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Abstract

In this work, we propose a concentrator lens - antenna arrangement, potentially suitable for infrared sensing and energy harvesting
rectenna systems. The structure consists of a pixel antenna, self-adapting for the direction of the incident infrared radiation, and
a concentrator lens, both optimized for the mid-infrared spectrum. The silicon substrate lens is situated above the pixel antenna,
enabling the concentration of the incident light on the antenna; silicon was chosen due to its transparency in the IR spectrum. We
examine how various parameters of the lens, in conjunction with the different states of the pixel antenna, affects the performance
of the system. The simulations show that the gain of the arrangement increases considerably in correlation with the radius of the
lens. The results suggest that the energy conversion efficiency of infrared rectenna systems can be enhanced by several orders of

magnitude with the utilization of the proposed arrangement.
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1 Introduction
1.1 Rectenna-based Infrared detectors
Recently, there has been a significant surge in the utilization
of infrared detectors regarding various fields such as medi-
cine, telecommunication, space science, energy harvesting
and military [1-3]. Generally, the sensors can be grouped as
follows: photon detectors exploit the photonic nature of the
incident light by utilizing the quantum-mechanical effect
that emerges in semiconductors. Conversely, the operation
of thermal detectors is based on the temperature elevation
of the material due to the absorbed radiation, which changes
their resistance, like in the case of bolometers or thermo-
couple detectors. The output signal does not depend on the
photonic nature of the incident radiation [4]. The third type
of detectors is the wave detector, that operates by taking
advantage of the electromagnetic nature of the radiation.
Generally, such detectors are composed of an antenna and
a rectifier (rectenna). The incident electromagnetic radia-
tion generates a high-frequency current within the antenna,
coupled to a nonlinear rectifying element. This system can
produce a direct current at the output [5, 6].

The development of IR detectors faces various difficul-
ties, mainly related to the longer wavelength-end of the

spectrum (e.g., mid-IR range). These challenges are con-
cerned with the spectral response, cooling requirements,
cut-off frequency, responsivity, and size. Rectenna sys-
tem-based sensors present a promising solution for such
limitations. Furthermore, the antenna in such arrangements
offers excellent frequency response and spatial domain
control, and permits the realization of spatially compact
sensors and large collection area. These capabilities are not
inherently available in conventional IR sensors. Such inte-
grated devices can also operate at ambient temperature [7].

Gou et al. [8] suggest that the utilization of spiral
antenna yields significantly enhanced tunable absorption
of the microbridge structure operating at THz frequen-
cies. This approach leads to the fabrication of THz fre-
quency microbolometer detectors with promising capabil-
ities in real-time imaging applications. Bonakdar et al. [9]
demonstrate the enhancement of light-matter interac-
tions in quantum wells and boost the responsivity of these
detectors by applying optical antenna. In their study,
Florence et al. [10] employ a V-shaped, linear tapered
slot antenna (V-LTSA), effectively coupled to a metal-ox-
ide-metal (MOM) diode, operating at 10.6 um wavelength.
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Due to its promising characteristics, this particular sen-
sor is expected to become highly demanded for broad-
band IR detection. Morf et al. [11] introduce a novel sen-
sor concept that relies on an antenna, coupled to MOSFET
bolometers, which can operate at ambient temperatures. A
broad-bandwidth THz antenna that effectively absorbs the
electromagnetic field is directly coupled to the bolometer
to optimize the collected energy. Additionally, this design
reduces the thermal mass, a critical factor for fast frame
rate in security and medical applications.

1.2 Rectenna-based energy harvesting systems

The demand for electric power has increased dramatically
in the last few decades. Although fossil fuel-based power
generation is predominant, it contributes to environmental
pollution by billions of tons of carbon dioxide emission.
Therefore, there is considerable interest in alternative,
environment-friendly energy sources.

Solar radiation is a dominant source of clean energy,
since the power density of 1370 W/m? reaches the earth's
surface. The solar spectrum consists of infrared (IR), visi-
ble light, and ultraviolet (UV) radiation with 52%, 39%, and
9%, respectively [12, 13]. Additionally, heat can emit infra-
red radiation with a wavelength between 8—14 um [12, 14].
Utilizing this type of renewable energy has opened a new
era for producing clean electricity [12]. The utilization of
photovoltaics-based technology has continuously increased
since its first application in 1950. Although semiconduc-
tor-based photovoltaics (PV) provides a convenient method
for directly converting sunlight into electricity, it has many
drawbacks, like its low energy conversion efficiency, the
high cost of materials, and the difficulty of the fabrication
process. Furthermore, they cannot utilize the mid-IR range
of the solar spectrum, the most considerable portion of
solar energy. Sensitivity to weather conditions, and rapidly
deteriorating efficiency with increasing temperature are
also shortcomings of such technology. Moreover, the appli-
cation of mechanical sun-tracking systems is necessary to
achieve maximum conversion efficiency [12, 15, 16].

The application of nanoantenna has gained much inter-
est regarding solar and IR energy harvesting systems, since
it can be a potential alternative to traditional solar energy
harvesting methods [15, 17]. Antenna-based structures offer
distinct advantages, since they are widely available in vari-
ous forms and can be manufactured using inexpensive and
simple fabrication processes compared to conventional solar
cells. Furthermore, they can achieve significantly higher
efficiency than solar cells and utilize the environmental IR
radiation available 24 hours a day, such as heat [11, 15].
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Jayaswal et al. [18] and Sabaawi et al. [12] presented
a novel bowtie antenna for IR field capture along with
the proposed metal-insulator-metal (MIM) diode for rec-
tifying high-frequency currents. Other studies demon-
strate an alternative rectification process to address the
mismatching problem. In their work, Szakmany et al. [19]
and Gonzalez et al. [20] proposed a concept of antenna
integrated together with thermoelectric junctions. The
electric current is produced by the Seebeck effect due to
heating of the hot junction by the received IR radiation. In
contrast, Chekin et al. [21] proposed nanoantenna placed
in an array to achieve a high electric field. The aforemen-
tioned study suggests a different rectification process
related to electron field emission from sharp edges in a
vacuum, based on the Fowler-Northeim (FN) theory.

Similarly to other types of electromagnetic waves, infra-
red radiation can be detected and captured by an antenna.
This concept of using antenna for solar energy harvest-
ing purposes was first introduced in 1972 by Bailey [22].
The electromagnetic radiation can be harvested by rec-
tifying the current induced in the antenna by utilizing a
high-speed rectifier (rectenna system) [11, 23, 24]. The
block diagram of the arrangement is displayed in Fig. 1.
The system's total efficiency depends on the efficiency of
each part, and their matching level [23]. Consequently,
many researchers focused on antenna gain, matching
level, and rectification process. Citroni et al. [24] demon-
strated a dynamic impedance matching between an opti-
cal rectenna array and the load. This technique aims to
maximize the captured power and improve the conversion
efficiency by addressing the crucial mismatching problem.

Since antennas with high gain and directivity are
essential for medical sensing and energy harvesting appli-
cations, implementing reconfigurable antenna in these
systems could be an excellent solution [25]. Poorgholam-
Khanjari et al. [26] employed graphene slabs to obtain
reconfigurable properties that improve the antenna return

Antenna

Dc
filter
Load

Incident radiation

Rectifier

Fig. 1 Block diagram of the energy harvesting system based on the
rectenna principle
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loss and its bandwidth. Zarrabi et al. [27] incorporated
a graphene coating on the cross-shaped nano-aperture
to achieve reconfigurable characteristics of the antenna.
Furthermore, Bazgir et al. [28] improved the character-
istics of nanoantenna by applying a unique metamaterial,
and their reconfiguration is achieved by using a graphene
layer coating. Shubbar and Rakos [29] offer an IR pixel
antenna structure that enables the antenna pattern to be
dynamically adjusted towards the direction of the incident
radiation. This reconfigurability results in a considerable
enhancement of the antenna gain.

1.3 Application of substrate lenses for performance
enhancement

Unfortunately, there are some limitations regarding the
utilization of antenna in the terahertz band: the path loss
increases to a considerable level and the directivity of
the antenna becomes lower. Therefore, many researchers
focused on magnifying the captured energy for solar cells
and antenna with the aid of optical devices like trapping sys-
tems and lenses. Applications of substrate lens antenna have
been used to overcome these drawbacks as an example of this
technology. Tvingstedt et al. [30] presented light absorption
enhancement with 25% increase in photocurrent by evolv-
ing an innovative light trapping system based on an array
of microlenses. Jha et al. [31] demonstrate a groundbreak-
ing structure containing a ring resonator microstrip antenna
integrated into a hemi-elliptical lens at terahertz frequen-
cies. The study shows that the overall directivity of any sys-
tem can be improved by the utilization of a dielectric lens;
specifically, they found that using a silicon substrate lens
improved the directivity by 11.52 dBi. Yasuoka et al. [32]
examine the performance of the double-slot antenna oper-
ating at 700 GHz. The antenna was integrated with a hemi-
spherical lens with a radius of 7.3 mm. The results of the
investigation indicated a considerable enhancement in the
detected sensitivity with an increase of 31.4 dB.

The concentration factor of the lens can be determined
by the utilization of idealized models of spherical and
cylindrical lenses, along with the application of Snell's law
of refraction. This allows for assessing the light-focusing
scenario, where an ideal lens directs sunlight towards its
focal point. The flux of the light that traverses the lens can
be expressed as follows [14]:

TS, 4 =S, 4, (1)

Where the lens area is , the image area is , the incident
solar irradiance is , and the captured solar irradiance is .
By taking the transmittance factor of the silicon lens, T, as
unity at terahertz frequencies and replacing the area with
the radius

$, =28 —, 2

img
where R and r, are the radius of the lens (hemispherical)
and captured image (circle), respectively.

1.4 Antenna-coupled MOM diode

Metal-Oxide-Metal (MOM) diodes, also commonly called
Metal-Insulator-Metal (MIM), are composed of an insulator
sandwiched by two parallel metallic layers. When these two
layers consist of the same material, the diode is symmetrical,;
if the electrodes are made from different materials, the diode
is asymmetrical [6]. Generally, the required insulator thick-
ness is less than 4 nm to allow electron tunneling through
the insulator. Since the tunneling mechanism is nonlinear,
and very fast (on the order of femtosecond), the diode exhib-
its rectifying properties at infrared frequencies [6, 33].

The antenna-coupled MOM diode system can be char-
acterized by the circuit diagram displayed in Fig. 2 [6]. The
antenna operates at the resonance frequency and can be mod-
eled by a high-frequency voltage source with V amplitude,
an antenna resistance, R , and an antenna reactance, X . The
antenna parameters depend on the antenna geometry, mate-
rial, and substrate properties, they can be determined with
the aid of an electromagnetic simulator software.

MOM diodes can be described by a nonlinear resis-
tance, R, in parallel with a capacitance, C,, which can be
described by [6].

Ra jXa

]
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Rd Cd

Antenna Diode

Fig. 2 Equivalent circuit diagram of an antenna-coupled MOM diode
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where ¢ is the relative permittivity of the oxide in the MOM
diode, while ¢_ is the permittivity of free space, 4 refers to the
junction area, and D represents the thickness of the insulator.
The dielectric constant of A/,0, at a frequency of 28.3 THz
is approximately 1. Since the antenna resistance is normally
on the order of 100 ohms in the case of mid-IR frequencies,
the junction capacitance must be less than 0.1/F. This can
be achieved by fabricating the contact area of the diode very
small [14]. The diode capacitance with a 25 A barrier thick-
ness and 50 x 50 nm overlap area equals 8.85E-19 Farad [6].
The rectification process of MOM diodes is based on
nonlinear electron tunneling [6] through the oxide barrier
of the junction, which results in a DC current. The recti-
fied signal is then directly related to the nonlinearity of the
current-voltage curve, commonly referred to as the curva-
ture coefficient (y) of the diode, and the amplitude of the
rectified signal can be determined by [6]:

RdRaAemS
Y 3 R C)
(R, +R,-C,0X ,R,) +(X,+R,R,0C,)

I =2

Where § is the irradiance of the radiation, and 4, is
the maximum effective area of the antenna, which can be
calculated by [34].
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Where G is the gain of the antenna.

2 Self-adapting infrared pixel antenna

Conventional wireless systems usually possess predefined
objectives. Therefore, the antenna in these systems have
predefined characteristics regarding both the frequency
and spatial domains [25, 35]. In the past few years, recon-
figurable antennas have had a significant surge in research
interest regarding multi-stander applications and scenarios
that require continuous optimization of the antenna per-
formance [35, 36]. Antennas can be made self-adapting by
altering their physical or electrical parameters with the aid
of internal mechanisms to redistribute the RF currents in
them [37]. Pixel antenna is one of the most attractive ideas
for the realization of reconfigurable antennas [38, 39]. The
operational principle of such structures is similar to that of
an LCD screen, as both can realize arbitrary shapes [40].
Pixel antennas typically comprise a two-dimensional grid
of small metallic surfaces (patches), interconnected by
sub-wavelength dimension switches.
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The self-adjusting pixel antenna used in this study has
been introduced in [29, 41]. It consists of 3 x 3 square pix-
els, as depicted in Fig. 3(b). These pixels are constructed
by interconnected square patches using small metallic
parts functioning as switches. Each square pixel in the
given system has a side length of 1.5 pum, the spacing
between adjacent patches is 0.2 pm, and the dimensions of
the metallic connectors are 0.4 pm % 0.2 um. The square
pixels are placed on a SiO, layer supported by an intrin-
sic silicon substrate with a thickness of 600 um and a rel-
ative permittivity of ¢ = 11.9. The optimized thickness
of the SiO, layer is 0.8 pum, and its relative permittivity is
€,=3.9[29, 42]. In [29], we simulated the antenna struc-
ture using the Sonnet professional software. Since Sonnet
is incapable of simulating the lens structure, in this work
we used the Ansys HFSS software, which can simulate
concentrator lens structures. In this investigation the sup-
porting silicon layer was eliminated in order to simplify
and accelerate the simulation process. We found that such
simplification didn't affect the results.

Bolometers with well-designed geometry can be made
sensitive for radiation incident from specific directions.
The application of such bolometers as switches between
neighboring pixels allows for the realization of a self-ad-
justing antenna that can optimize its characteristics based
on the angle of incidence of the radiation (as mentioned
in [29, 41]). Several materials with various temperature
coefficients of resistance (TCR) have the potential to be
used as a bolometer, such as nickel, niobium, and vana-
dium oxide. They can even be made sensitive to specific
directions, like the nickel bolometers reported in [43]. The
proposed design is optimized to be sensitive to the inci-
dent radiation only from specific directions, mainly per-
pendicular, west, north, and east. The necessary direction-
alities of the switches are summarized in Table 1.

(a) (b)

Fig. 3 Substrate lens (a)-pixel antenna geometry with the bolometer

switches (b) used for the simulations
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Table 1 Directionalities of the bolometers in the pixel antenna structure

Arrangement 1

Switch Directionality
S5, S6, S7, S8, S9, S10, Sc2 perpendicular
S2, S4 perpendicular and west
S1, S3 perpendicular and east
Scl perpendicular and north

Arrangement 2

Switch Directionality
S5, S6, S9, S10 perpendicular
S2, S4, S8 perpendicular and east
S1, S3, S7 perpendicular and west
Scl, Sc2 perpendicular and north

Multiple configurations of switches can be utilized
to accomplish the task; here, we present two solutions.
When the radiation is of perpendicular incidence, all of
the bolometers switch to their ON state, resulting in all of
the pixels being connected. In the case of radiation coming
from the northward direction, the center switch, Scl will
be in its ON state, or both Scl and Sc2 in the other config-
uration; therefore, the radiation pattern of the antenna will
lean toward the north. On the other hand, if the IR radi-
ation hits from the west, S1, and S3, or, in the case of the
other configuration, S1, S3, and S7 will be activated, tilt-
ing the radiation pattern westward. The similar consider-
ation applies when the IR radiation arrives from the east-
ward direction. In this scenario, the S2 and S4, or in the
other arrangement, S2, S4, and S8, will result in an east-
ward shift of the radiation pattern [29, 41].

In the following, we present simulation results regard-
ing the gain enhancement of a system consisting of the
afore-described self-adapting pixel antenna coupled to
microlenses, designed for the mid-IR range.

3 Simulation of the pixel antenna - hemispherical
dielectric lens system
The power density of the solar irradiance on the rectenna
can be increased by the utilization of solar concentrators.
The energy conversion efficiency of these systems can be
theoretically enhanced with the aid of spherical and cylindri-
cal polymer microlenses. These microlenses can direct solar
radiation toward their focal point, where rectennas can be
positioned. This technology aims to improve solar energy
conversion efficiency by increasing light trapping [44].

Our proposed system is based on a reconfigurable pixel
antenna presented in [29] in combination with a substrate

lens and a MOM diode rectifier. The application of a prop-
erly designed lens considerably improves the gain of the
arrangement. This will be demonstrated in the following
sections through simulations with the Ansys HFSS 2021
software, backed by mathematical calculations based on
theoretical models.

This section investigates the effects of a substrate lens
on the pixel antenna performance. Fig. 3(a) illustrates the
lens structure utilized in this study, which comprises a
convex lens with a radius R, and a cylindrical section with
a height of G. Since the lens must be transparent for THz
frequencies, its material is assumed to be silicon.

3.1 All of the pixels are connected

The initial gain of the antenna without lens when all of the
switches are in their ON state is 3.57 dB with an aperture
efficiency of 81.4%. Simulation results demonstrate that add-
ing a lens with an initial radius of R = 5 pm assuming that all
of the switches are in the ON state, results in a gain enhance-
ment of 3.5 dB. In this study, we investigate the effects of
the parameters of the lens on the pixel antenna perfor-
mance. Fig. 4 shows the radiation pattern of the antenna-lens
arrangement when all of the switches are turned to the ON
state. The pattern clearly indicates that the radiation pattern
of the system is directed to the perpendicular direction.

Fig. 5 shows the calculated and simulated antenna gain
when a concentrator lens is placed over the antenna. It
demonstrates a linear relationship between the antenna
gain and lens radius. The obtained outcomes are consistent
with Eq. (2), which shows that the collected power is propor-
tional to R2. The relationship appears linear when the data is
plotted on a logarithmic scale (dB). However, Fig. 5 shows
that the calculated gain is higher than the simulated results
when using a larger lens. This discrepancy is due to the losses
of the lens. Absorption, reflection, and dispersion losses may
effectively reduce the efficiency of the lens [44, 45].

Additionally, the data presented in Fig. 6 reveals a direct
relationship between the gap, G between the antenna and
the lens, where a larger lens necessitates a greater gap
to achieve the maximum gain at the antenna. The result
aligns with theoretical expectations, since, from the lens-
maker's formula, the focal length is

f: xX—, (6)

where 7 is the refractive index of the lens, which is equal
to 3.5 at mid-IR wavelengths.
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Fig. 4 E-plane (xz-plane) (a) and H-plane (yz-plane) (b) radiation
patterns when all of the switches are turned to the ON state and
R=10 pm
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Fig. 5 Antenna gain versus lens radius when all switches are ON
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Fig. 6 Optimal gap (filled by silicon) for different lens radiuses when
all of the switches are ON

3.2 Center pixels are connected

When the incoming radiation arrives from the northward
direction, the switch Scl is set to its ON state in "arrange-
ment 1". Alternatively, in the case of "arrangement 2", the
switches Scl and Sc2 are set to ON as described in Table 1.
All of the other switches are assumed to be in their OFF
state. The current distribution of the states are along the
y-axis when the center switches Scl and Sc2 are activated.
This change in current distribution results in a radiation
pattern tilted northwards (please refer to [29]).

Fig. 7(b) shows that the H-plane radiation pattern of the
antenna is directed northward in the case when Scl = ON
and Scl = Sc2 = ON. This demonstrates that the appli-
cation of the concentrator lens preserves the directional-
ity of the antenna (see Table 2). Moreover, a considerable
improvement of the antenna gain is observed (see Fig. 8),
with a linear dependence on the radius of the lens. The
antenna gain in the absence of the concentrator lens when
Scl = ON and Scl = Sc2 = ON are 3.2 dB and 3.9 dB,
respectively. The aperture efficiency of the antenna in
the aforementioned cases is 74% and 88%, respectively.
However, the system's gain increases by more than double
when a lens with a 5 pm radius is applied. In alternative
terms, the system exhibits an about 3 dB increase in gain
for every 5 pm increment in lens radius.

Additionally, a slightly smaller gap is required in the
case of the present arrangement than in the previous case
(all switches are ON). This is due to the fact that the lens
must be slightly off-focus, as the pixels in the ON state are
located outside the focal point.

3.3 Side pixels are connected
Configuring the antenna into symmetrical patterns
resembling mirror images leads to mirroring the current
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Table 2 Characteristics of the substrate lens - pixel antenna system in

the case of incoming IR radiation at various angles of incidence

Direction of

Maximum  Effective

110 5 - -110
100 - - -100
90 r -90

5 5
80 - el - -80
70 3 ~ 70

2 -~
60~ S .80
3 -
50" *.50
40 *1 40
7 X
30 S 30
20 54 y 20
0 ¢ 10
@

-140
Sc1=Sc2=ON_Phi=0
Sc1=ON_Phi=0

(b)
Fig. 7 E-plane (xz-plane) (a) and H-plane (yz-plane) (b) radiation
patterns when Scl = On and Scl = Sc2 =ON and R = 10 pm

distribution across the pixels. Since the physical lengths
remain identical, the frequency responses are identical in
these two cases: S1 = S3 = ON (this occurs when radiation
is incident from the east as per Table 1) and S2 = S4 = ON
state (radiation is from the west per Table 1), while all of the
other switches are in the OFF state. The radiation patterns of
these two states are mirror images; when S1 = S3 = ON, the
radiation pattern leans towards the east, and when S2 =S4 =
ON, the antenna pattern is westward-directed. The mirrored
current distributions explain this behavior. A comprehensive
simulation and explanation were published in [29].

incidence Antenna configuration Gain G, aread,,
(dB) (nm?)
Isotropic Dipole antenna 2.1 14.5
. Pixel antenna with all
Isotropic switches ON 3.57 20.3
Perpendicular ~ Pixel antenna, Scl = ON 3.2 18.7
. Pixel antenna,
Perpendicular Sel = Se2 = ON 3.94 22.15
Pixel S1 =S3 =ON and
West and east S2 = S4=ON 33 19.11
. Substrate lens (R = 15um)
Perpendicular ALL switches ON 10.5 100.3
. Substrate lens (R = 15 pm)
Perpendicular Pixel antenna, SC1 = ON 14.2 235.2
Substrate lens (R = 15 pm)
Perpendicular Pixel antenna, 13.8 214.5
SC1 =SC2=0ON
Substrate lens (R = 15 pm)
West and east Pixel S1 =S3 =ON and 14.3 240.7
S2 =S84 =0N
25
—— All switches=ON
—— Sc1=ON
20 A = Sc1=Sc2=ON
)
=
c 15 1
©
O
®
953 10 1
g [
5 4
§
0 T T T
0 5 10 15 20

Lens Size (um)

Fig. 8 Antenna gain versus lens radius in the case of Scl = ON state,
Scl = Sc2 = ON state, and all switches are in ON state

Fig. 9(a) demonstrates that the E-plane patterns are mir-
ror images of each other. When both S1 and S3 are set to
ON, the radiation pattern tilts eastward, and when both S2
and S4 are set to ON, the antenna pattern points westward,
while Fig. 9(b) displays the identical H-plane patterns. The
behavior is explained by the mirrored current distributions.

Fig. 10 displays the gain of the system versus the radius
of the lens. If S1 = S3 = ON, or S2 = S4 = ON, the antenna
gain in the absence of the concentrator lens is 3.3 dB and
the aperture efficiency is 76%. However, there is a linear
gain improvement of the system when a concentrator lens
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Fig. 9 E-plane (xz-plane) (a) and H-plane (yz-plane) (b) radiation

shows the rectenna responses. The results illustrate that
patterns when S1 =83 = ON and S2 =S4 =ON and R = 10 um

the rectified current of the pixel antenna (without using a
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Fig. 10 Antenna gain versus lens radius in the case of SI = S3 = ON Fig. 11 Rectified current versus irradiance in the case of different

state, S2 = S4 = ON state, and all of the switches are in ON state antenna arrangements, in the absence of lens



22 | Shubbar and Rakos
Period. Polytech. Elec. Eng. Comp. Sci., 69(1), pp. 14-25, 2025

concentrator lens) is higher than that in the case of the pro-
posed dipole antenna - MOM diode device in literature,
when all of the switches are in the ON state, and when
Scl = Sc2 = ON by 43% and 17%, respectively. The incor-
poration of a concentrator lens into the system improves the
performance even more. Fig. 12 displays the rectified cur-
rent at the output of the concentrator lens - pixel antenna -
MOM diode system in the case of the different antenna
configurations. The rectified current obtained from the
proposed arrangement exhibits a significantly greater
value than that achieved in [5]. For instance, when all of the
switches are in the ON state, with S1 and S3 being ON, Scl,
and Sc2 being ON, and Scl being ON, the rectified current
values are 7.8, 13, 20, and 21 times respectively.

5 Discussion

The simulation results show that the proposed pixel
antenna - concentrator lens system possesses promising
characteristics, it is potentially suitable for high-gain,
mid-IR sensor and energy harvesting applications. The
concentrator lens significantly increases the effective area
of the arrangement. Fig. 13 shows that the effective area
can be increased by around five times when a lens with a
15 um radius is applied in conjunction with the antenna,
when all of the pixels are interconnected. On the other
hand, the effective area of the system is increased by more
ten times in other antenna states (see Fig. 13), suggesting
that the directive gain of the system is increased in the
case of these configurations, as well, when a concetrator
lens is applied. The substrate lens concentrates the col-
lected energy to the focal spot, where the antenna is situ-
ated, hence, the lens can maximize the power density. The
simulations show that the gain of the pixel antenna - con-
centrator lens structure increases linearly with the radius
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Fig. 12 Rectified current versus irradiance in the case of the lens - pixel
antenna - MOM diode system when R = 10 um
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Fig. 13 Effective area of the concentrator lens - antenna system versus

lens radius

of the lens. The observations are in accordance with the-
ory.The directional sensitivity of the self-adapting pixel
antenna in the lens - antenna system is clearly observable,
since the gain of the different antenna configurations sen-
sitive to certain directions is much higher (average 3 dB)
than the gain when all of the pixels are interconnected.
The validity of the linear relationship between lens radius
and collected power depends on various factors. Larger
lenses may introduce aberrations and distort the wave-
front, reducing power collection efficiency. Absorption
in the material, and path length increase with larger lens
diameter, potentially lead to increased losses.

Various elementary electronic devices exist that can be
utilized as rectifiers for infrared frequency currents, such
as the Seebeck effect [20], electron field emission from
sharp edges in vacuum, based on Fowler-Nordheim (FN)
theory [21], and MOM diodes based on electron tunnel-
ing. In this study, we chose the well-tested MOM diode
for demonstrating the performance enhancement of our
proposed lens - pixel antenna system. The investigation
shows that the proposed pixel antenna improves the rec-
tified current by the MOM diode by 42% compared to
the dipole system. Moreover, the application of the sub-
strate lens over the pixel antenna structure can increase
the rectified current by 5 times to 25 times, (please refer
to Fig. 11 and Fig. 12). This increase is expected to grow
monotonically as the lens is made even larger.

The performance of the proposed system may be
improved further by reducing losses concerning reflec-
tions and absorption. Fabrication and actual testing of the
system is also of paramount importance. Various fabrica-
tion techniques can be used for practical implementation.
These methods can be categorized into direct and indirect



methods, based on their working principles. Direct methods
eliminate the need for fabricating a mask or mold insert with
concave 3D microstructures. Some examples of direct meth-
ods include hot embossing, inkjet printing, electrohydrody-
namic jet printing, thermal reflow of photoresist, laser-based
fabrication methods, and self-assembly. On the other hand,
indirect methods, such as wet etching and soft lithography,
are commonly employed for microlens fabrication.

6 Conclusion

We examined the impact of a silicon substrate lens on the
self-adapting, mid-IR pixel antenna that was introduced in
our previous study. The simulations demonstrate that the uti-
lization of the concentrator lens significantly increases the
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