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a b s t r a c t

Light is found at the basis of bidirectional interfaces between digital systems and biological systems,
including those in nano-bio-sensing and nano-bio-actuation applications. Despite the potentially very
small size of optical transceivers and antennas, enabled by the very small wavelength of optical
electromagnetic radiation, currently, existing systems commonly rely on macro-sized and intrusive
equipment, including table-top microscopes and spectroscopy systems, and fiber optical technology
as opposed to wireless setups. These place several bottlenecks between the possibilities and the
capabilities of these emerging fields. In this paper, a unified theory is developed to design optical
nano-antenna arrays, which are able to manipulate light similarly to how antenna arrays manipulate RF
radiation. First, the applications of optical nano-antenna arrays in transmission, reception and reflection
are described. Then, the fundamental factors affecting the design of individual optical antennas are
described and modeled. The mutual coupling between optical nano-antenna is studied to guide the
development of compact antenna arrays. Different beamforming strategies are proposed, and their
performance is numerically investigated by means of finite element methods.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Light plays a critical role in nature and it is found at the basis
f numerous applications. Compared to other forms of electro-
agnetic radiation such as radiowaves and microwaves, light is
haracterized by very high frequency, very small wavelength, and
igh photon energy. Thanks to this high photon energy, light–
atter interactions are possible. Also, because of the very small
avelength, nanoscale interactions are feasible. Harnessing these

nteractions we can enable communication with small devices at
he nanoscale. One of the key application areas for such commu-
ications is in nano-bio sensing and nano-bio actuation. On the
ne hand, nano-bio sensing is the use of such interactions for
etecting and monitoring biological processes at the molecular
cale through engineered nanostructures such as nanoparticles
r nano-engineered surfaces [1–4]. Nano-bio actuation, on the
ther hand, leverages these interactions to control the biological
rocesses. Fields such as optogenetics and optogenomics leverage
he use of light-based actuation systems to control the behavior
nd function of cells at genomic level [5].
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Despite the small wavelength, current technologies used in
these fields are not nanoscale and, in many occasions, not wire-
less, thus limiting the potential applications. For example, the
majority of groups currently working on state of the art plas-
monic nano-sensors use bulky equipment setups to read the data
from sensors in ex-vivo measurements (e.g., in blood samples [1]).
Also, the nano-actuation experiments that require the use of light
to control biological processes at nanoscale use bulky optical
setups [6]. In both cases, when it is required to confine light to
a small region, optical fibers offer a practical solution. However,
the use of fibers to inject light in body is extremely invasive and
not adjustable or re-configurable once deployed.

In our vision, small wireless devices can be utilized for such
precise nano-bio sensing and nano-bio actuation with a single cell
or even sub-cellular resolution. Utilizing the same physics of radio
frequency (RF), we can engineer optical nano-antennas and nano-
antenna arrays (Fig. 1) to effectively and precisely illuminate the
cells or specific regions of cells with unprecedented accuracy
or, reciprocally, detect light in reception. Optical nano-antennas
and nano-antenna arrays have been proposed earlier [7,8], but a
unified approach to their design and, more importantly, dynamic
control strategies of such arrays is missing.

In this paper, a unified theory is provided to design and
develop optical antenna arrays, starting from the design of a
single antenna element and the relative placement of separate

elements in the presence of mutual coupling. We also describe
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Fig. 1. Conceptual representation of how an integrated beamforming optical nano-antenna array device might look like.
different beamforming strategies that could be used with optical
nano-antenna arrays. In addition, we numerically investigate the
performance of such techniques along with the complexity of
implementing them.

The rest of the paper is organized as follows: In Section 2,
we present the related work and background information to the
topic. In Section 3, we present the application areas for the work.
In Section 4, we present the fundamentals for designing the
nano-antenna array at optical frequencies and the beamforming
architecture. In Section 5, we present the beamforming and con-
trol strategies for the optical nano-antenna array. In Section 6,
we present numerical analysis and its results. In Section 7, we
provide some conclusions from the results.

2. Related works

There have been several recent advancements in optical tech-
nology that pave the way to enable more advanced micro/nano
applications of light. We summarize them in this section.

2.1. Optical antennas

Optical antennas are nano-structures that efficiently convert
optical currents into light radiation and vice versa. The term
optical current is used to describe either electrical currents at
optical frequencies (i.e., in an electrically driven optical antenna)
or a photonic current (i.e., in a laser-pumped optical antenna or
in a photonic integrated circuit followed by an optical antenna).

As we describe in Section 4.1, the geometric design of op-
tical antennas is mostly governed by the same principles as
of the design of antennas at lower frequencies. However, the
much smaller wavelength of optical signals leads to a much
more challenging fabrication process. For the time being, different
types of optical antennas have been demonstrated, including
dipole antennas [9–11], bow-tie antennas [12–14], Yagi–Uda an-
tennas [15,16], slot-antenna [17–20], patch antenna [21,22] and
cross-antenna [23]. The fabrication of the majority of these anten-
nas involves the use of Focused Ion-Beam (FIB) milling or Electron
Beam Lithography (EBL) and some even newer and more precise
nano-fabrication [24–26].

In these previous works, the optical antennas were driven
through an external light source, which is less complex than
attempting to embed an optical signal source with the antenna.
Nevertheless, some recent works have reported success in elec-
trically excited optical antennas [27,28]. These antennas involve
using the photon-tunneling effect at the source cavity to gener-
ate the signals and antenna structure as the filter and efficient
radiator.
2

2.2. Optical antenna arrays and optical metasurfaces

While this is a less mature area of research, optical antenna ar-
rays are gaining the interest of the research community for their
unique ability to control the output wavefront and, thus, provid-
ing the ability to do beam shaping at optical frequencies [8]. As in
an antenna array at lower frequencies, the fundamental idea is to
enhance the radiated signal in specific directions by manipulating
the phase or time delay in which the signal at different elements
of the array is radiated (or reciprocally processed). For the time
being, optical antenna arrays are limited by static phase shifting
elements, i.e., the phase control at each element is passive and,
hence, dynamic beam steering is not supported.

From the design perspective, metasurfaces are fundamentally
similar to an optical antenna array for its function and design [29].
Metasurfaces take advantage of the precisely designed structures
that allow phase control at sub wavelength resolution and there-
fore enabling the control of resultant wavefront. This control in
a planar structure has allowed the use of these technologies for
applications that earlier required optical elements. Along with
that, the same technology can also be used to design metama-
terial filters [30–32] and polarizers [33,34] to selectively target
a particular frequency from a wide-band source. The majority of
applications of such optical antenna arrays has played a key role
for in flat optics [35]. However, some groups have also tried to
actively shift the phase [7] but the low power and low coupling
efficiency has limited the application of such designs.

In this paper, we present a scalable design with a unified
framework for beamforming antenna arrays that allows high
coupling power and the dynamic control of the beam from optical
arrays.

3. Applications of optical nano-antennas and nano-antenna
arrays in nano-bio-sensing/actuation

Optical nano-antenna arrays, similar to their RF counterparts,
follow the principle of reciprocity. As a result, antenna arrays
can be used in transmission, i.e., to convert electrical signals to
EM radiation, as well as in reception, i.e., to couple EM radiation
and convert it to electrical signals. In addition, as a combination
of the two functionalities, these can also be used in reflection
(reception plus transmission), and all of these while performing
beamforming. Such unique control of optical waves at the nano-
scale enables a variety of novel applications. In this section, we
describe some of the most unique applications of optical nano-
antenna arrays for nano-bio-sensing and -actuation, classified by
where the array plays a key role, namely, at the transmitter
(i.e., as an actuator), at the reflector (i.e., as a sensor) or at the
receiver (i.e., as a detector).
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Fig. 2. An overview of applications of nano-antenna arrays in nano-sensing systems.
.1. Applications in transmission: optogenetics and optogenomics

An optical antenna array can function as an effective radiating
tructure and, when coupled with active phase control, can allow
ynamic beamforming. This dynamic beamforming can enable
recise nano-scale selective focus of light to maximize the signal
o noise ratio at target locations.

One of the key applications of such precise beam control in
he transmission is in the field of optogenetics and optogenomics.
ecently, major breakthroughs in the field of biophotonics and
enomics are enabling the control of biological processes through
ight [5]. By incorporating light-actuated and light-emitting pro-
eins into cells, key biological processes at the single-cell and
ven sub-cellular level can be controlled in real time [36,37]. For
he time being, scientists have mostly been combining optics and
enetics into optogenetics, with the primary goal of employing
ight to control cell–cell interactions. Such techniques are focused
n manipulating the cell activities in multi-neuronal networks
nd, thus, are also referred to as optoneuronal platforms.
Our recent work [5] and ongoing investigations focus on cre-

ting a new subfield of research that we refer to as optogenomics
r light-based control of the genome’s function. While the appli-
ations of this new paradigm are uncountable, our initial goal is
o demonstrate the feasibility of controlling cellular development,
ncluding information processing and learning. Cell development
nd fate may be influenced by targeting individual genes and
ven more effectively by globally controlling the 3D genome ar-
hitecture [38]. By targeting the recently described pan-ontogenic
ntegrative Nuclear FGFR1 Signaling (INFS) in developing neu-
onal cells, we can influence the genome structure and function
nd, thereby, develop neuronal networks and their ability to
rocess and learn information [5,38].
While conventional optical sources can be utilized to trigger

ystem-wide responses, being able to control individual cells will
pen the door to the study of the cell functions within complex
issues and organs. For example, we can utilize beamforming
ano-antenna arrays to independently program (optogenomics)
nd/or activate (optogenetics) cells, enabling interesting studies
f, for example, signal and change propagation in neuronal net-
orks, as well as single-cell therapies. Moreover, in a more ambi-
ious vision, multiple nano-devices (or nano-machines) acting in a
oordinated fashion can develop complex cell networks(neurons
r muscle fiber tissues) from stem cells.
3

3.2. Applications in reflection: plasmonics-enabled nano-bio-sensing

One of the very first applications of optical nano-antennas
was precisely in the field of nanosensing. Nanotechnology has
enabled the development of novel nanosensors that are more
precise and much smaller than the traditional sensors. Plasmonic
sensors [39], among all other nanosensing technologies, have
gained popularity in the last decade for compact sensing systems.
A plasmonic sensor works on the principle of surface plasmon
resonance (SPR) effect. The SPR effect is a result of the interaction
of light and matter at the nano-scale. The design of an SPR-
effect-based sensor consists of a metallic or conductive resonating
structure with a bio-functionalized surface that selectively com-
bines to desired bio-marker molecules. This combination changes
the resonating response of the structure, which can be then
analyzed using an optical system to determine the sensing re-
sults. To interact and read information from these sensors at
this nano-scale, we must use small-wavelength (optical range)
sources and very sensitive detector systems. One of the most
common resonant structures are nanoparticles, which are many
times referred to as nano-antennas in the nanosensing literature.
Recently, researchers have demonstrated the feasibility of these
sensors for in-vivo nanosensing systems and demonstrated their
ability to accurately detect disease biomarkers for cancer [40] and
other such diseases.

In addition to enhancing the capabilities while reducing the
size of the excitation and measurement system of nanosensors,
optical antenna arrays can also be designed to enhance the sensor
itself.

In particular, the advancement of antenna array technology
has allowed us to create intelligent reflector arrays, also known
as smart or intelligent reflecting surfaces, at different frequencies
across the spectrum [41–44]. In our vision, a similar concept can
be leveraged in nanosensing applications. As shown in Fig. 2,
an optical reflect-array can be designed to reflect the incident
power at the desired angle and with the desired beam pattern.
For detection, the target biomarkers’ presence might manipulate
the strength of the reflection or even the direction of the same,
hence opening the door for different detection mechanisms in
nanobiosensing.

3.3. Applications in reception: super-resolution microscopy

As with the transmitter, an immediate application of optical
antenna arrays is to enhance the detected power at the receiver.
Among others, microscopy was limited by the diffraction limit of
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Fig. 3. SPP waves at metal–dielectric-metal interfaces for thin metal.

ptical lens setups until it was demonstrated that using a metal
ano-particle at the end of a fiber tip could significantly enhance
he near field coupling to fiber and overcome the diffraction
imit [45]. Thus, the first nano-antenna was validated practically
or microscopy. Since then, there has been active research on
he topic [46,47], and different nano-structure on fiber tip has
een experimented with to enhance the coupling to fiber to
nable super-resolution imaging. These nano-structures use the
ame principles as optical nano-antennas and benefit by using
urface Plasmon Polariton (SPP) waves, which allow them to be
uch smaller than the free-space wavelength, thus to overcome

he diffraction limit. Using optical nano-antenna array in super-
esolution microscopy can result in the more precise and fast
canning of samples. Beamforming from the optical nano-antenna
rray can provide even more selective non-mechanical scanning
ptions and sub-diffraction limit focus.

. Design of optical nano-antenna arrays

In this section, we provide an overview of the physics involved
n the function of an optical nano-antenna and the equations gov-
rning its geometric design. We then extend this single-element
nalysis to the design of an array, with an emphasis on the mutual
oupling between elements.

.1. Optical nano-antenna

The design process of a nano-antenna is different from that
f a traditional antenna. Traditional antennas are built with met-
ls or, effectively, perfect electric conducting (PEC) materials in
hich electromagnetic waves cannot penetrate. As a result, they
esonate at the electromagnetic wavelength defined by the sur-
ounding air or effective medium permittivity. Instead, as a result
f the lack of PEC materials at optical frequencies, the reso-
ant frequency of an optical nano-antenna also depends on the
omplex permittivity of its building material. Indeed, at optical
requencies, the electromagnetic waves can propagate within
he so-called penetration depth of the material. We refer to
hese surface waves at metal–dielectric interface as SPP waves.
herefore, designing an optical nano-antenna requires the knowl-
dge of the material properties at optical frequencies and the
quations describing both SPP waves and free-space propagating
lectromagnetic waves.
The Drude and Lorentz model provides an accurate descrip-

ion of the complex-valued conductivity and permittivity of met-
ls at optical frequencies [48,49]. In particular, the frequency-
ependent permittivity εm of a metallic sheet is given by [50]:

m =

[
εm(∞) −

ω2
pτ

2
d

1 + ω2τ 2d
+ j

ω2
pτd

ω(1 + ω2τ 2d )

]
, (1)

where εm is the permittivity of the metal, ωp is the plasmonic
wave frequency of the material, τd is the electron relaxation
time, ϵm(∞) is the permittivity of metal when the metal sheet
is infinite in width and ω = 2π f is the angular frequency.

Starting from the frequency dependent complex permittivity,
the propagation wave constant of SPP waves can be obtained
4

by solving their dispersion equation for the particular struc-
ture under study. More specifically, for a system composed of
dielectric-metal–dielectric interface (Fig. 3), the complex-valued
SPP wave vector, kspp, can be obtained by solving [51]

kspp = (ε1ε3S23 + ε2mS2S3) tanh(S2h) + εmS2(ε3S1 + ε1S3) (2)

1 =

√
β2 − ε1k20, (3)

S2 =

√
β2 − εmk20, (4)

S3 =

√
β2 − ε3k20, (5)

where k0 = ω/c is the free space vector, β is the complex
propagation constant parallel to the surface, ε1 and ε3 are the
ermittivity of the layers surrounding the metal sheet, and εm
s the permittivity of the metal as described in (1) . Therefore,
he SPP wave properties will change not only according to the
ntenna building materials, but also with the surrounding media.
Finally, for this structure to become resonant, its length should

e finite and equal to half of the plasmonic wavelength [48,50,
2]. The SPP wavelength is expected to be smaller than that
f the free-space wavelength, which ultimately leads to smaller
ntennas.
For some designs, the response of the antenna can be obtained

nalytically and in closed form. For example, the radiated fields
y a plasmonic nano-dipole antenna are provided in [53,54].
owever, this is not the case for more general designs, including
atch, bow-tie and other non-traditional antenna geometries.
ecause of that, we rely of Finite Element Methods (FEM) to
ccurately predict the performance of the nano-antenna designs.

.2. Antenna array

There are several considerations to take into account when
oving from the design of individual antennas to their integra-

ion into dense antenna arrays. For an antenna array to exhibit
eamforming gain, the total antenna footprint should span at
east half of the free-space wavelength or λ0/2. At the same time,
o prevent the presence of grating lobes, individual antennas
annot be more than λ0/2 apart. Given the fact that λspp ≤ λ0,
his is not a challenge for optical nano-antennas. However, the
lacement of the antennas in close proximity can lead to mutual
oupling effects, which ultimately can hamper the performance
f the array. Therefore, to design optical nano-antenna arrays, we
eed to model and predict the mutual coupling between adjacent
tructures (Fig. 4) and the effect of the distance Dx and Dy on the
esonating frequency of the structure.

Mutual coupling between elements of the array leads to a
hange in the element input impedance, which effectively leads
o a change in the resonant frequency of the antenna or, con-
ersely, in the power at the original design frequency. Tradi-
ionally, antenna arrays are designed to avoid mutual coupling.
lternatively, arrays could be designed to leverage mutual cou-
ling or, in other words, make a coupling-aware design. Whether
o avoid it or to take into account in the design, there is a need
o predict the mutual coupling up front.

There are different approaches to predict the mutual coupling.
or example, in [55], coupled mode theory is utilized to estimate
he mutual coupling between neighboring antennas. A mathe-
atical analysis is provided along with numerical simulations of
two element array, which exhibit how the strength of mutual
oupling changes with respect to the separation distance.
Here, instead we tailor the methodology used for non-

lasmonic antennas from [56] to the case of optical nano-antennas
ollowing this general approach, we define the mutual impedance
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Fig. 4. Mutual coupling: effect of a neighboring resonator distance on the resonating frequency.
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etween a transmitting element and its immediate neighboring
ntenna elements in the array as:

12 =
V1

I2|V2=0
, (6)

where Z12 is the impedance of Antenna 1 when Antenna 2 is in
proximity, V1 is the excitation voltage of Antenna 1 and I2|V2=0
s the current in Antenna 2 when the excitation voltage in An-
enna 2 is zero. To fully analyze the effect of the neighboring
lement, we need to excite the Antenna 1 while changing the
osition of Antenna 2 around it, then measure the effect of the
osition of Antenna 2 on the impedance of Antenna 1. Because of
he limited availability and feasibility of performing such experi-
ent for optical antennas, we need to perform a FEM analysis to
redict the inter element distance.
As we will discuss in Section 6, the much smaller size of the

lasmonic elements also leads to a reduced coupling between
hem. Particularly, compared to microwave antennas made from
EC material, in which the mutual coupling is determined by
he free-space wavelength, in plasmonic antennas, the mutual
oupling is determined by the plasmonic wavelength. As a result,
he antenna elements can be placed even closer, thus, allowing
or a denser array.

. Beamforming and control architecture

Antenna arrays by themselves are able to provide high di-
ectivity gain, but unless they support dynamic control, there
s no major advantage over using an optical dielectric lens or
metamaterial flat lens [35]. To dynamically adjust the pattern
f the radiated beam, precise phase control at each element is
eeded. The process of maximizing the radiated power in a given
irection (or, reversely, minimized in other directions) is known
s beamforming. In this section, we present different architec-
ures to enable beamforming with optical antenna arrays, which
everage the properties of plasmonic structures.

.1. Principle of beamforming

The process of beamforming relies on the phenomenon of
onstructive and destructive interference of the radiated electro-
agnetic fields by each element. The direction in which signals
onstructively or destructively overlap can be controlled by en-
ineering the phase or, reciprocally, the delay of the signal at
ach individual antenna element. For a light wave to travel in a
articular direction, the phase on the wavefront should be same.
s it can be seen in Fig. 5, for a wavefront in direction θ0 the signal
as to travel an additional distance of dsin(θ0). Generalizing it to
n-dimensional linear array, we can write the expression for the
hase difference β between elements for a linear 1-dimensional
rray to achieve beamforming in the desired angle θ0 [57]:

(θ0) =
2πd sin θ0

, (7)

λ0

a

5

Fig. 5. Beamforming from 2 antenna elements at an angle θ0 from normal.

here d is the inter-element distance.
Similarly, in a two-dimensional array, we can manipulate the

irection of the beam to be steered left/right and up/down. For a
by n uniformly spaced rectangular array to create a main beam

at θ = θo and ψ = ψo, the progressive phase difference between
lements in x and y direction is given by [57]::

x(θ0, φ0) =
2πdx sin θo cosφo

λ0
, (8)

βy(θ0, φ0) =
2πdy sin θo cosφo

λ0
, (9)

where θ refers to the elevation angle and φ refers to azimuth
angle, (θo, φo) is beam pointing direction, dx and dy is the inter-
element spacing along x and y axis respectively.

5.2. Phase control strategies

To implement beamforming in the proposed optical antenna
array, we require the ability to control the phase in modulation
plane. In the following section, we present strategies for the phase
control of optical signals.

5.2.1. Delay line phase prediction
The design of a delay line involves leveraging the fact that light

travels at different speeds in different materials and this speed
is proportional to the refractive index of the material. Taking
advantage of this property, if we control a collimated beam of
light (parallel beams with same phase) to travel the same path
length in two different mediums, then we can achieve predictable
relative phase shift. The delay needed to steer a beam to a desired
angle θo in a uniform linear array with inter-element spacing d is
given by:

∆t =
d(sin θo)
vo

, (10)

here v0 is the speed of light in the given medium. This will
roduce the same phase difference given by (7).
Using the relation between speed of the electromagnetic wave

nd the material refractive index, we can design a delay line to
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Fig. 7. Architecture of the proposed array for excitation plane control.

Fig. 8. Architecture of the proposed array for modulation plane control.

chieve a specific phase shift of ∆φ. The following equation gives
he relation between the thickness D2 of a new material with
efractive index n2, needed to be placed to replace a medium of
efractive index n1 to achieve the desired phase shift ∆φ at the
nd.

2 =
∆φ

2π
λD2λD1

λD1 − λD2
(11)

= D1 − D2 (12)

here ∆φ = φ2 − φ1, φ2 is the phase shift at the end of delay
ine 2 and φ1 is the absolute phase shift at the end of delay line
, also shown in Fig. 6. The effective wavelengths in medium 1
nd 2 are λD1 =

λfs
n1

and λD2 =
λfs
n2

, respectively, where λfs denotes
ree space wavelength.

The required width (D2) depends on difference in values of
D1 and λD2, for the 1550 nm wavelength and a phase shift of
∆φ of π/4 degrees using glass and PMMA it is generally in the
few hundred-nanometer range. Alongside this, for a continuous
6

monochromatic light signal, the length of these delay lines does
not necessarily require to be constructed with nanometer-scale
precision. However, it can be of length (D2∆φ2 + D1∆φ2π ) pro-
ducing the same ∆φ at the end between the D1 and D2 lines.
Another challenge is to achieve precise control at the scale of
a few femtoseconds time resolution. Nonetheless, this is not a
necessary condition, as such femtosecond-long delay is relative
to the signal fed to adjacent elements and is not absolute control
resolution.

5.2.2. Other mechanisms of phase shifting at optical frequencies
Achieving the phase control at optical frequencies on a chip

is a challenging task. Recent advances in nanophotonics have
demonstrated the feasibility of developing electro-optic nano-
scale phase shifters [58] or modulators [59–61]. However, as
these advances have made phase shifting at the optical bands
possible, the hurdle is that they only work for a very narrow
band of frequencies. Along with that, the designs should meet
the constraints to be compact and stackable in a 2D antenna
array arrangement. Most of the current advanced designs are in
the planar XY plane. They do not offer the possibility of being
fabricated along the Z-axis. Thus, it motivates us to use delay lines
or the wideband response they offer and the fabrication facility
hey offer over other designs.

.3. Beamforming architecture

We can leverage the work done in the RF domain to design an
ptical beamforming system. For the proposed compact design
hown in the previous section, we can use two main architecture
trategies. The first approach is to control the excitation plane
i.e., the source) in an on/off fashion. Thus, only enabling the
ntenna elements that are responsible for the desired angle. If
e can have phase control at the signal source itself, such as
he one demonstrated by Laferriere et al. [62] in a compact
onfiguration, it would be achievable. Meanwhile, this approach
s also consistent with using a delay line based phase shifter.
he second approach is to perform dynamic phase and amplitude
ontrol in the modulation plane for each antenna element to
nable beamforming. This approach is better suited when the
ynamic phase shifter designs can meet the specification of Z-

axis fabrication. On the optimistic side, if we achieve dynamic
beamforming, we can leverage a hybrid of the first and the
second approaches to implement dynamic beamforming to op-
timize power efficiency. This improved power efficiency can be
achieved by selectively turning a few elements on/off, making it
more suitable for the nano/micro battery-operated applications.
Further details on these architectures are as follows:

5.3.1. Slotted beamforming architecture: control in the excitation
plane

The best control would be to enable the source to emit precise
signals with accurate phase information and then feed those
signals to the individual antenna elements. Nevertheless, current
state of art optical sources provide compactness [63], but not
such precision. Hence, we target the control of the signals us-
ing delay lines and feed these controlled relative phase signals
to the sub-array antenna elements. To achieve multiple beam-
angles or to some extent beam-steering, we use a large array
of these sub-arrays. These sub-arrays have their unique sources.
By independently controlling sources on/off, we obtain the target
direction of the resultant beam.

The proposed architecture is presented in Fig. 7. The relative
inter-element phase shift required for a 2D array to target a beam
angle at elevation angle θ and azimuth angle φ can be calculated
using (8) and (9). The delay lines can be designed using (11) and
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Fig. 9. Numerical analysis of performance of the designed antenna.
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12) for a precise phase shift ∆φ. However, the shortcoming of
sing sub-arrays with fixed delay lines is that a large array of
ub-arrays is needed for the flexibility to target desired angles.
hile, this added volume makes this approach bulky, considering

he small size of the optical antenna elements, the overall size is
till small and within millimeter constraint.
At this point, it is relevant to consider and discuss the ad-

ances in the field of metamaterials. Metamaterials has allowed
or the ability to create flat lenses that can be directional. While
sually flat nature provides them an advantage when compared
o delay lines, existing metamaterial lenses are very narrow-band
ompared to delay lines, i.e., their response drastically changes
ith the operation wavelength/frequency. Nevertheless, for ap-
lications involving sensing, a broadband response is often pre-
erred. Enabling the antenna element level controls also allow us
o apply the knowledge, progress, and breakthroughs made in RF
eamforming to optical wireless systems.

.3.2. Adaptive beamforming architecture: control in the modulation
lane
The beamforming architecture that can leverage the control of

odulation plane (between the excitation plane and the radiation
lane, Fig. 4) is presented in Fig. 8. Control in the modulation
lane refers to dynamic phase control of signals fed to each
ntenna element. This precise control at each antenna element
llows us to control the resultant beam angle adaptively. The
hase required at each element is dependent on the direction
hosen for the beam, i.e., θ0 angle of elevation and φ0 azimuthal
ngle. The relative inter-element phase shift required for a 2D

rray to target a beam angle at elevation angle θ and azimuth c

7

angle φ can be calculated using (8) and (9). Another advantage of
sing this architecture is that it can leverage a single source for
ll the nano-antenna elements. Hence, eliminating the need for a
ource of the scale of the nano-antenna element.
Nevertheless, another opportunity from using phase control is

odulating the signal to carry data bits. We can also engineer
he resultant beam to selectively target multiple angles. This ar-
hitecture can leverage the vast literature existing for RF antenna
rrays, which provides us multiple signal processing algorithms
o leverage this to its full capacity. Thus, allowing a robust and
ompact transceiver set up in a layered form factor.

.3.3. Hybrid architecture: joint control of excitation and modulation
lanes
As discussed in the previous section, control in the excita-

ion plane and the modulation plane have their independent
dvantages. Excitation plane controls allow for a simpler archi-
ecture, while modulation plane control offers the freedom in
daptability. Using this architecture, we can perform a hybrid
pproach that can leverage both architectures’ best. The possi-
ility of controlling the excitation plane and modulation plane
ogether offers the ability to address the device’s power efficiency
spect. Most compact applications such as wearable and mobile
evices have limited power available from a battery. This limited
udget becomes a significant problem and, therefore, should be
ddressed. Ability to have a very dense array and control over
he fact that we can turn few elements on/off can change the
ower budget required for the operation and communication.
his dynamic change allows us to consume less power for the

lose-range communication needs allowing less power per bit
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1

Fig. 10. Effect of inter-element spacing of antenna array on antenna impedance.
T

Fig. 11. Designed bow-tie antenna array dimensions. Antenna element labeled
in clockwise order from left bottom: Antenna 11, Antenna12, Antenna 22 and
Antenna 21.

transmitted. Simultaneously, we can turn on all the elements
that allow us the long-range needed for accurate detection for
long-range applications.

Another added benefit from this architecture is its resiliency to
faults. The hybrid architecture can tolerate faults and still func-
tion. The faulty elements can be disabled. Thus, we can leverage
the improved efficiency and minimize the interference caused by
the faulty antenna elements.

6. Numerical analysis results

In this section, we use FEM modeling with COMSOL Multi-
physics to numerically design, model and analyze the perfor-
mance of optical nano-antenna arrays.

6.1. Antenna design

We select a bowtie antenna as the building block of optical an-
tenna arrays due to its broadband nature. Hence, we can support
a variety of wavelengths for the transmission around the given
designed frequency. Using (1), we calculate the permittivity for
gold as a function of frequency. Gold has plasma frequency ωp =
3.35PHz and electron relaxation time τ = 10 fs.
d

8

able 1
Geometrical parameters used to design an optical bow-tie antenna.
Parameter Value

Bow length 179.88nm
Bow width 130.94nm
Bow angle 20◦

Port length 44.9nm
Port width 32.9nm
Antenna thickness 20nm

In our analysis, we conduct extensive numerical simulations
with COMSOL Multiphysics to optimize the optical bow-tie an-
tenna design. The final design parameters are summarized in
Table 1 and illustrated in Fig. 9(a).

For a perfect electric conductor, the ideal length of a half-wave
dipole antenna is λ/2. For our design wavelength of 1550 nm,
free space λ0/2 is 750 nm. However, because plasmonic waves
are shorter than free space waves, the designed antenna length
is 360 nm for our gold-based antenna structure.

The simulated antenna performance is presented in Fig. 9. The
radiation pattern is similar to that of a dipole antenna, i.e., ring-
shaped. The S11 parameter shown in Fig. 9(b) describes the
reflected power losses shows that this designed antenna can work
efficiently at the range of 1.9 THz - 2.1 THz (with less than -10 dB
loss).

6.2. Antenna array design

The dimensions of the array antenna elements are as per the
design in Section 4.1. The inter-element spacing for the antenna
array should be as such that it should not affect the entire
array’s resonant frequency. Hence, we performed a parametric
sweep to calculate the ideal inter-element spacing. During this
sweep, we fixed one antenna and we observed the neighboring
antenna’s effect on the antenna’s impedance while changing the
inter-element distance along the X and Y -axis. Fig. 10 presents
the results demonstrating the effect of inter-element spacing on
the antenna impedance. Thus, we select the spacing of 749nm,
which minimizes the mutual coupling between the antenna ar-
ray elements. Reducing inter-element spacing seems lucrative,
but reducing it beyond a limit will result in the coupling effect
causing the losses due to a resonating frequency shift. While
increasing it too much would result in side lobes’ generation
resulting in a less focused beam. The geometry of the array is as

per Fig. 11.



A. Sangwan and J.M. Jornet Nano Communication Networks 29 (2021) 100363

6

w
b
F
h
a
t
a
T
a

6

i
H
m
p
p

E
i
a
p
i
f

6

w
t
e
a
t
c
a
p
T
d

a

Fig. 12. Performance of designed bow-tie antenna array.
.3. Performance

To calculate the array factor and demonstrate beamforming,
e conceived an antenna array of 4 elements. The E-field distri-
ution on the antenna array elements is presented in Fig. 12(a).
or the simplification of the simulation model, each element
as its unique independently controlled source, following the
rchitecture shown in Fig. 8. To calculate the beam pattern of
he array, we are using the far-field model. Fig. 12(b) shows the
rray factor of design with no shift between antenna elements.
he results of Fig. 12(b) exhibit that the design is of a broadside
rray.

.4. Delay-line based phase control

Simulating a phase control at the port of excitation is preferred
n favor of the model’s computational complexity minimization.
owever, to realize a beamforming architecture, the phase shift
echanism should also be validated. In previous section, we
ropose the design of delay lines as per (11) and (12) for a precise
hase shift ∆φ. To validate this design approach, we modeled

two lines. In the first line, we used the same material, and in
the second line, we designed the length of the line to result in
the phase shift of ∆φ = pi/4. We simulated the model with
lectromagnetic physics and wave equation for transient analysis
n COMSOL. The results shown in Fig. 13 confirm the phase delay
nd, thus, confirm the functioning of the delay line. These results
rovide promising results for controlling the relative phase at
ndividual elements of the antennas array, thus catering to the
undamental need for beamforming.

.5. Beamforming performance

To evaluate beamforming performance of the designed array,
e used far-field analysis and phase control at the individual an-
enna ports. The antenna array uses the designed optical antenna
lements, as in Section 4.1. This approach allows for numerical
nalysis with reduced computational complexity. Fig. 14 presents
he results of beamforming performance from the array for the
onfigurations presented in Table 2. We observe that the antenna
rray’s main beam can be steered in the desired direction with the
roper control of the relative phase between antenna elements.
hese results demonstrate directional gain and the feasibility of
ynamic control for the optical antenna array.
In addition to evaluating the beamforming performance we

lso numerically compared slotted and adaptive beamforming
9

Fig. 13. Numerical analysis of phase delay due to the delay line.

architectures for the antenna arrays. With on/off control of the
slotted architecture we can see that the beampattern is much
wider for the same footprint of the overall array. While with
adaptive all the elements are turned on and with adaptive phase
change we can have a merit of narrower main beam width and
higher directivity compared to same footprint size (see Fig. 15).

7. Conclusions

Light plays a key role as an interface with biological systems.
By developing compact tools to manipulate light at the nano- and
micro-scopic level, we can interact with the building blocks of
living systems. In this paper, we have developed a unified frame-
work to design optical nano-antenna arrays that can be used
in transmission, reception and reflection for nano-bio-sensing
and nano-bio-actuation purposes. While still several fabrication-
related challenges need to be addressed, including the integration
of antenna arrays with a large number of elements with the
given tight tolerances or the 3D-integration of the excitation,
modulation and radiation plane, the underlying theory and, thus,
possibilities are defined.
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T

Fig. 14. The beamsteering performance of the 2X2 antenna array.
able 2
Phase shift values used for antenna array elements for the beam-steering analysis.
Port name Phase shift

Case 1 Case 2 Case 3 Case 4 Case 5

Antenna 11 0 0 0 0 0
Antenna 12 0 π/2 −π/2 0 0
Antenna 21 0 0 0 π/2 −π/2
Antenna 22 0 π/2 −π/2 π/2 −π/2
Beam direction 90 degrees to array Towards: −y axis Towards: +y axis Towards: −x axis Towards: +x axis
10
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Fig. 15. Performance comparison of slotted vs adaptive bow-tie antenna array architectures.
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