infinity, and at this condition, a resonance known as the surface plasmon occurs. In
a particular case, when silver nanoparticles are excited by incident light at resonance, their
scattering cross section is tenfold the cross section of silver particles. In other words, if
only 10% of the surface area of a device is covered by particles, theoretically, all incident
light could be scattered and absorbed [31].

In a work by S. Pillai et al. [15], nanoparticles are used and deposited by thermal
evaporation of thin layers of silver followed by annealing. This method is considered the
easiest way to deposit metallic particles onto the substrate. Silver is chosen due to its low
losses compared to other metallic particles.

Figure 2.1 shows two different silicon cell structures, where 1.25 pm silicon-on-insulator
(SOI) test cells and planar PERL (passivated emitter rear locally diffused) Si cells are
used. A lateral pn junction diffused into a p-type layer is used to form the SOI cells
used in these experiments. Moreover, in order to increase the carrier extraction, the p
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Figure 2.1: The silicon cell structures used in the experiments. (a) Silicon-on-insulator
with 1.25 pm active Si and (b) wafer-based 300 pm planar Si cell [15].

and n metal contacts are interdigitated. The thickness of the layers of the first structure
(SOI cell) is measured at about 1248 nm for the silicon layer and 1000 nm for the buried
oxide layer. Both of the two cells have a top oxide layer of 30 nm thickness; this layer
acts as a passivating layer, where the oxide layer thickness is significantly affecting the
coupling between the active silicon layer and the plasmons. Although the passivation of
the silicon layer is necessary to control the surface recombination, the oxide layer thickness
is designed to be low to maintain the coupling to the silicon without losing a reasonable
surface passivation.

As presented earlier, a point dipole method has been used for modeling the effect
of the plasmons. The effect of material from the emission spectrum and the scattering
cross section point of views can be calculated using the model mentioned above. In [15],
experimental bare particles’ resonance data are used for the initial scattering cross section
for light incident from air; thus, a variety of particle shapes and sizes are considered in
their work. Also, the absorbtion is neglected in the model, and the extinction is only
assumed to be scattering. As the silver island sizes are greater than 100 nm, absorption
would be insignificant within the particles above wavelengths of 500 nm, where the radiative
efficiency of these particles is high at longer wavelengths.

As shown in Figure 2.2, a device was made from SOI material, and on its lateral p-n
junction, silver nanoparticles were deposited [33]. This device can be used in light-emitting
diodes and test solar cells. The electroluminescence and photocurrent generated by this
device were measured.

The silver nanoparticles showed about a 42% enhancement of the calculated photocur-
rent compared to the planar device, whereas the grating structure gave only 30% of pho-
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Figure 2.2: Structure of the SOI devices. Layer thicknesses were 35nm top oxide, 95 nm
active Si layer and 408nm buried oxide [33].

tocurrent enhancement in the wavelength range from 500-1100nm. A thick 300 nm a-Si
solar cell structure on glass was modeled using silver nanoparticles and with an optimized
TiOs rectangular groove grating on the front. The absorptance of the two modeled struc-
tures was compared with the planar cell.

In [33], in order to further investigate the absorption enhancement, an ideal dipole was
modeled to be able to completely scatter the incident light. Figure 2.3 depicts the potential
absorptance enhancement for the ideal dipole modeled on the 95nm SOI device.

2.1.2 Multi-Junction (MJ) Solar Cells

Having a solar cell able to accept only a narrow spectrum radiation will lead to less recom-
bination within the cell substrate; thus, more power can be extracted. This mechanism has
been brought to reality by mechanically stacking cells with different semiconductors [34]
or illuminating monochromatic radiation on each cell [35], to name but a few approaches.
Monolithic multijunction cells are considered the most common technology for multijunc-
tion cells, in which multi solar cells composed of III-V semiconductor types are connected
in series along with tunnelling diodes [1]. For example, in [36], three cells backed with a
Ge substrate have been stacked, forming a multijunction solar cell with a thickness of more
than 200 pm. By this solar cell and at 454 suns, 41.1% conversion efficiency was achieved
in Germany.
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Figure 2.3: Absorptance enhancement for the modeled SOI devices (dotted line) and the
potential absorptance enhancement, assuming that all incident light is scattered (solid
line) [33].
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Figure 2.4: High concentrator photovoltaic module combining optics, and a MJ solar cell
within the same assembly [2].

The photovoltaic production cost can be lowered by increasing the conversion efficiency
in sophisticated solar cells, such as by using a multijunction. But to gain a high efficiency
in such cells, high concentrated illumination should be applied in order to produce a high
electric power. Therefore, photovoltaic concentrators have been developed [37,38] aiming
to improve the efficiency; thus, cost-effective solar cells are possible.

A canonical configuration is considered one of the most suitable concentrators to be
assembled with high efficiency solar cells. Concentrators are generally arranged in modules
that form photovoltaic arrays, along with a tracking system [1]. To conceive how complex
high efficiency solar cells are, Figure 2.4 depicts a schematic diagram of a multijunction
solar cell containing a Fresnel lens to provide a concentrated luminous flux. The solar cell
sets on a metallic layer, such as copper or aluminum, to facilitate the wires’ connections
to the next cells. Furthermore, the metallic layer is backed by a substrate for insulation
and thermal transmission purposes [2].

To illustrate how much each element in a photovoltaic module contributes to the mod-
ule’s total cost, a specific module solution consisting of epi-wafers and a multijunction solar
cell integrated with a primary (Fresnel lens) and secondary concentrators is considered. Dr.
Sala of IES/UPM found that wafers and substrates contribute much more than the other
elements for small cell size (1 x 1mm). The costs of other parts, such as Fresnel lenses and
base plates, are relatively independent of cell size [1].

12



Table 2.1: Yearly ground efficiency for two photovoltaic plants in different irradiation
conditions and for four different photovoltaic technologies [1].

’ Concept ‘ HCPV ‘ Si Track ‘ Si fixed ‘ Organic ‘
Module efficiency 45.0% | 20.0% | 20.0% | 10.0%
Plant efficiency 40.0% | 17.8% 17.8% 8.9%

Ground efficiency, Madrid 8.9% 5.4% 12.1% 6.1%
Ground efficiency, Albuquerque | 10.3% 5.7% 12.1% 6.1%

In summary, real-world photovoltaic technology still does not provide highly efficient
modules. In [1], Luque calculated the estimated ground efficiency of two large plants,
in which, good (Madrid, Spain) and excellent (Albuquerque, NM, USA) irradiation are
received. Luque also calculated the efficiencies of four different photovoltaic technologies,
as presented in Table 2.1. All the irradiation data were taken from [39]. One can see that
high concentrated photovoltaic (HCPV) has the highest module and plant efficiencies.
However, if it comes to a practical scenario, HCPV ground efficiency goes down to 10.3%
as estimated for the Albuquerque plant.

2.2 Nanoantennas

The visible solar radiation that extends from the 400 nm to the 700 nm wavelength forms
only 39% of the whole solar spectrum, while the Infrared (IR) represents 52% [40]. The fact
that photovoltaic based technologies are only able to harness the visible light radiation,
and yet provide low conversion efficiency, has led to the investigation of alternative tech-
nologies for solar energy harvesting. Recently, nanoantennas have received great interest
for different applications such as, field enhancing [41], focusing [42] and more interestingly,
for solar energy harvesting [3,5,43-45].

For solar energy harvesting, a nanoantenna is not only able to harness the visible light,
but it can be properly scaled to collect infrared radiation as well. Several researchers have
shown the feasibility of energy harvesting utilizing nanoatennas. In particular, a square
spiral antenna was numerically shown able to collect and focus an infrared electric field in
a central gap [43]. The spiral antenna works at a frequency of 28.3 THz and has a total
length of 10.6 um. However, this work did not calculate any energy conversion efficiency.

Kotter et al. have realized an array of nanoantennas to collect electromagnetic ra-
diation at a wavelength of 6 um [3]. In their work, approximately 90% absorption was
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Figure 2.5: SEM image of an array composed of loop nanoantenna designed to operate in
infrared regime [3].

achieved using a unit cell of loop antenna, where the arm length of the loop is approxi-
mately > \,/3, as depicted in Figure 2.5. Although the ability of electromagnetic infrared
energy absorption was proven, the efficiency of collecting or conversion the energy was not
accomplished.

Another trend in utilizing nanoantennas is to enhance light trapping in thin-film solar
cells. An array of nanoantennas on top of a photovoltaic layer has been designed to
excite different nanoantennas’ collective modes and then localize the resultant electric
fields between the metal parts of the nanoantennas. Consequently, more light is trapped
in the photovoltaic layer, which in turn, enhances the photovoltaic absorption [4]. This
proposed structure has at least five different layers in addition to the nanoantenna array,
which implies complexity and high production cost. Figure 2.6 illustrates a schematic
diagram of the thin-film solar cell with nanoantenna arrays.

Providing a DC current to targeted devices or applications from a collected electro-
magnetic waves requires a rectification mechanism along with the collecting source. The
rectification element converts the collected AC current to a consumable DC power, either in
high or low frequencies. Hence, different configurations and topologies of rectenna systems
have been introduced aiming to efficiently achieve power in worthwhile amounts.

For example, different antenna designs have been proposed for solar energy harvesting
in [5]. A log periodic, a square-spiral, and an Archimedean spiral gold antenna were

14



Nanoantennas

Photovoltaic layer
(red: n-doped, blue: p-doped)

4 v v v 4 v v v 4
2} 2} 2
5 3 =
20 =0 2o
= = >
2} 2} -2
-4 : . -4 . . -4 : :
4 2 0 2 4 -4 2 0 2 4 -4 20 2
X (pm) X (pm) X (um)

Figure 2.7: broadband solar antennas, (left) log-periodic antenna, (middle) square-spiral
antenna and (right) Archimedean-spiral antenna [5].

numerically designed to cover a broad bandwidth ranging from 3 um to 17 um radiation
spectrums, as shown in Figure 2.7. These antennas were coupled to two tunneling diodes
(Metal-Insulator-Metal and Esaki diodes) to rectify the harvested signals. However, the
reported conversion efficiencies are very low and not practical (order of 107° to 107%). The
authors attributed these low efficiencies to antenna-diode mismatching and to the diodes’
weak performance. In more detail, the next section gives an overview of rectenna system
elements by which energy collecting and conversion can be accomplished.

2.3 Rectenna Systems

Since the development of rectenna systems, researchers have utilized antennas as power
sources for those systems. However, the antennas employed in rectenna systems deliver
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only limited power to the rectification circuit. This section describes rectenna system
elements to provide a solid background on which to base such advancements.

2.3.1 Antenna as a Collecting Source

The antenna by which a rectenna system can receive electromagnetic radiation is a critical
element for energy harvesting and WPT. Hence, many antenna designs have been pro-
posed seeking higher rectenna performance. The half-wavelength printed dipole antenna
is extensively used in the literature for WPT purposes, but in such antennas, the total
dimension is \,/2, which requires more space compared to the rectification circuit.

The printed dipole antenna is a vertically polarized radiator, so this feature allows the
formation of an array to collect more power per unit area [46]. However, a space of \,/2
should be retained between adjacent antennas to suppress mutual coupling. Compromising
this spacing will effect antenna efficiency, and the received power will decrease dramatically
[47,48].

In an attempt to shrink the rectenna’s physical size, Ziolkowski’s group has proposed
a rectenna to harvest electromagnetic radiation at 1.5754 GHz, composed of two-cane
monopole antennas and backed by a metamaterial unit cell (S-shaped resonator), result-
ing in a significant rectenna size reduction. About 85% rectifying efficiency was achieved
utilizing this electrically small rectenna [49].

Single rectennas are capable of transferring only limited power, forming rectennas into
arrays has been studied to increase the harvest and delivery of power. Such arrays can be
connected either in series or parallel, or in a mixed configuration. In [50], the total power
uniting from an array of rectennas has been studied. The power collected from such an array
and its related efficiency issues are based on Nahas’ Model. The power efficiency was found
to be insensitive to the way the rectennas are connected. Shinohara and Matsumoto [25]
demonstrated that power combining in an array of parallel connectivity is higher than that
of series connection. They attributed the shortage of power efficiency in their series to the
low input power associated with this kind of combination.

2.3.2 Rectifying Devices
The rectification circuit comes immediately after the antenna or integrated within the an-

tenna element, as shown in Figures 2.8a and 2.8b, respectively. Generally, the rectification
circuit consists of a matching network and diode for DC conversion. The diode circuit
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Figure 2.8: (a) 5.8 GHz printed rectenna element [6] and (b) spiral rectenna integrated
with the Schottky diode [7].

is a nonlinear device which causes unwanted harmonics to appear and degrade the over-
all rectenna efficiency. In other words, the harmonic signals created by the diode can be
radiated by the antenna into the surrounding area and then absorbed by the material of
the rectenna, which in turn degrades system performance. The harmonic effect can be
neglected by utilizing a well-designed filter through which only the fundamental wave can
pass.

The Schottky diode is widely used in rectenna systems for WPT. In general, this diode
operates at low frequencies up to just a few THzs. Mainly, the Schottky diode can be char-
acterized by three components: series resistance R, junction resistance R; and junction
capacitance C;. The non-linearity of the Schottky diode results from the change of junction
resistance with respect to variation of bias and saturation currents through operation. The
equivalent circuit model of the Schottky diode is shown in Figure 2.9 [51].

In the reverse bias, the junction resistance R; is larger than that of the forward bias;
this is due to the exponential increase of current as it appears on the I-V characteristic
curve. The series or spreading resistance R, is considered to be parasitic; that is, the
current flow lines tend to shrink close to the contact in the semiconductor region. For
circular contact cases, and from potential theory, equation 2.3 gives the value of the diode
resistance R,

R, = — (2.3)



HESMM

Figure 2.9: Schottky diode equivalent circuit model

Cp

1S
1

||
I
Figure 2.10: MIM diode equivalent circuit model

where ¢ is the conductivity of the semiconductor material, and d represents the circu-
lar contact area diameter. The junction capacitance C; develops from the charges at the
boundary layer. The capacitance value can be evaluated by using the parallel plate capac-
itance expression in equation 2.4:

A
C; = €ro (2.4)

where A is the contact area, and d represents the barrier thickness. It is obvious that the
capacitance is affected by the barrier thickness d, which means that with any change of
the applied voltage, the capacitance magnitude will change [52].

In the far infrared to visible spectrums, the rectifying device should be fast in response
to accommodate rectennas operating at these high frequencies. The metal-insulator-metal
(MIM) is utilized instead of the Schottky diode at high frequencies, owing to the MIM
diode fast switching properties. Generally, an MIM diode consists of a thin insulating layer
sandwiched between two metallic plates. An MIM diode is a quantum device where the
rectification proceeds by tunneling electrons through the insulating barrier [52]. Odashima
et al. [53] introduced an equivalent model for an MIM diode, as displayed in Figure 2.10.

This model considers the spread (contact) resistance R, along with the tunneling re-
sistance Rrp, since it gives a valid assumption for the linear as well as square low regions.
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The zero bias resistance R, can be calculated using equation 2.5 [54].
Ry = Rt + R, (2.5)

The capacitance C'p value is also obtained by using the parallel plate capacitance expression
cast in equation 2.4.

A practical example of employing an MIM or MOM (metal-oxide-metal) diode at in-
frared frequency is illustrated in Figure 2.11. Bean et al. developed an IR detector adopting
the rectenna system principle, where the rectenna assembles a half-wavelength dipole an-
tenna coupled to an MOM diode [8]. Although this coupled-antenna was designed for IR
radiation detection, it can be diverted for IR energy harvesting. Still, the relatively large
size of the antenna and DC electrical leads prevent the proper utilization of the footprint
area; thus, more miniaturization is needed to gain higher energy harvesting efficiency.

2.3.3 Impedance Matching

Impedance matching has been used to ensure maximum power transmission efficiency in
rectenna systems. If well designed, impedance matching lets the input power transfer from
the source to the load efficiently. In other words, impedance matching prevents the received
energy from being reflected back to the receiving antenna. Due to the non-linearity of some
devices used in rectenna systems, such as the Schottky barrier diode, impedance matching
is necessary for high power efficiency, specifically at the operating band.
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In the case of a reactive component used in a rectifier (inductor or capacitor) connected
to a 50 2 antenna, conjugate impedance matching is vital to eliminate the reactance and
match the rectifier to the antenna impedance.

2.4 Metamaterial Particles as a Transducer

As presented in the preceding sections, most rectenna systems have used the antennas
as transducer to collect electromagnetic radiation. Typically, power harvesting using a
classical antenna still does not provide a highly efficient energy harvesting and has the
disadvantages of design complexity and destructive coupling issues. Employing other col-
lecting sources that can achieve high power harvesting efficiency per unit area is necessary;
thus, electromagnetic radiation collectors based on electrically small particles (metama-
terial) are proposed to meet these demands. Using electrically small particles has many
advantages over other approaches:

e Metamaterial resonators are electrically small structures, which miniaturizes the foot-
print of the harvesting system [30].

e The coupling effect between two adjacent SRR cells is much weaker in comparison
to antenna coupling; hence, the distance maintained between cells is much smaller
than the \,/2 required by classical antennas.

e The power collected from the single negative media is much higher than that of
electromagnetic radiators. A simple comparison between an SRR and a bow-tie
antenna demonstrates that the potential power trapped by an SRR is higher than
that of the antenna.

However, at high frequencies, the optical properties of the dielectric and conductor materi-

als of the proposed structures should be taken into account, where these materials behave
nonlinearly at such high frequencies.

2.5 Conclusion

To conclude, the main recent technologies used to harvest ambient electromagnetic radia-
tion were presented. Specifically, photovoltaic technology and its recent advancements to
improve conversion efficiency were discussed. Furthermore, the latest nanoantennas that
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operate in infrared or visible regimes were introduced, as well as their ability in energy
harvesting. An overview of the three main components that compose rectennas was pre-
sented. Utilizing a metamaterial element as a collecting source for energy harvesting, and
its advantages over classical antennas were summarized. The next chapter introduces the
metamaterial unit cell and its ability to harvest electromagnetic radiation more efficiently
than classical bow-tie antennas can.
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Chapter 3

Energy Harvesting using
Metamaterial Particles

In nature, materials which possess negative macroscopic parameters permittivity, €, or
permeability, u, are relatively uncommon. However, artificial materials which exhibit a
negative media, either a single or double negative, have been subjects of interest. Var-
ious applications utilizing metamaterials had been reported, such as cloaking [55], elec-
tromagnetic field absorption [56] and sensing [57]. The media can be classified based on
their parameters: those with both positive permittivity and permeability(e > 0, > 0)
are labeled double-positive (DPS), under which most natural media are classified; those
with a negative permittivity and a positive permeability (¢ < 0, > 0) are classified as
epsilon-negative (ENG); those with a positive permittivity and a negative permeability
(e > 0, < 0) falls under a mu-negative (MNG) classification, and those with both nega-
tive permittivity and permeability (¢ < 0, u < 0), are labeled double-negative (DNG). For
this last classification, artificially engineered structures need to be constructed to exhibit
these properties. A graphical illustration of these four classifications is shown in Figure
3.1.

3.1 Operational Principle of the Unit Cell of Meta-
material

Recently, the SRR shape has been proposed to exhibit the negative constitutive parameters,
either the permittivity e, or permeability, u, or both. A magnetic resonance is developed
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Figure 3.1: Materials classification based on their constitutive parameters € and p

by using this type of structure. If an orthogonal magnetic field H®" is applied on the
structures shown in Figure 3.2, electromotive force (em f**) is induced. Near the resonant
frequency, the structures can be characterized by the total effective current flowing through
their rings.

The capacitive gap in the SRR lets the effective current circulate through the structure
and creates a magnetic field normal to the ring, which in turn, develops an inductive reac-
tance of the total impedance of the structure. The real part of this impedance characterizes
the finite conductivity loss and magnetic dipole radiation. Therefore, the effective current
passing through these unit cells can be formulated as follows [58]:

ext ext
[ A emfl (3.1)
Zot  Jwleps 4 srem + Regy

It is obvious that the inclusion (structure) represents an RLC resonator model as illus-
trated in Figure 3.3. From Faraday’s law, the electromotive force (em f¢*) can be expressed
as [58]

emfe:ct — —.]UJQS — _ijS — _jwMONSHemt (32)
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Figure 3.2: Different unit cell structures of the artificial engineered material a) Single SRR
b) Broadside-coupled SRR ¢) Edge-coupled SRR
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Figure 3.3: Equivalent RLC circuit model of the unit cell of metamaterial
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Figure 3.4: Simulation geometry for numerical retrieval of scattering parameters of the
SRR

where S is the particle cross-section area excited by the external magnetic field H®**, and
N is the number of turns [N = 1 for the both cases (a) and (b) of Figure 3.2]. The induced
magnetic dipole moment in a single unit cell is calculated as [58]

w2M3N282C€ffHext
1-— w2LeffCeff —f—ijeffCeff

m = uyNSI = (3.3)

3.2 SRR Ability of Power Harvesting

In this section, a single SRR is modeled and simulated using numerical full-wave analysis
to show the ability of power harvesting. A commercial full-wave simulation tool (ANSYS®
HFSS™) based on the finite-element method is used to study the SRR response. In order
to examine the behavior of the SRR, the scattering parameters, S7; and Ssq, are computed.
A vacuum waveguide with the single-negative magnetic metamaterial (split-ring resonator)
is excited by two wave ports; appropriate boundary conditions are also applied to force the
magnetic field (H) to be perpendicular to the inclusion’s surface as depicted in Figure 3.4.
The geometric dimensions of the resonator are shown in Figure 3.5, and are optimized to
obtain its resonance frequency at 5.8 GHz, where the arm length L = 6.3mm, arm width
W = 1.1mm, and the gap g = 0.8 mm. This metallic inclusion (resonator) is etched on a
dielectric slab with a dielectric constant €, = 2.2 and thickness h = 0.787 mm.

Figure 3.6a represents the reflection and transmission coefficients, S;; and Ssq, of this
SRR, which resonates at 5.8 GHz. It can also be seen that this resonator, at resonance
frequency, exhibits almost a full wave reflection and nothing is transferred through. By
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Figure 3.5: Geometric representation of the split ring resonator and its wave vector orien-
tation.

plotting the electric field intensity over the inclusion surface, one can observe that the high
field intensity is concentrated in the SRR gap as depicted in Figure 3.7. This observation
indicates a high potential voltage which can be seen as a power source or collector. It
is worth mentioning that loading a matching impedance on the SRR allows the power
absorbed by this ring to be transferred and collected. In order to validate the previous
assumption, an optimal resistive sheet (2.7k(2) is placed across the SRR gap; whereby
different resistive loads are varied to obtain the highest power efficiency. The scattering
parameters S1; and Ss;, are then computed again to show the effect of placing a matching
resistive load.

As illustrated in Figure 3.6b, after applying the resistive load, the SRR demonstrates its
ability to absorb or harvest the incident power on its plane. To elaborate, the transmitted
and reflected waves are both diminished at resonance frequency, which means that the
waves coexist inside the resonator as stored energy.

3.3 Power Harvesting using Metamaterial and Clas-
sical Antenna

Maximizing power efficiency is a substantial requirement in power harvesting systems;
hence, many structures based on classical antenna have been proposed to gain efficient
power collecting. Nevertheless, although marked improvements in terms of power effi-
ciency have been realized, collecting power by means of antennas has some limitations.
Therefore, metamaterial-based element is proposed, by which a tremendous power har-
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Figure 3.8: Geometry of the designed bow-tie microstrip antenna

vesting capability can be attained. Next, a bow-tie antenna and the SRR are compared to
show these efficiency improvements.

A microstrip bow-tie antenna is selected to compare it with SRR due to its low profile.
This antenna is designed to operate at the next higher ISM ( industrial, scientific and
medical) band (5.8 GHz) to miniaturize the aperture size without compromising the ele-
ment efficiency as claimed in [6]. In [59], a closed-form formula to calculate the resonance
frequency, which is based on the bow-tie antenna geometry is developed as follows:

f ¢ X k’l
Ve (3.4)
e +1 g —1 12h
co= (N (T
w, W 89

where ¢, is the effective permittivity, W, is the effective bow-tie side width, and k; is the
eigenvalue and obtained by using the Rayleigh-Ritz method as

k= 20/8,(W + W,)/(L23W + W) (3.6)

where §; is a coefficient and chosen as d;= 3.45. The calculated dimensions of the bow-
tie antenna are as follows: W = 9mm, W, = 3mm, and L = 13.81 mm, a Rogers 5880
substrate with dielectric constant (e,) of 2.2 and thickness (h) of 0.787 mm is used in this
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Figure 3.9: Simulation results of the bow-tie antenna. (a) The reflection coefficient and
(b) the bow-tie antenna power efficiency loaded by 50 €.

design. A 50 € coaxial line probe feeding located at z, = Omm and y, = 0.75mm is
utilized to excite the antenna, and the structure geometry is shown in Figure 3.8. The
reflection coefficient Sy; of the designed bow-tie antenna is illustrated in Figure 3.9a. It
is shown that the antenna operates at 5.8 GHz and its bandwidth, which is determined

at the 10dB return loss, is 1.1%. This narrow bandwidth may be attributed to the thin
substrate and compact size of the antenna.

After designing both the SRR and bow-tie antenna at 5.8 GHz using the same substrate,
a comparison of power efficiency for the two structures are conducted to show the power
harvesting improvement using the SRR structure. First, a 50 (2 resistive load is placed over
the coaxial line feeding port of the bow-tie antenna, then, a plane-wave perpendicular to
the mictrostrip plane is shone to excite the antenna. By applying the Poynting vector, the
time-average power is expressed as

P = %fsav,ds = %]{Re[E X H*].ds (3'7)

where S, is the average power density, and for an electric field of a uniform plane wave
E, the average power density can be calculated as
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B
Pp=— 3.8
D=5 (3.8)
The power harvesting efficiency of the bow tie antenna loaded by a 50 €2 resistance
is plotted in Figure 3.9b. The power efficiency is computed using the ANSYS® HFSS™
calculator by dividing the power dissipated on the resistive load surface over the power
density (Pp) multiplied by the cross-sectional area (A) of the air box, thus:

Pdiss
et = PD x A

(3.9)

Although the maximum power efficiency occurs at the resonance frequency (5.8 GHz) as
is expected, this antenna, which has been used in rectenna systems, shows a low power
harvesting capability. In other words, the highest efficiency that can be achieved by this
bow-tie antenna is only about 13%.

The same previous steps are applied for the SRR structure to prove the power harvesting
enhancement, however, the SRR has a different characteristic impedance. This impedance
is much higher than 50 (2, since it depends on the SRR geometry, such as, the arm length
and the gap width. Thus, to achieve the highest possible power efficiency, the resonator
should be loaded with a resistance that matches the characteristic impedance. Hence, it s
found that the optimal resistance value of the SRR designed at 5.8 GHz is 2.3k€), at which
the highest possible harvesting efficiency is achieved at the designed resonance frequency.
A resistive sheet is placed over the SRR gap, where the highest electric field intensity
is observed. A substantial power efficiency improvement is realized using the SRR, in
which, more than 37% power efficiency is achieved. In other words, the SRR efficiency
improvement is more than double that of the bow-tie antenna. Basically, the same picture
of bow-tie antenna efficiency holds for SRR, since the highest efficiency happens at the
resonance frequency. Figure 3.10 shows the harvesting power efficiency by using the SRR
resonator structures SRR loaded by different resistance values.

3.4 Measurement of Power Harvested using SRR

Figure 3.11 illustrates the fabricated SRR utilizing Rogers 5880 board material with dielec-
tric constant (e,) of 2.2 and thickness (h) of 0.787mm. A surface-mounted resistor with
an optimal value of (2.7k () is placed across the gap to measure the power dissipated by
this load. The block diagram in Figure 3.12 presents the setup for measuring the voltage

30



40

—_— 35_ < av

o\o _ Resistive

— 30- sheet

>

o ]

C 25

Q2]

o

= 204

"'q_) ]

« 154

v 1 —-—- R=1400 Q

2 ot —e—R=2000 Q

o | o R=2600 Q

o 5_,/ - ---R=3200Q
0 T T T T T T T T T
4.5 5.0 5.5 6.0 6.5 7.0

Frequency (GHz)

Figure 3.10: Power efficiency of the SRR loaded by different resistances

across the loaded gap. An Agilent Infiniium 12 GHz oscilloscope and Agilent PSG vector
signal generator are employed in this measurement. The signal generator is connected to
a directional flat patch antenna with an approximate gain of 19 dBi (according to man-
ufacturer data sheet) at 5.8 GHz. The input power of the antenna, which used to excite
the SRR, is 24 dBm, and the transmission distance (r) between the antenna and SRR is
10 em. The voltage across the surface-mounted resistor at 5.8 GHz is measured by means
of a single-ended probe and read at 611.5mV as displayed in Figure 3.13.

To prevent the probe/oscilloscope from affecting the measured value, an important step
during the measurement setup was carried out. Precisely, an offset calibration was first
performed for the probe to remove unwanted /offset signals rather than the one measured
between the two leads of the resistor. In addition, the probe resistance (50k(2) is much
higher than that of the surface-mount resistor (2.7k (2), so any loading error was negligible.

3.5 Power Harvesting Efficiency per Unit Area

In the preceding section, a harvesting efficiency enhancement using a metamaterial unit
cell is introduced. In addition, the proposed idea also provides a footprint miniaturization,
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Figure 3.11: 5.8 GHz SRR fabricated on Rogers 5880 board material

Agilent Infiniium Panel
Oscilloscope 12GHz SRR K Antenna
structure

‘ Agilent PSG
| vector signal

E
«
W generator

Figure 3.12: Experimental setup to measure the harvested power using SRR
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3 time(le) V amptd(1) Frequency(1+)
Current .93 pe 602.36 mV 5.7920 GHz
Mean 3.758 611.501 mV .800055 GHz
Min a s 364.85 mV 5.6952 GHz
Max o : 710.57 mV 5.9085 GHz

Figure 3.13: AC voltage signal across the loaded gap at 5.8 GHz
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Figure 3.14: Simulated reflection coefficient for the two bow-tie microstrip antennas

thus, a new efficiency term is proposed to take into account the size reduction as well. For
that reason, two comparable arrays of SRRs and bow-tie antennas are made to show that
miniaturization and efficiency advancement by exploiting SRRs can be gained.

For the first case, an array composed of two bow-tie antennas is designed at ISM band
5.8 GHz. In order to prevent any coupling or cross talking between the two antennas, a
separation between them is varied until the coupling becomes suppressed. It is found that
the minimum separation is about A\,/2 , at which, the coupling effect is negligible. To prove
the coupling abolition, both of the bow-tie antennas are fed using a coaxial line probe with
502 characteristic impedance, then, the reflection coefficients Si; are calculated. Clearly
from Figure 3.14, S for the two antennas are identical and overlapped, which indicates
that cross coupling is almost negligible. The geometry and dielectric material of the two
bow-tie antennas used in that array, are similar to the individual one which has been
designed earlier in Section 3.3.

Secondly, with the same dimensions of the previous array, another array is made of 21
SRRs. Considering these resonators are electrically small, results in a very compact size
compared to the antenna array. Figure 3.15 depicts the two arrays of the bow-tie and
SRRs occupying the same area A, in which, L x W = 80mm x 30 mm.

The two arrays shown in Figure 3.15 are excited by two different orientations of a plane-
wave, depending on the array that is excited. For the bow-tie array, an orthogonal plane-
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Figure 3.15: Arrays of the designed bow-tie microstrip antenna and SRR resonator
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Figure 3.16: Power collected by the array of bow-tie antennas loaded by 50 €2

wave (direction of propagation k perpendicular to the antenna plane (zy-plane) is shone,
then, a power dissipated on the loaded resistance (50 €2) for the two antennas are calculated.
As illustrated in Figure 3.16, about 15% power efficiency is achieved, which is basically
identical for the single bow-tie antenna, at the resonance frequency (5.8 GHz). With the
same area of the previous array, 21 SRRs occupy this array and each resonator loaded by
a 2.3k (2, which is an optimal resistance as introduced before. Instead of calculating the
power efficiency, the harvested power amount is computed since it is difficult to estimate
the exact amount of incident power on each SRR, due to the mutual coupling among
them. Figure 3.17 shows the potential power that can be collected by a single SRR if
1mW is shone over the array. Figure 3.17a represents the power collected by the first row
in the array, while Figure 3.17b and Figure 3.17c represent the second and the third rows
respectively.

However, the proposed structure can substantially provide more power harvesting effi-
ciency compared to the antennas. Table 3.1 also summarizes the potential power that can
be harvested for the two arrays. If a plane-wave carrying 1 mW is applied on each array,
the total amount of power collected at resonance frequency is 0.632 mW and 0.153 mW for
SRRs and bow-tie arrays, respectively.
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Table 3.1: The amount of power harvested for bow-tie and SRR arrays.

| Array Type | Average Power(mW) | No. of Structures | Total Power(mW) |

Bow-tie 0.0763 2 0.153
SRR 0.03 21 0.63

3.6 Conclusion

A comparison between a bow-tie antenna and SRR was made to show the efficiency im-
provement in power harvesting. SRR showed a substantial power efficiency improvement
over that of the classical antenna. The bow-tie antenna achieved about 12% power effi-
ciency, whereas the SRR achieved more than 37%. Moreover, a new efficiency definition
was proposed to take into account the size reduction achieved by utilizing the electrically
small resonators, which in turn, increases the total power efficiency. Therefore, two arrays
having the same area, both designed at 5.8 GHz, produce 0.152mW and 0.597mW, as
power harvested for the bow-tie antennas and SRRs, respectively.
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Chapter 4

Flower-Like Particles for Microwave
Energy Harvesting

4.1 Introduction

It has been shown in Chapter 1 that different designs and configurations of rectennas have
been suggested for energy harvesting to improve, in general, the RF-to-DC conversion ef-
ficiency [17,23,24,60,61]. Conventional antennas which act as a collecting source in a
rectenna system generally have dimensions comparable to a half free-space wavelength.
Moreover, the interaction behavior of antennas in arrays and restriction on the total an-
tenna array footprint require certain antenna separation be maintained to avoid destructive
coupling between the array elements [22,25-27]. An empirical study showed that approxi-
mately 33% of harvesting efficiency from the source to the load was reported utilizing an
array of 400 microstrip patch antennas [26].

In Chapter 3, the metamaterial elements were used to harvest electromagnetic energy in
the microwaves regime by converting incident microwave energy into an AC signal. These
metameterial elements showed the ability to collect microwave energy when a resistive
load is inserted within the elements gap. In this chapter, electrically small particles whose
largest dimension is less than \,/10 were proposed. In comparison to the previous work
in Chapter 3 and [62], the proposed configuration allows higher suppression of dielectric
loss, which in turn improves the harvesting efficiency. In addition, a microstrip line that
serves as a power channeling mechanism is proposed and placed in the middle of the
particles arrangement, whose gap opening is sharp allowing to coupling enhancement [63].
The main roles of the proposed microstrip line are, first, to couple the energy from each
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excited circular SRR without the need for any physical connection between the elements,
and second, to deliver the collected energy to a load, which is then consumed by a potential
system. The proposed configuration achieves the highest energy harvesting efficiency when
it is excited by a plane-wave perpendicular to the structure surface and with a linearly
polarized electric field. Emphasizing on not having a physical connection between the SRRs
and microstrip line, this technique is to avoid intricate network matching issues for a large
scale configurations and undesirable connection loss.

4.2 Numerical Modeling

Two configurations proposed here, one with two and the other with four circular SRRs,
consist of SRRs positioned symmetrically as shown in Figures 4.1a and 4.1b. The SRRs
used here have much wider splits unlike the most common SRRs discussed in the literature.
The proposed structures is intended not only to harvest the impinging electromagnetic
waves, but also to channel the collected energy. A second proposed configuration (Figure
4.1b) is designed such that even- and odd-mode currents can be induced within the SRRs
at the resonance frequency of the SRRs, leading to an improvement of harvesting efficiency
as will be discussed below.

The flower-like array is etched on a one side of a Rogers substrate with a dielectric
constant (g,) of 2.94, tangent loss (0) of 0.0012, and thickness (h) of 1.524 mm, while the
other side is left metalized. The array structure is simulated using ANSYS® HFSS™. The
geometric dimensions of the whole element, including the microstrip line, are optimized
such that its resonance frequency, at which maximum energy harvesting can occur, occurs
at approximately 5.8 GHz. Optimization yields an outer radius r, = 2.5 mm, inner radius
r; = 1.875 mm, the two openings of the gap g; = 1.562 mm and g3 = 2.4 mm, the microstrip
length [ = 7mm and the microstrip width w = 1.2mm, as illustrated in Figure 4.1c.

Depending on the mechanism of harnessing the ambient energy either in the microwave
or optical spectra, the proposed structure should generally enhance the interaction between
the incident wave and the harvester. The configuration proposed here collects the incident
microwave energy and channels it to the metallic traces (here, made of copper) rather than
absorbing the energy in the dielectric substrate. The two configurations shown in Figure
4.1 were first examined numerically inside a radiation box filled with air while the array
was positioned at the center of the box. A plane wave with different incidence angles
is shone at the two arrays. Since this structure aims to collect the incident power and
channel it through the transmission line, a resistive load is needed to measure the received
power. This structure resembles the case of a full system incorporating a harvester and a
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Figure 4.1: Two configurations of the proposed energy collector arrays. (a) array with
two, (b) four resonators and (c) the dimensions of the circular split-ring resonator and
microstrip line
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Figure 4.2: Layout of the flower-like energy harvester, top and side view.

rectification circuit. At one terminal of the microstrip line, a resistive sheet is connected
to the ground plane, while the other terminal is shorted to the ground, as shown in Figure
4.2. The resistive sheet value was varied until the highest power efficiency was achieved
(while keeping the frequency fixed at resonance). The optimal resistance was found to be
12k Q2. Two ports are realized by defining two sheets on the left and right of the examined
structure. Then, the scattering parameters were extracted from the calculated electric field
intensities (E,) at the two ports (two defined sheets), where the extraction implemented
here is based on the method described in [64-66].

4.3 Mechanism of the Energy Harvester

Figure 4.3 shows the volume current distributions in the dielectric substrate for the two
harvesters shown in Figures 4.1a and 4.1b. As shown in the left side of Figure 4.3, the
array with only two resonators results in higher dielectric losses. The interpretation of this
increment in dielectric loss between the two structures can be explained by Figure 4.4,
where at resonance the two resonators on the left and right sides of the microstrip line
create currents at the edges of their gaps that oppose the out-of-phase currents induced
by the other two resonators. The microstrip line setting in the middle arrangement of the
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Figure 4.3: Simulation results for the volume current distributions (dielectric losses) in
the dielectric substrate at resonance for the flower-like energy harvester with (left) two
circular SRRs (top and side views), and (right) four circular SRRs (top and side views).
The losses are nil except beneath the transmission line as shown above, and the dotted
circles represent the contact spots of the sharp gap opening.

array does the following jobs: first, it couples the energy from each excited resonator by a
linearly polarized incident field and second, it channels the collected power to the resistive
sheet. Therefore, it is of a high importance in terms of power harvesting to increase the
current flow through the microstrip line. Eliminating the out-of-phase currents by adding
the two lateral resonators improves current flow on the microstrip line (the channeling
route) and yields more power efficiency and less dielectric loss.

Figures 4.5 and 4.6 show the scattering parameters for the arrays with two and four
circular resonators, respectively. By considering the cases without resistive loads and at
normal incidence (Figures 4.5b and 4.6b), a one dB difference in transmission and reflection
coefficients between the two arrays can be observed. This implies that more than 11% of
confinement occurs in the four-array structure compared with the two resonators case.
After loading the two structures with a 12k() resistive sheet at one port as discussed
above, a slight shift in the resonance frequency appears; however, the array with four
resonators achieves better power confinement than the array with two resonators, even
with the resistive loading. Both Sy; and S;; have dips at resonance frequency as presented
in Figures 4.5b and 4.6b; this indicates that low reflection and low transmission occur at
the same time, resulting in energy confinement in the harvester.
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Figure 4.4: Simulated current distributions of the flower-like energy harvester with four cir-
cular SRRs at resonance (left) and off resonance (right) with the electric field (E) polarized
in y direction. The arrows indicate to the current direction.

4.4 Simulation and Experimental Results

The fabricated flower-like array was etched on RT/duroid 6002 board material with a
dielectric constant (e,) of 2.94 and thickness (h) of 1.524 mm. The fabricated structure
is shown in Figure 4.7. To measure the harvested power, a surface mount resistor with
an optimal value of 12k is placed on the backside of the array where it connects one
end of the microstrip line with the ground plane. The picture in Figure 4.8 shows the
setup for measuring the voltage across the mounted resistor. An Agilent Infiniium 13 GHz
oscilloscope and Agilent PSG vector signal generator are used in this measurement. The
signal generator is connected to a standard 18dBi gain horn antenna at 5.8 GHz. The
array was excited by the horn antenna with 19 dBm input power. The array was placed
at a distance (1) of 30 cm from the horn antenna, such that the array was centered on a
line perpendicular to the plane of the horn antenna. Then, the voltage across the surface
mount resistor at 5.67 GHz was measured using a single-ended probe and was 121 mV,
while the available voltage at the front of the harvester was 193 mV.

ANSYS® HFSS™ numerical full-wave simulation tool is used to compute the power
harvesting efficiencies for both arrays presented in Figures 4.1a and 4.1b, by applying the
following formula:

Preceived

n= (4.1)

Pincident
where Pj,cigent 1s the total microwave power incident on the footprint of the array, and
Preceivea 18 the microwave power received by the array (dissipated by the resistive load at
one end of the microstrip line) [67]. Figure 4.9 depicts the harvesting power efficiencies of
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Figure 4.5: Simulated scattering parameters for the the flower-like energy harvester with
two circular resonators. (a) without resistive load and at incidence angle § = 60°, (b)
without resistive load and at incidence angle @ = 90°, (c) with resistive load and at incidence
angle § = 60° and (d) with resistive load and at incidence angle 6 = 90°.
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Figure 4.6: Simulated scattering parameters for the the flower-like energy harvester with
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46



Figure 4.7: Fabricated flower-like array on RT/duroid 6002 board material.
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Figure 4.8: Lateral view of the experimental setup to measure the receipted voltage across
the resistive load.



the two arrays at different incidence angles (). For the array with four circular SRRs, the
highest efficiency, of approximately 44%, occurs at the resonance frequency with a perpen-
dicular incidence angle # = 90° and a magnetic field horizontal to the inclusion’s surface.
Such change in excitation condition (horizontal magnetic field) is attributed to presence
of the transmission line since the current distribution over the transmission (microstrip)
line as presented earlier in Figure 4.4 is dominant. Although the second plot (Figure 4.9b)
presents the same view as Figure 4.9a, except for a slight frequency shift, the power har-
vesting efficiency of the array with two SRRs is less than that of the array with four SRRs
by approximately 6%. This degradation is related to the dielectric loss shown in Figure
4.3. Moreover, a shift by 100 MHz in resonance frequency occurs when two of the SRRs
are removed.

The ability of the flower-like energy harvester with four circular SRRs has been demon-
strated to harvest and channel the incident electromagnetic waves, numerically and exper-
imentally. However, for practical scenario, multiple arrays are needed to provide adequate
power for a potential system. Therefore, a set of 3 x 3 flower-like energy harvester ar-
ray (see Figure 4.10), each array is composed of four circular SRRs and a transmission
line, has been simulated to calculate the overall harvesting efficiency. The horizontal and
vertical spacing between any two adjacent arrays are s = 0.8 mm and v = 0.6 mm, respec-
tively, where the two distances, s and v, represent less than \,/67 and \,/89, respectively.
More than 55% power harvesting efficiency at 5.56 GHz is achieved with the configuration
of 3 x 3 array as depicted in Figure 4.11. This finding indicates efficiency improvement
is possible by increasing the footprint area and placing the elements in a close proxim-
ity. Taking advantage of the constructive coupling among the electrically small particles,
an enhancement of 11% power harvesting efficiency is realized by wutilizing closely-spaced
multiple arrays compared with only one array consisting of four SRRs.

4.5 Conclusion

An array composed of electrically small resonators to harvest electromagnetic energy in
the microwave regime was designed and fabricated. The proposed configuration creates
in- and out-of-phase currents, which in turn increases the current flow on the microstrip
line and concurrently limits the dielectric loss in the substrate. Approximately 44% at
5.67 GHz and 38% at 5.77 GHz power harvesting efficiencies were achieved with the four
and two circular SRRs arrays, respectively, at a normal incidence angle. The concept
of power harvesting with the proposed configuration was also validated by measuring the
voltage across the resistive load. Moreover, it was shown that positioning any two elements
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12k €2 at different incidence angles. (a) array with four and (b) two circular resonators
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of the proposed configuration in a closely-adjacent manner, contributes to improving the
overall harvesting efficiency. In the next chapter, the concept of using metamaterial for
electromagnetic energy harvesting is applied to harvest infrared energy where an ensemble
of six square SRRs and a microstrip transmission line are shown to convert electromagnetic
waves to AC current with an efficiency of more than 80%.
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Chapter 5

Power Harvesting in the Infrared
Regime

5.1 Introduction

The Earth receives more than 100 petawatts (100 x 10 watts) of solar power that cover
different spectrums ranging from infrared to visible waves [68]. Around the clock, a mas-
sive amount of that power penetrates the atmosphere in forms of infrared energy. More
specifically, electromagnetic radiation of over one kilowatt per square meter reaches sea
level, approximately half of which is infrared radiation. As illustrated in Figure 5.1, in-
frared spectrum that extends from 1 mm to 1 um is located between the radio and visible
regimes. The infrared region is zoomed-in, showing different windows based on the at-
mospheric transmittance. At 10 um wavelength, the atmospheric transmittancy reaches
approximately 80%, which means a lot of infrared radiation reaches to earth at sea level.
This part of the solar spectrum has not been exploited well, since the photovoltaic technol-
ogy is only able to harvest the visible sunlight. Besides that, most of the current technolo-
gies to harness infrared irradiation are based on antenna concept as discussed in Chapter
2. Indeed, maximizing power efficiency in electromagnetic energy harvesting systems and
utilizing all transducer footprint areas are critical objectives, since the overall footprint of
the harvesting system contributes directly to the cost and efficiency calculations.

In this chapter, the concept of using electrically small resonators to harvest microwaves
energy is extended to the infrared frequency regime. While the initial conjecture diminished
enthusiasm for such extension due to the dispersion behavior of metals at higher frequen-
cies, the achieved results are encouraging. Secondly, a mechanism by which the energy
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Figure 5.1: The electromagnetic spectrum with detailed infrared bands [9].

collected by an array of electrically small resonators is channeled through a transmission
line, is proposed. Fabrication using nano-technology tools followed by a THz time-domain
spectroscopy (THZ-TDS) measurement, are conducted to validate the numerical findings
experimentally.

5.2 Split Ring Resonators (SRRs) for Energy Har-
vesting

To test the SRR ability for energy harvesting in the far-infrared regime, the SRR is modeled
such that dispersion of its material properties (metal and substrate) correspond to the
target frequency of interest of approximately 0.5 THz. Although many dielectric materials
are frequency dependent, some of which have a relatively constant permittivity over a
wide range of frequencies extending to the far-infrared spectrum. Silicon (S;) substrate
with dielectric constant (e,) of 11.9, posses such property. The Drude model is selected to
characterize the dispersion effect of the dielectric constant of Silver. The Drude model is
used in this design due to its accurate parametrization of the dielectric function in the far
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Figure 5.2: The real and imaginary dielectric constants of Silver (Ag)

infrared for Silver and other metals [69].

The complex dielectric function (e.) of the Drude model is expressed as [70,71]:

w2

p
€e =€0 — 45— 5.1
w? + lww; (5-1)
where e is the high frequency dielectric constant, w, is the plasma frequency and w,
is the damping frequency, and these two frequencies are expressed in cm ™! according to
centimetre-gram-second (CGS) system. The plasma frequency w, is defined as [72]:

1 4nNe?
wp = (2N

_ 1/2 5.2
2mce m*eoo> (5:2)

where e is the electron charge, N is the free electron density and m* is the effective mass
of the electron. The damping frequency w, is:
1
Wy = (5.3)

2wer

where c is the speed of light and 7 is the electron lifetime in seconds. Silver is the metal
of choice for this design, due to its low absorption losses compared to other metals [15].
The real and imaginary dielectric constants of Silver extending from millimeter until the
ultraviolet waves are both illustrated in Figure 5.2.

The commercial full-wave simulation tool ANSYS® HFSS™ [73], which is based on the
finite-element method is used throughout this work. In order to numerically examine the
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Port 1 Port 2

Figure 5.3: The numerical waveguide model with a single SRR at the center. The bound-
aries in the xy plane are assigned as perfect magnetic conductor and boundaries in the xz
plane are perfect electric conductor

behavior of the SRR operating in the infrared regime, a waveguide with the SRR centered
in the waveguide, as shown in Figure 5.3, is used to calculate the amount of energy that is
transmitted or reflected from the SRR element; thus, the difference between the transmitted
and reflected energies represents the absorbed energy by the SRR. The model is excited
by two wave ports and appropriate boundary conditions are applied to force the magnetic
field to be perpendicular to the inclusion’s surface. The assigned boundary conditions
resemble a vertical plane wave shining on the inclusion. This numerical experiment is
intended primarily to verify whether or not the SRR has the potential to harvest energy.
The geometric dimensions of the SRR are heuristically optimized to obtain its resonance
frequency at around 500 GHz. The resulting design parameters are (see Figure 5.4a):
arm length L = 40 ym, arm width W = 10 pm and gap width g = 10 gm. This metallic
inclusion is etched on a Silicon (S;) slab with a dielectric constant (e, = 11.9) and thickness
of (h =50pum). Figure 5.5 represents the reflection and transmission coefficients S;; and
So1 of the SRR, which resonates at 495 GHz. By applying the unitary matrix equation of
the two-port waveguide depicted in Figure 5.3 at 495 GHz.:

1S4 ]+ [Sa [P = 0 (5.4)

The S1; and So; parameters were extracted according to the procedure outlined in [64-66],
with S7; = 0.94 and Sy; = 0.15. This gives 0 = 0.9, implying that the resonator exhibits
almost full reflection with very little power transferred through at resonance. This behavior
is consistent with previous works [74] where a medium composed of an array of SRRs
behaves as a full reflector. The fact that ¢ is not unity indicates losses in the metal and
substrate and possibly scattering effects. By plotting the electric field intensity at the
resonance frequency in the y direction (E,) over the resonator surface, one can observe
that high £}, is concentrated in the SRR gap as depicted in Figure 5.7.
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Figure 5.4: Split ring resonator unit cell with its dimensions. (a) top view and (b) per-
spective view. (note that schematic is not drawn to scale)

Based on the above numerical analysis, loading an optimum impedance within the SRR
gap would most probably facilitate maximum power absorbtion by the metallic inclusion.
To this end, a resistive sheet was placed across the SRR gap and its resistance value was
swept over a wide range of values to determine the value at which maximum power efficiency
occurs. However, only resistive values from 1k to 3k €2 are presented for illustration purpose.
It is found that a resistance of 2k {2 yields maximum power absorption in the gap. The
scattering parameters S7; and Sy; are then computed again to show the effect of placing
the resistive load.

As illustrated in Figure 5.6, after applying the resistive load, the scattering parameters
change significantly. In fact the new values are S;; = 0.78 and Sy; = 0.46, yielding
0 = 0.82, thus indicating additional energy being absorbed within the SRR in comparison
to the case without the load.

Having validated the ability of the SRR to absorb part of the electromagnetic energy
of the incident wave, we test the SRR in a stand-alone arrangement as shown in Figure
5.4b, where a plane wave is incident in free space and propagating in a direction parallel
to the plane of the SRR. With the aim of calculating energy harvesting efficiency of the
SRR, a footprint in square meters occupied by the SRR system is defined. Therefore, the
harvester system efficiency can be calculated as:

P recetved

n= (5.5)

F)incident

where Py, cigent 1s the total infrared power that strikes the defined footprint (or alternatively
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Figure 5.5: Simulated scattering parameters of the SRR without resistive load
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that is available at the defined footprint), and Preceiveq is the maximum infrared power
received by the SRR (dissipated by the SRR resistive load). Figure 5.8 shows the harvesting
power efficiency by using the SRR loaded by different resistance values. The highest
efficiency of approximately 30% occurs at the resonance frequency.

5.3 Channelling Energy for Array Structures

To supply practical systems with feasible amount of power, an array composed of multiple
harvesters is needed. Here, we experiment with two types of 3 x 3 arrays. The first is a
periodic array with symmetry about a vertical axis (in the z direction) positioned at the
center of the array (henceforth referred to as the symmetric array), whereas for the second
array, each two adjacent elements are symmetric with respect to a y-directed dividing line
between them (henceforth referred to as the asymmetric array). The two arrays are shown
in Figure 5.9. The arrays are designed using a silicon substrate with the same thicknesses
and geometric features used for the single SRR. Each resonator is loaded with a 2k (2
resistor, which was found to be the optimal resistance for the single SRR. Figure 5.10
shows the harvested power efficiencies achieved by the two arrays.

The first observation we make is that the array of SRR cells results in higher efficiency
(per unit area) than a single SRR cell. This is due to capacitive and inductive mutual
coupling between adjacent cells that even affects the angle of incidence at which optimal
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Figure 5.8: Calculated power efficiency of the SRR loaded by different resistances

energy absorption is achieved. The second observation we make is that the asymmetric
SRR array resulted in significantly higher efficiency than in the case of the symmetric one.
For better understanding of the variance in efficiency between the two arrays, in Figure
5.11 we show the simulated current distributions at the resonance frequencies of the 3 x 3
symmetric and asymmetric SRR arrays. For the asymmetric array, most of the current
circulating through each SRR is in-phase with the adjacent SRR’s current. The adjacent
currents induce a stronger electric field across the SRR gap, which in turn increases the
absorbed power across this gap. On the other hand, for the symmetric array, most of the
currents flowing through each SRRs are out-of-phase with the closely spaced SRR current,
resulting in a less mutual coupling compared to the asymmetric array.

Next, a routing mechanism to channel the collected energy from each individual har-
vester in an SRR array environment is proposed. Although collectors can be schemed in
unlimited ways, many challenges, such as footprint size, losses and power matching com-
plexities arise. The structure proposed here utilizing a Silicon substrate with thickness of
h = 50 um and dielectric constant of €, = 11.9 is intended for operation over the 400-
480 GHz frequency range. Figure 5.12 depicts the layout of the proposed array structure.
A microstrip transmission line that is positioned as shown works to couple and route the
energy to a resistive load placed at one end of the line.

The array was tested using radiation boundary conditions excited with a plane wave to
mimic a real environment. Figures 5.13 and 5.14 represent the scattering parameters of the
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Figure 5.9: Top view of 3 x 3 symmetric (left) and asymmetric (right) SRR arrays with a
separation s = 20 um
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Figure 5.10: Power efficiencies of the 3 x 3 symmetric and asymmetric SRR arrays loaded
by a 2k (2
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(left) and asymmetric (right) SRR arrays with the electric field (E) polarized in y direction.
The arrows indicate to the current direction

array structure before and after placing a 100 € resistive sheet. The value of the resistive
sheet is chosen to achieve maximum power transfer from the incident wave to the resistive
load. The resistive sheet connects one terminal of the microstrip line to the ground plane.
For optimal matching between the load and microstrip line, the characteristic impedance
of the line was chosen to be equal to the load.

The scattering parameters corresponding to the array with and without the resistive
load placed at the end of the microstrip transmission lines are shown in Figures 5.13 and
5.14, respectively, showing that 30% of the incident power is reflected. Notice that the
power passing through the array accounts for more than 50% of the transmitted waves
at 408 GHz. These numerical experiments indicate that the array harvester can act as
a power absorber or a collector. After loading the array with 1002 resistance connected
at one terminal of the microstrip line, and by substituting the scattering parameters from
Figure 5.14 in equation 5.4 and at frequency 408 GHz., leads to S1; = 0.116 and S5 = 0.462
with 0 = 0.227.

Under the previous simulation settings, the magnitude of the electric field (E,) on the
metallic inclusions of the resonators and transmission line is depicted in Figure 5.15. This
simulation shows that the front parts of the SRRs, in which the SRRs gaps are placed,
contribute remarkably to both collecting and coupling the energy to the microstrip line.
One can perceive that the electric field magnitude is quite low within the the microstrip line,
which is attributed to non-perfect coupling between the vis-a-vis SRRs and the channeling
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Figure 5.12: Schematic of the far-infrared array energy harvester.(a) perspective view (b)
top view and (c) side view. (note that schematic is not drawn to scale)
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Figure 5.15: Simulation results of the electric field magnitude in y direction (E,) and on
top of the metallic inclusions of the proposed harvester.

route. However, more advancement on the coupling mechanism is proposed in Chapters 4
and 6.

The power efficiency of the array is calculated by shining a plane wave at different
incidence angles 6 on a stand-alone array structure. Figure 5.16 shows that the highest
power efficiency of approximately 80% occurs when the frequency is close to 410 GHz at an
incidence angle 6 = 60° (see Figure 5.12a for the definition of #). Approximately 45% and
20% harvesting efficiencies are achieved at the resonance frequency with incidence angles
of # = 30° and 6 = 0°, respectively. In the SRR-only array case, the highest efficiency
demanded that the incident magnetic field be perpendicular to the structure surface to
maximize the SRR’s magnetic dipole resonance. However, in this particular study, we
introduced the microstrip transmission line to channel the energy. The interaction of an
incident plane wave with the microstrip transmission line, in the presence of the SRR
array, is complex, however, if the transmission line mode is excited on the line, then high
edge currents on the line can exist giving rise to enhanced magnetic field within the SRRs.
While the microstrip line was used in this work, it is conceivable that optimum energy
harvesting can be achieved using other waveguiding structures.
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5.4 Fabrication Results

Moving a step further to fabrication processes will definitely bring some challenges that
need to be tackled properly to maintain the proposed harvester performance. One of the
challenges that have been faced during the fabrication process was the silver weak boundary
adhesion to silicon material as will be discussed below. Therefore, deposition of another
material is necessary to improve feature robustness. A titanium layer is selected to be
deposited underneath the silver layer owing to its low losses at high frequencies and due
to its strong adhesion property to silicon substrate. The dispersion effect of the dielectric
constant of titanium is also considered by using the Drude model [70,71]. Figure 5.17
presents the dielectric constants of titanium material.

Adding another metallic layer to the structure proposed above will not only change the
mechanical properties, but it will also change the resonance response. Hence, the power
harvesting efficiency of the array after adding the titanium layer is recalculated in the same
manner introduced in Section 5.3. Desirably, it is found that the new structure yields more
than 80% harvesting efficiency at a normal incidence angle and with optimal load of 50 €2,
as shown in Figure 5.18. However, there is a slight frequency shift of approximately 5 GHz
after adding the titanium thin film, which is attributed to the change in the electrical
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Figure 5.17: The real and imaginary dielectric constants of titanium.

properties of the harvester.

The structure is fabricated on an intrinsic double-side polished silicon wafer, with a
high resistivity and low losses at the operating frequency (< 100 > oriented, undoped,
p > 10,000 Q.cm, 180 pm thick), to minimize potential measurement errors. The first step
in the fabrication process was to coat Polymethylmethacrylate (PMMA) resist, a positive
electron-beam resist, on top of the silicon wafer at 3200 rpm giving a relatively thick PMMA
film (approximately 600 nm). Then, the wafer was baked at 180°C on a hotplate for 20
minutes. Next, the resist was exposed to electron-beam lithography (EBL) at 20keV with
area dose of 200 yu C'/em?, using Raith 150TWO EBL system. Afterwards, the exposed resist
was developed using MIBK:IPA 1:3 solvent and rinsed in 2-propanol (IPA). Use of TPA,
which has lower surface energy than water, resulted in less peel off. Finally, the sample
was dried by Nitrogen spray gun.

A silver layer with a thickness of 200 nm is then deposited onto the resist pattern by
electron-beam evaporation at an evaporation rate of 1.5 A /sec. Finally, the PMMA resist is
lifted off using PG remover. The resist is dissolved in a heated beaker at 90°C, whereby, the
metal layer on top of the resist is lifted off. Since the PMMA resist used in this structure
is quite thick, the resist was left in the PG remover for three days until the resist was
completely dissolved. A schematic of the liftoff process used in this work is illustrated in
Figure 5.19. Scanning Electron Microscope (SEM) images of the patterned array harvester
and its zoom-in scan are depicted in Figures 5.20 and 5.21, respectively.
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Figure 5.18: Calculated power efficiency of the array after adding Ti layer and loaded by
varying resistive sheet.

As discussed above, silver metal is not a good candidate for direct contact with silicon
material, since it is only weakly adhesive to silicon. As shown in Figure 5.22b, some parts of
the proposed structure were undesirably detached and parts of the PMMA resist inside the
SRRs remained after the dissolving process. Therefore, a thin film (5 nm) of titanium was
first deposited underneath the top silver layer, with a slow evaporation rate (0.5A /sec)
and without breaking the vacuum, to enhance the silver adhesion. The silver thickness
was decreased to 195 nm to maintain the total metallic thickness of 200 nm. Figure 5.22
illustrates the fabricated sample with and without adding a titanium layer.

5.5 Experimental Results

To validate the numerical findings revealed earlier in this chapter, THz time-domain spec-
troscopy (THz-TDS) technique is conducted. Transmission mode THz-TDS is chosen over
other measurement techniques due to its high reliability and availability of facility issues.
The proposed infrared harvester, however, is modified slightly to be compatible with the
THz-TDS experiment setup in the transmission mode. Therefore, the eventual structure is
fabricated without the ground plane and resistive sheet, and only the top metallic structure
with the silicon wafer are considered. In addition, to allow enough THz beam interaction
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Figure 5.19: Schematic liftoff process used in this work.

with the intended structure, an adequate patch size of the sample is necessary to ensure
accurate measured results. To accommodate this need, an array composed of 3000 energy
harvesters was fabricated resulting in a 7mm x 7mm sample size. Because of relatively
large and condense sample, the array was fabricated using Vistec EBPG5000plus EBL
system.

Transmission mode THz-TDS experimental setup similar to what have been used in [75],
was applied. This setup mainly consisted of Ti:sapphire femtosecond laser, transmitter and
receiver photoconductive antennas and four off-axis mirrors as illustrated in Figure 5.23.
First, the femtosecond laser pulses excite the THz emitter (transmitter antenna) which in
turns generate THz pulses. The THz pulses are then collimated by the first off-axis mirror
followed by focusing the beam on the sample with aid of the second off-axis mirror. The
transmitted THz beam that passes through the sample is collimated again by the third
off-axis mirror and then focused by the fourth off-axis mirror on the THz detector. After
that, the data of THz pulses is acquired by LabVIEW™ software and Lock-in amplifier.

To measure the sample transmission magnitude, the silicon wafer with and without the
metallic structure were at the focus of THz beam. The measured THz temporal pulses,
in transient mode, of the sample (shown in Figure 5.24a) and the reference (pure silicon)
were fourier transformed to THz spectrums. Figure 5.24b depicts the power spectrum of
the transformed THz pulses. Next, the transmission was obtained from the ratio between
the sample and reference spectrums. It is worth noting that the float zone silicon used in
the structure behaves linearly in THz-TDS [76]. Also, the vapor absorption effect is very
weak under frequency of 0.6 THz [77].
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Figure 5.20: SEM image of the patterned PMMA resist of 4 x 3 square SRRs array.
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Figure 5.21: Zoom-in scan of the patterned PMMA resist of one of the square SRR.
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Figure 5.22: Microscopic images of the fabricated structure. (a) After adding adhesive
metal layer, (b) without adding adhesive metal layer.
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Figure 5.23: Experimental setup for THz-time domain spectroscopy
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From Figure 5.25, the energy harvester shows a resonance behaviour approximately
at 0.41 THz which is in a good match with resonance frequency shown in Figure 5.16.
However, an extra-ordinary transmission was observed at the resonance frequency in lieu
of absorption. This phenomenon is attributed mainly to the periodic structure composed
of the subwavelength unit cells and to the absence of the ground plane. So at the resonance
frequency, more interactions and coupling between the metallic elements were pronounced
compared at other frequencies.

For more certainty, the proposed structure was amended by removing the ground plane
and forcing the structure periodicity, so both the simulated and fabricated structures are
quite similar. The calculated transmission coefficient of the modified structure, as illus-
trated in Figure 5.26, showed that this periodic structure with the obviation of the ground
plane has the same profile of the plot depicted in Figure 5.25. More specifically, a high
transmission can be observed around 0.43 THz while a very low transmission happens ap-
proximately at 0.48 THz. Although the numerical test result is in agreement with the
experimental finding, the deviation between the two plots are owing to the different setups
and test environments of both the THz-TDS and simulation experiments.

5.6 Conclusion

This work extended the concept of using an SRR as an electromagnetic energy collector to
the infrared frequency regime. Initially, the metal of the resonator, assumed silver in this
work, was modeled using the Drude dispersion model and demonstrated potential for har-
vesting electromagnetic energy in the infrared spectrum despite the electric losses of silver
at such high frequency. An ensemble of SRR cells was then used to increase the energy har-
vesting efficiency by employing a microstrip line within the SRR array to collect the power
from the SRR elements and channel it to a resistive load. Power harvesting efficiencies of
up to 80% were shown to be feasible using the proposed structure. Subsequently, an array
of the proposed assembled harvester was fabricated using the conventional liftoff processes
and the structure robustness was enhanced by adding a thin layer of titanium. When an
experimental demonstration of the proposed structure was carried out using THz-TDS,
the measurements were in good agreement with simulation results. This work offers great
promise of harvesting infrared energy with efficiencies far higher than what can be achieved
using classical antennas operating within the same spectrum.
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Figure 5.24: (a) Temporal THz wave and (b) power spectrum of THz wave of the sample
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Chapter 6

Flower-Like Particles for Infrared
Energy Harvesting

6.1 Introduction

Benefiting from the ubiquitous infrared energy reaching the earth day and night motivates
us to continue increasing the harvesting efficiency, even more than what has been achieved
in Chapter 5. Increasing the infrared harnessing efficiency even with a few more percent-
ages will definitely have an eminent impact at mass production level. Since the proposed
structure in Chapter 4 shows notable improvements in terms of coupling and dielectric
loss suppression, further pursuing is conducted to adopt flower-like design to work at in-
frared frequency. Of course, appropriate geometric features’ modifications and frequency
dispersion calculations are needed to fulfil this task.

In this chapter, an electrically small array operating in infrared regime and having the
same pattern of the structure presented in Chapter 4 is proposed. The array composed
of four circular SRRs and a microstrip line to harvest infrared energy is designed and
simulated using 3D electromagnetic simulation tool (ANSYS® HFSS™). The dispersion
effect of the metallic layers used in the array are also considered using the Drude model.
Moreover, the proposed array is fabricated using conventional liftoff processes and then,
experimentally measured using THz-TDS technique.
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6.2 Design and Simulation Results

A flower-like array consisting of four circular SRRs arranged in a cruciate pattern around a
central microstrip line is proposed. The single resonator is electrically small compared with
the free-space wavelength (diameter < A,/21), while the whole array’s greatest length is
less than \,/8. This configuration is designed to operate in the infrared regime and cover
a frequency range from 0.3 THz-0.4THz. This structure is composed of a silicon (Si)
substrate with a thickness (h) of 45 um and a dielectric constant (e,) of 11.9, sandwiched
between two silver layers. As shown in Figure 6.1, four SRRs (each with an inner radius
of 15 um and metallic trace width of 5um) encircles a microstrip line. The microstrip
line is connected to the ground plane through a via and a resistive sheet. Highest power
absorption efficiency was observed at a resistive value of 4k Q). At the resonance frequency,
this microstrip line couples and transfers the energy from each excited SRR and then feeds
it towards the resistive load at the end of the microstrip line. Since the proposed array
operates in the infrared frequency regime, the frequency dependency of the structure is
considered by employing the Drude model [69].

The proposed array harvester is simulated using a full-wave simulation tool, ANSYS®
HFSS™ [73]. With an electric field (E) polarized in y direction and a normal incidence
angle (0 = 90°), the electric field intensity is simulated at resonance and out of resonance
region as shown in Figure 6.2. At resonance frequency, a high electric field intensity
develops at the edges of the microstrip line since the edges are the nearest to the resonators
gaps. This behavior actually indicates a strong coupling between the resonators and the
microstrip line, resulting in an enhancement of current flow through the transmission line
towards the resistive load. The electric filed intensity on top of the silicon substrate and
immediately underneath the metallic inclusions is also calculated and illustrated in Figure
6.3. The right side of Figure 6.3 shows an oval green spot surrounding the whole array and
the electric field magnitude decays outward the array area. This observation indicates to
an absorption spot occurring when the structure is shone by an incident wave oscillating
at resonance frequency.

The design’s power harvesting performance is examined numerically by placing the
proposed structure in the middle of a radiation box filled with air, then a plane wave with
electric field (E) polarized in y direction set to strike the structure at different incidence
angles. Additionally, two sheets are defined on the left and right of the harvester to extract
the scattering parameters by the same technique used in Chapter 4. As illustrated in Figure
6.4, the harvester exhibits more confinement tendency at a perpendicular incidence angle
compared to an incident wave with zero-azimuth angle. Strictly speaking, from Figures
6.4b and 6.4d, both S5; and Si; have lower values compared with Figures 6.4a and 6.4c,
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Figure 6.1: Layout of the flower-like energy harvester. (a) Top view and (b) side view
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Figure 6.2: Simulation results of the electric field distributions on the metallic elements
of the flower-like energy harvester (left) out of resonance region and (right) at resonance
frequency with the electric field (E) polarized in y direction

E Field[¥/n]

1.3569e+802
T.Z2352e+BB1
3. 8578e+0A1
2,8570e+0@1

1.0965e+001
5. 34E0e+008
3. 1182e+800
1. GEEZGe+E0E
8. BESHe-BEL
4, 7268e-B81
Z,520353e-001
1.353438e-B01
7. 165%e-082

Figure 6.3: Simulated electric field distributions on top of the silicon substrate (left) out
of resonance region and (right) at resonance frequency with the electric field (E) polarized
in y direction. Field variations are illustrated in logarithmic scale
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respectively. This observation indicates more energy trapping, which in turn leads to a
higher energy harvesting efficiency as will be shown below.

The power harvesting efficiency is calculated in a manner similar to that presented in
Chapters 4 and 5 [62,67]. Figure 6.5 presents the calculated power efficiency of the array
with 4k Q resistive load. More than 85% of power harvesting is achieved by this structure
at a resonance frequency of 348 GHz. Furthermore, a bandwidth of 11% where the power
harvesting efficiency is equal to or more than 30% is achieved.

In fact, the simulation results show feasible infrared energy harvesting with the afore-
mentioned array. To validate the results experimentally, the proposed configuration has
been fabricated using nano-fabrication tools as will be introduced in Section 6.3.

6.3 Fabrication Results

The flower-like energy harvester proposed here falls within the range of the previous in-
frared energy harvester presented in Chapter 5 in terms of geometric dimensions, where
Figure 6.6 shows the dimension of a unit cell of the flower-like harvester. Therefore, the
same fabrication procedures adopted in the previous chapter, as shown in Figure 6.7, are
followed to bring this design to reality. Briefly, an intrinsic silicon wafer which has a
high resistivity and low losses at the operating frequency (< 100 > oriented, undoped,
p > 10,000 Q.cm, 180 um thick), is coated by PMMA resist. Then, the array feature is
patterned on the coated silicon using EBL at 20keV with area dose of 200 u C'/cm?, by
means of Raith 1507V EBL system. After the patterning, the resist was developed using
MIBK:IPA 1:3 solvent and followed by rinse in 2-propanol (IPA). After patterning and
developing, SEM images of the flower-like harvester and its zoom-in scan are taken and
depicted in Figures 6.8 and 6.9, respectively.

As discussed in Section 5.4, weak silver film adhesives to silicon material, so a titanium
film was deposited to strengthen the adhesion to the substrate and to protect the struc-
ture features during the liftoff process. Proceeding with this step, a metallic layer with
thickness of 200 nm composed of titanium and silver films were deposited by electron-beam
evaporation. Figure 6.10 presents the effect of adding a titanium layer in strengthening
the structure metallic inclusions. In the previous chapter, it has been demonstrated that
adding a titanium thin film layer does not degrade the performance, if not improve the
harvesting efficiency. A harvesting efficiency after adding the titanium layer is computed
with considering the dispersion effects of both silver and titanium. Lastly, the PMMA
resist is lifted off using PG remover, where the metal layer on top of the resist is lifted
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Figure 6.6: SEM image of the fabricated array

off. In regard to the impact of adding a titanium film on harvesting efficiency, Figure 6.11
presents the calculated power efficiency of the flower-like energy harvester after adding
titanium thin film at a normal incidence angle and loaded by different resistive sheets. It
is found that at 4k €2 resistive load, the highest power occurs which is the case of the same
structure but with a silver layer only.

6.4 Experimental Results

With the same procedures used in Section 5.5, the THz-TDS experiment in the transmission
mode is conducted to validate the proposed flower-like harvester. So an array comprises
3600 flower-like harvesters was fabricated using Vistec EBPG5000plus EBL system and
yielded approximately a 7mm x 7mm sample size. The spectrums of the silicon wafer
(reference) and the patterned structures were generated from the measured THz pulses
in time domain. Figure 6.12 presents the measured THz temporal pulses and the power
spectrum, both belong to the proposed array.

The transmission magnitude was also extracted from the ratio between the sample and
reference spectrums and is shown in Figure 6.13. One can observe that the transmission
magnitude for the flower-like harvester holds the same view of the structure proposed earlier
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Figure 6.7: Schematic liftoff process used in this work

in Chapter 5. Indeed, the similarity in response in the transmission mode is imputed to
the similarity in periodicity, silicon wafer and energy harvesting behaviour of the two
structures.

It is important to mention that having a ground plane as introduced before in the
simulation work plays an important role in confining and saving the harvested energy from
being transmitted. This behaviour can be clearly seen from Figure 6.4b, where both the
reflection and transmission waves drop at resonance frequency demonstrating the energy
confinement within the structure. In contrast, the structure without a ground plane,
which is the case of the conducted experiment, shows a high transmission phenomenon.
To elaborate, most of the collected power by the sub-wavelength metallic particles passes
through the silicon substrate, implies to a highly pronounced transmission at the resonance
frequency, as depicted in Figure 6.13. By bringing these two images of Figures 6.4b and
6.13 together, one can observe the correlation between them as an image and its opposite,
since the ground plane is removed from the latter case.
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Figure 6.8: Zoom-in scan of the patterned PMMA resist of one flower-like harvester
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Figure 6.9: SEM image of the patterned PMMA resist of 4 x 3 flower-like arrays
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Figure 6.10: Microscopic images of the fabricated flower-like array. (a) After adding adhe-
sive metal layer, (b) without adding adhesive metal layer
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Figure 6.11: Calculated power efficiency of the flower-like energy harvester after adding Ti
thin film at a normal incidence angle and loaded by different resistive sheets
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Figure 6.12: (a) Temporal THz wave and (b) power spectrum of THz wave of the sample
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Figure 6.13: Transmission magnitude of the flower-like harvester
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6.5 Conclusion

A flower-like array composed of electrically small resonators to harvest and channel elec-
tromagnetic energy in the infrared regime were designed and fabricated. The numerical
results showed a high power harvesting efficiency reaching more than 85% at normal in-
cidence angle. The theoretical findings were also compared with the experiment using
THz-TDS technique.

92



Chapter 7

Concluding Remarks

7.1 Summary and Contributions

This thesis addressed a dramatic improvement in energy harvesting both in the microwave
and infrared regimes utilizing electrically small particles. At the beginning of this thesis,
a literature review of the main transducers to harvest energy that lies within the electro-
magnetic spectrum was introduced. In particular, photovoltaic technology and its recent
advancements were presented. Furthermore, rectenna systems used for WPT purposes
and their main elements, such as antennas and rectification circuits, were discussed. In
this work, several topologies composed of electrically small resonators to harvest ambient
electromagnetic waves were proposed. Succinctly, the results obtained from this research
showed a potential for future enhancement of renewable energy conversion systems.

During the course of this research, various stages were achieved, starting with the proof
of concept of a single SRR and moving to nano-scale fabrications and then THz-TDS
measurements. In summary, this thesis offered following accomplishments:

e A new concept of harvesting energy utilizing an electrically small resonator was
proposed. A prototype SRR designed at 5.8 GHz was simulated and fabricated to
demonstrate the proposed concept.

[O. Ramahi, T. Almoneef, Mohammed R. AlShareef, and M. Boybay, “Meta-
material particles for electromagnetic energy harvesting,” Applied Physics Letters,
vol. 101, no. 17, pp. 1739035, 2012
"Metamaterial particles for electromagnetic energy harvesting.” U.S. Patent Appli-
cation no. 13/841652, March, 2013.]

93



e A bow-tie antenna and the proposed SRR were compared to show the efficiency

improvement of power harvesting. A substantial power efficiency improvement us-
ing the metamaterial element was observed compared to the classical antenna. The
bow-tie antenna achieved about 13% power efficiency, whereas the SRR achieved
more than 37%. A new efficiency definition was proposed to take into account the
size reduction by utilizing electrically small resonators, which in turn, increases the
total power efficiency. Moreover, two arrays having the same area, both designed
at 5.8 GHz, produced 0.153mW and 0.632 mW  as power harvested for the bow-tie
antennas and SRRs, respectively.
[Mohammed R. AlShareef and O. Ramahi, “Energy harvesting in the microwaves
spectrum using electrically small resonators,” in International Congress on Energy
Efficiency and Energy Related Materials (ENEFM2013), vol. 155 of Springer Pro-
ceedings in Physics, pp. 265-272, Springer International Publishing, 2014]

e An array composed of electrically small resonators to harvest electromagnetic energy
in the microwave regime was designed and fabricated. The proposed configuration
created in- and out-of-phase currents, which in turn increased the current flow on
the microstrip line and concurrently limited the dielectric loss in the substrate. Ap-
proximately 44% at 5.67 GHz and 38% at 5.77 GHz power harvesting efficiencies were
achieved with the four and two circular SRRs arrays respectively, at a normal inci-
dence angle. The concept of power harvesting with the proposed configuration was
validated experimentally. Moreover, it was shown that positioning any two elements
of the proposed configuration in a closely-adjacent manner contributed to improving
the overall harvesting efficiency.

[Mohammed R. AlShareef and O. Ramahi, “Electrically small particles combin-
ing even- and odd-mode currents for microwave energy harvesting,” Applied Physics
Letters, vol. 104, no. 25, pp. 2539065, 2014]

e An ensemble of six square SRRs and a microstrip transmission to trap infrared energy
was proposed. The metal of the structure, assumed to be silver in this work, was
modeled using the Drude dispersion model and demonstrated potential for harvesting
electromagnetic energy in the infrared spectrum despite the electric losses of silver at
such high frequency. An ensemble of SRR cells was then used to increase the energy
harvesting efficiency by employing a microstrip line within the SRR array to collect
the power from the SRR elements and channel it to a resistive load. Power harvesting
efficiencies of up to 80% were shown to be feasible using the proposed structure.
Subsequently, an array of the proposed assembled harvester was fabricated using the
conventional liftoff processes and the structure’s robustness was enhanced by adding

94



a thin layer of titanium. When an experimental demonstration of the proposed
structure was carried out using THz-TDS, the measurements were consistent with
simulation results.

[Mohammed R. AlShareef and O. Ramahi, “Electrically small resonators for
energy harvesting in the infrared regime,” Journal of Applied Physics, vol. 114, no. 22,
pp. 223101-6, 2013

Mohammed R. AlShareef, B. Cui, and O. Ramahi, “Fabrication of infrared energy
harvester using electrically small particles,” in Technical Proceedings of the 2014
Clean Technology Conference and Trade Show, pp. 120-123, Clean Technology and
Sustainable Industries, 2014

7 Arrays of electrically-small resonators for electromagnetic energy harvesting in the
THz, infrared and visible frequency spectra and method to channel energy through
waveguiding structures.” U.S. Provisional Patent US61912566. December, 2013.]

e A flower-like array composed of electrically small resonators to harvest and channel

electromagnetic energy in the infrared regime was designed and fabricated. The nu-
merical results showed a high power harvesting efficiency reaching more than 85%
at normal incidence. The theoretical findings were compared with experiment using
THz-TDS technique.
[Mohammed R. AlShareef and O. Ramahi, “Electrically small particles for har-
vesting and channeling infrared energy,” in Antenna Technology and Applied Elec-
tromagnetics (ANTEM), 2014 16™ International Symposium on, pp. 1-2, July 2014,
(Best Student Paper Award, third place)]

7.2 Suggested Future Work

The concept addressed in this work, harvesting energy at different spectrum wavelengths,
indeed opens the way to prototype an integral system that can trap and convert the elec-
tromagnetic energy into viable power efficiently and cost-effectively. Since the transducer
investigated herein is the cornerstone of the harvesting systems and provides only AC sig-
nals, incorporating a rectification system would be a worthy interest to pursue. Thus,
useful DC power can be obtained and then used for the designated applications. Increas-
ing the power harvesting capability of a structure can be obtained by prototyping multiple
arrays of that structure. However, multiple array elements add more complexity in terms
of design and network matching. Therefore, different schemes of array structures need
to be developed in order to increase the harvesting capability. In addition, optimization
processes need to be considered to achieve the highest possible performance.
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Since the proposed mechanism can be extended to operate at other frequencies, a
logical extension to harvest the visible light energy would be of primary consideration.
Furthermore, widening the bandwidth response of a transducer while maintaining the
rectification and matching performance is worthy of examination.
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