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Abstract—This work explores the use of Bessel beams as a
potential solution for near-field optical intra-body communica-
tion. Bessel beams possess unique non-diffracting and self-healing
properties, making them superior to traditional Gaussian beams
in maintaining intensity through complex biological environments
in the near-field. In this paper, we propose a system that employs
optical nanoantenna arrays to generate Bessel beams at a wave-
length of 1550 nm, which falls within the biological transparency
window. The system model is described, including its design
principles and the corresponding mathematical formulation. Our
results compare the propagation characteristics of Bessel and
Gaussian beams in intra-body contexts, highlighting the role of
near-field effects in ensuring propagation stability and preserving
beam integrity at cellular levels.

Index Terms—Bessel beams, intra-body, optical communica-
tion, near-field.

I. INTRODUCTION

Over the past decade, as the field of nanonetworking
has advanced, plasmonic nanoantennas have emerged as key
enablers, pushing the boundaries of communication at the
nanoscale [1]. By focusing light beyond the diffraction limit,
these nanoantennas enable highly localized and efficient inter-
play between nanoscale devices. This capability has opened
new avenues in photonics, facilitating precise control of light-
matter interactions [2]. Structural optimizations, such as ad-
justing gap size, refining antenna dimensions and shape, and
organizing them into arrays, have significantly enhanced field
concentration and enabled precise tuning of the antenna’s spec-
tral response [3]. In particular, nanoantenna arrays have proven
to be highly valuable for controlling light-matter interactions
by leveraging collective electromagnetic (EM) resonances.

Nanofabrication is essential for harnessing these interac-
tions, as it enables the precise design of nanoantenna arrays.
A wide variety of structures have been synthesized and char-
acterized, with plasmon resonances tunable across the visible
to mid-infrared range of the EM spectrum [4]. The geometry
and material properties of these arrays directly shape the phase
and amplitude distribution of the electric field, facilitating the
tailored manipulation of wavefronts, which connect points of
a wave oscillating in unison. Wavefront shaping provides a
powerful technique for enhancing optical resolution in fo-
cusing and imaging by mitigating the challenges caused by
the exponential decay of ballistic photons—light particles that
traverse a medium without scattering. This approach enables
micrometer or even sub-micrometer resolution deep within
complex media, allowing the retrieval of information from

scattered light [5]. Therefore, understanding and controlling
the wavefront is crucial for optimizing the performance of
nanoantenna systems across various applications, particularly
in complex environments.

By applying the same principles as radio frequency (RF)
antennas, optical nanoantennas can operate wirelessly, paving
the way for in-vivo nano-bio sensing and actuation [6].
Nanoscale communication has emerged as a promising field,
enabling interactions between nanomachines within the body
or between implanted nanomachines and wearable devices.
For such communication, various technologies have been
proposed, with optical frequency bands—such as infrared (30-
400 THz) and visible light (400-750 THz)—standing out as
effective solutions for nanoscale connectivity [7]. To improve
the range of wireless communication for deeper implants, the
work in [8] proposed combining analog beamforming with op-
tical nanoantenna arrays and light-guiding hydrogel implants
to counteract propagation losses and extend communication
distance within the body.

A key consideration in these systems is achieving precise
control and high spatial resolution, where near-field effects
become essential for enhanced communication at microscopic
scales. Unlike conventional beamforming solutions, which
typically produce Gaussian beams, the near-field enables ad-
vanced design options such as beamfocusing, curved Airy
beams, and Bessel beams [9]. In particular, Bessel beams stand
out due to their ability to maintain a non-diffracting profile
over longer distances compared to Gaussian beams [10], mak-
ing them ideal for intra-body optical communications. Those
beams have already been applied in various fields, including
optical tweezers [11], optical coherence tomography [12],
and free-space optical communication [13]. Recently, they
have been proposed for near-field terahertz (THz) communi-
cation [14].

In this paper, we present Bessel beams as a solution for
near-field optical intra-body communications. Our work paves
the way for the development of a new generation of devices
that harness near-field behavior for unprecedented precision in
nanonetworks. This opens new possibilities for innovations in
sensing and actuation, setting the stage for advancements in
optical nano-communication. To this end, we summarize our
contributions as follows

• We introduce the concept of near-field optical communi-
cation within the body.

Authorized licensed use limited to: Northeastern University. Downloaded on June 09,2025 at 20:53:25 UTC from IEEE Xplore.  Restrictions apply. 



• We present Bessel beams as a promising approach to en-
hancing intra-body communication, detailing the system
design and its corresponding mathematical analysis.

The remainder of the paper is structured as follows. In
Sec. II, we explore the principles underlying near-field intra-
body communication. Sec. III introduces Bessel beams as
a new approach for intra-body communication, presenting
both the proposed system and its mathematical formulation.
In Sec. IV, we demonstrate the results derived from our
developed model. Finally, we conclude our findings in Sec. V.

II. NEAR-FIELD ANALYSIS

A. Physical Basis

The Fraunhofer distance defines the boundary between the
near-field and far-field, representing the point beyond which
diffraction effects dominate and the beam propagates in a well-
defined, collimated manner [15]. In our work, this distance
becomes especially important when the effective dimension
of the nanoantenna array exceeds the wavelength of the light
being used, resulting in a significant extension of the near-field
region. Notably, the distance is influenced by the electrical
aperture of the system rather than the physical size of the
device. This characteristic makes it essential to carefully
consider how to operate and control EM waves within this
region. For an array of side length D, operating at a design
wavelength of λ, the boundary of the far-field dF is given by

dF =
2D2

λ
. (1)

For a transmitter (Tx) and receiver (Rx) equipped with a D1×
D1 and D2 ×D2 array, respectively, dF is given as [16]

dF =
4(D1 +D2)

2

λ
. (2)

Hence, when the link distance is less than the far-field bound-
ary, the fundamental regime of operation is the near-field.

To provide a clearer understanding of the near-field region,
we will illustrate this concept with an example from the
literature. The authors in [17] proposed a scalable and compact
antenna array featuring sub-wavelength antenna spacing. This
design comprises a series of hybrid plasmonic nanoantennas
operating at a wavelength of 1550 nm, with configurations
including 1×8 and 8×8 antenna arrays. In the case of the 8×8
array, the effective dimension is D = 8680 nm, calculated as
8 elements multiplied by an element spacing of 1085 nm. For
an array employed at the Tx side, dF is approximately 97 µm.
If the same array configuration is employed on both the Tx
and Rx sides, dF increases to approximately 777 µm. These
results underscore the significance of studying near-field intra-
body optical communication, particularly as the presence of
the array extends the near-field region. Changing the number
of elements in the array will influence the size of the near-
field region (assuming fixed antenna spacing), allowing for
greater flexibility in the system design as can be seen in
Fig. 1. In applications like monitoring cancer cells’ response
to drugs and assessing chemoresistance at the single-cell level,
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Fig. 1: Effect of antenna array elements on near-field region
assuming either transmit or receive array and fixed spacing.

the working distances are typically on the order of micrometers
when interacting with highly focused light sources, such as
those from near-field optical techniques. This makes near-field
communication particularly well-suited for precise, localized
interactions with individual cells and subcellular structures,
such as ion channels and receptors.

As such, using arrays provides the ability to control beam
shape and direct energy with precision. This is particularly
useful in intra-body communication, where spatial selectivity
is important, but high power is not required, unlike in other
macroscale wireless applications. Each element in the array
can operate at lower power, reducing overall energy consump-
tion while maintaining system performance.

B. Focusing an Array to the Near-Field

To focus a nanoantenna array into the near-field region,
the phase of each antenna element within the array must
be meticulously controlled. This is achieved by adjusting the
aperture distribution of the array. For a linear array positioned
along the x-axis, the aperture distribution is defined as [18]

f(x) = Eo(x) exp

(
jk

x2

2F

)
, (3)

where E0(x) is the illumination amplitude distribution across
the array, k is the wave number, x is the position along the
array, and F is the focal distance. The quadratic phase shift
introduced by the exponential term in (3) is analogous to the
effect of a lens in traditional optics, where each point on the
lens surface imparts a specific phase shift to incoming light to
focus it at a particular distance.

When the phase is adjusted as in (3), the properties of the
electric field in the focal plane is exactly the same as those
in the far-field (for the unfocused case) [19]. As such, from
array theory, several key properties of the beam can be derived
based on the aperture distribution and array parameters. For a
linear array with uniform feeding, the half-power beamwidth
(HPBW) is approximately given [18]

HPBW ≈ 0.88
λ

D
. (4)
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A larger array width D results in a narrower beam (smaller
HPBW), enhancing the beam’s directionality and focusing
capability. When the array is focused using the aperture
distribution f(x), the beam width between the 3-dB points
in the focal plane, known as the lateral spot size ∆l, can be
expressed as [20]

∆l = 0.88F
λ

D
. (5)

The axial spot size ∆a, which refers to the beam’s length
along the propagation direction where the intensity remains
above half its maximum value, is given by [20]

∆a = 7λ

(
F

D

)2

. (6)

The relationship between the aperture size D and the
beamwidth allows for precise manipulation of the focus and
the overall beam quality. While beam focusing techniques
converge at a specific focal point to achieve peak intensity,
this convergence comes at the cost of rapid divergence beyond
the focus, which limits the effective range of the beam. In
addition, the concentration of energy into a small spot makes
beam focusing highly sensitive to blockages and misalignment.
Therefore, to overcome the limitations of beam divergence and
sensitivity to misalignment, further exploration of alternative
techniques is required.

C. Bessel Beams

Unlike traditional beams, Bessel beams arise as a candidate
solution for near-field intra-body communication. In fact,
Bessel beams, which are solutions to the Helmholtz equation,
were first demonstrated as light fields in 1987 [21]. These
beams are localized and generated through the superposition
of plane waves with conically propagating wave vectors.
The nth-order Bessel beam can be expressed in cylindrical
coordinates [10]

E(r, φ, z) = A0e
ikzzJn(krr)e

inϕ, (7)

where r, ϕ, and z are the radial, azimuthal, and longitudinal
components, respectively. A0 is the electric field amplitude, Jn
is the nth-order Bessel function of the first kind, kz and kr
are the longitudinal and radial wave vectors, respectively, with
k =

√
k2r + k2z = 2π/λ. Similar to a true plane wave, a perfect

Bessel beam would require infinite energy over an infinite
space, making its precise realization impossible. Hence, finite
aperture approximations to Bessel beams can be realized
using various optical elements including annular slits, axicons,
metasurfaces, holograms, and arrays [22]. Specifically, the
concept of using an array to generate localized waves is
not new; it has been employed with both localized acoustic
waves [23] and EM waves [24]. In addition to their non-
diffracting nature, Bessel beams possess another crucial prop-
erty: self-reconstruction, also known as self-healing. When an
object obstructs the center of the beam, the waves can bypass
the obstruction, creating a temporary shadow in the beam. The
beam eventually restores its original intensity profile beyond

Fig. 2: System model with nanoantenna arrays at the plane
z = 0 and z = d.

the obstacle. The distance required for this self-reconstruction
is given by [10].

zmin ≈ ak

2kz
, (8)

where a is the width of the obstruction.

III. BESSEL BEAMS FOR INTRA-BODY COMMUNICATION

A. System Model

Optical nano-antenna arrays, similar to their RF counter-
parts, function based on the principle of reciprocity [6]. In
our proposed system, the nanoantenna array, which transmits
Bessel beams as shown in Fig. 2, can be deployed at the Tx,
Rx, or both, depending on the application. During transmis-
sion, the array acts as an actuator, while during reception, it
functions as a detector that captures EM radiation. These ar-
rays can also be employed for reflection, seamlessly combining
both transmission and reception capabilities [6]. We focus on
light propagation through blood vessels, where the nanoanten-
nas operate at a wavelength of 1550 nm. This wavelength lies
within the biological transparency window, typically spanning
from about 600 nm to 1300 nm and extending from 1500 nm
to 1800 nm [25]. The transparency window is characterized
by reduced absorption and scattering, which allows for deeper
tissue penetration and enhanced optical signal transmission.

1) Transmitter:: The transmitting nanoantenna array op-
erates at optical frequencies, utilizing plasmonic effects to
enhance the emission of a Bessel beam. This beam is generated
from an aperture of radius R located in the plane z = 0, as
illustrated in Fig. 2. The choice of aperture size is critical for
determining the beam’s spatial properties. A properly sized
aperture ensures that the emitted Bessel beam retains its unique
non-diffracting characteristics, allowing it to propagate over
extended distances without significant divergence.

2) Receiver:: The receiving nanoantenna array is designed
to resonate at the same optical frequency as the transmitted
signal, maximizing its absorption efficiency. A disk of radius
a is situated in the plane z = d, as shown in Fig. 2, defining
the area over which the intensity of the incoming Bessel beam
is integrated. This configuration enables the receiving array to
capture the Bessel beam within the specified disk region.

3) Channel Characterization: We assume light propagation
between the nanoantenna arrays occurs within blood vessels
at 1550 nm. At this wavelength, the absorption coefficient of
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blood is approximately µa ≈ 5 mm−1 [26]. In fact, above
1360 nm, the absorption of red blood cells (RBCs) closely
follows the water absorption curve, but with values 20 to 30%
lower due to minimal hemoglobin absorption, which reduces
µa as water content decreases. In addition, for wavelengths
above 600 nm, the reduced scattering coefficient µ′

s ranges
from 1.8 mm−1 and decreases to about 1 mm−1 at 1550
nm [26]. The refractive index of blood at this wavelength
is approximately 1.31 to 1.37 [27], varying with hemoglobin
concentration, while the average RBC diameter is 7.5 µm.

B. Mathematical Formulation

In our system, we consider a zeroth-order Bessel beam (n =
0). The propagation occurs in the plane z = 0, and the electric
field is given by [10]

E(r, z = 0) =

{
A0J0(krr), for r < R,

0, for r ≥ R,
(9)

In addition, the intensity of the Bessel beam is proportional
to the square of the electric field and is thus given by

I(r) = |E(r)|2 = |A0|2|J0(krr)|2. (10)

The total power carried by the beam is the integral of the
intensity over the entire cross-sectional area A given as [28]

Pt =

∫
A

I(r) dA =
c

2π
A2

0

(
R

kr

)
. (11)

To derive (11), it is assumed that the aperture radius R is much
larger than the central spot (R ≫ 1

kr
).

To fully leverage near-field wavefronts like Bessel beams, it
is essential to re-evaluate key aspects of system design. In typ-
ical far-field scenarios, the Friis equation is used to calculate
link budgets. However, in the near-field, the received power
does not necessarily follow the 1/r2 decay due to wavefront
spreading [29]. Instead, it becomes essential to calculate the
radiated field using a diffraction integral formulation of the
Huygens-Fresnel principle [29]. Given the intra-body losses at
optical frequencies, the expression for power transfer becomes

Pr

Pt
=

∫∫
|E2(x2, y2, d)|2dSr∫∫
|E1(x1, y1, 0)|2dSt

× exp (−αd), (12)

where E1 is the field at the Tx plane, E2 is the field at the
Rx plane, and the integrals are performed over the Rx and Tx
apertures, Sr and St respectively. The term α represents the
losses due to scattering and absorption at optical frequencies.

Due to the finite size of the nano-antenna array, which
effectively acts as the aperture of the system, the generated
Bessel beam has a limited propagation range. This range,
denoted as zmax, is determined by R and the ratio of the total
wave vector k to the radial wave vector kr. The expression
for the maximum propagation distance is [28]

zmax = R

√(
k

kr

)2

− 1. (13)

The condition k > kr > 2π/R ensures that the Bessel beam
has a sufficient radial confinement relative to the aperture size.

If kr is too small or too large, or if k is too close to kr, the
beam will start to spread due to diffraction.

Finally, in the design and analysis of nanoantenna arrays,
the precise control of the beam’s geometry is paramount
for efficient EM interaction and power transfer. Two critical
parameters that define the Bessel beam’s geometry are the apex
angle (θ) and the spot size (r0). The apex angle of the Bessel
beam is determined by the relationship between its radial and
axial wave vector components as follows [10]

θ = tan−1

(
kr
kz

)
. (14)

The spot size of the central lobe, representing the radius at
which the first dark ring appears around the bright central
maximum, is given by [10]

r0 =
2.405

kr
. (15)

IV. RESULTS

In this section, we investigate the propagation characteristics
of Bessel and Gaussian beams within a blood vessel. We
consider a nanoantenna array capable of transmitting signals
at 1550 nm to reach a target located 200 µm away. The
setup includes an obstacle between the Tx and the target.
The obstruction is a circular, disk-shaped region introduced
into the propagation path of the beam, positioned along
the z-axis at a distance of 100 µm from the beam source.
This region effectively blocks the beam intensity within its
spatial boundary. In biological scenarios, this obstacle can
represent clusters of cells that create barriers or pathological
entities, such as tumors. The simulation calculates the intensity
distribution of both beams with the parameters given in Table I.

TABLE I: Simulation Parameters

Parameter Value
Wavelength (λ) 1550 nm
Propagation Distance 200 µm
Beam Waist (Gaussian) 30 µm
Obstacle width (a) 20 µm
apex angle (θ) 0.88◦

Figure 3(a) illustrates that the Bessel beam, even when par-
tially obstructed, successfully reconstructs its original intensity
distribution after a certain propagation distance, effectively
“healing” the shadow cast by the obstacle. In our case, zmin

is approximately 10 µm. Since the obstacle is located at
100 µm, the self-healing occurs at 110 µm as shown in
Fig. 3(a). This self-healing phenomenon occurs due to the
non-diffracting nature of Bessel beams, which enables them
to preserve their energy distribution even in the presence of
obstructions. In contrast, the Gaussian beam shows a signifi-
cant drop in intensity after encountering the obstacle, and this
reduction continues as it propagates further, as demonstrated
in Fig. 3(b). This highlights the Gaussian beam’s susceptibility
to propagation effects, resulting in diminished signal strength
and reduced effective range.
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Fig. 3: Comparison between (a) Bessel and (b) Gaussian
beams. Self-healing for the obstacle occurs at 110µm.

The results emphasize the practicality of using Bessel beams
for near-field intra-body optical communication, where main-
taining signal integrity is crucial. Their resilience makes them
a compelling choice for enhancing communication efficiency
between nanoantenna arrays, ensuring reliable transmission of
optical signals even in complex tissue environments.

V. CONCLUSION

In this paper, we introduce the concept of using Bessel
beams for intra-body optical communication, leveraging their
distinctive properties to improve signal transmission. Our
results demonstrate that Bessel beams outperform Gaussian
beams, particularly in their ability to restore intensity after
encountering obstacles. This self-healing feature is especially
vital in intra-body applications, where tissues and cellular
structures may obstruct the light path. By ensuring reliable
communication channels, Bessel beams stand out as a can-
didate solution for various intra-body applications, including
targeted therapy, bio-sensing and optogenetics. In future work,
one aspect we intend to investigate is comparing the photother-
mal effects of both beams.
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