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ABSTRACT

The terahertz (THz) band offers the advantages of mas-
sive available bandwidth and small signal wavelengths with
revolutionary potential in both communication and sensing
applications. However, the increased noise power from the
larger bandwidth, as well as the increased path losses due to
smaller wavelengths severely restrict the signal-to-noise ratio
(SNR). In this light, reconfigurable intelligent surfaces (RISs)
have been proposed as breakthrough devices that can be readily
scaled up to create high-gain aperture systems, which are likely
to have near-field applications. Here, wavefronts specifically
engineered within the near field provide opportunities for
improved sensing capabilities. Specifically, in this paper, we
highlight how the greater depth of focus through Bessel beams
can be utilized to improve the resolution capability of THz-
band sensing. We numerically derive and show that Bessel
beams can help improve target classification due to increased
SNR in detection and increase resolution through increased
bandwidth exploitation as well.

I. INTRODUCTION

Wireless sensing has been a feature of the wireless landscape
for several years. In recent years, the feasibility of joint com-
munications and sensing (JCS), and the need to provide very
accurate channel sensing conditions within high-speed wireless
links have only increased the demand for improvements in
sensing technologies, both in terms of accuracy as well as
reliability [1]–[3]. In this context, the Terahertz (THz, 0.3
– 10 THz) band has received significant attention, as the
small wavelength of THz signals combined with the very
wide bandwidth available at these frequencies can provide
unprecedented sensing opportunities [3], [4].

Nonetheless, these opportunities at the THz band come at
the cost of a high spreading/path loss, which can severely
reduce the signal-to-noise ratio (SNR) and hence the applicable
distance over which sensing can be confidently utilized. With
the limitation of power output from on-chip power sources [5],
[6], another method to boost the power is to direct it more
effectively in the desired direction. For this, very large antenna
arrays (VLAAs) can be utilized [7]. The gain of such a
device depends on its dimensions, a sizeable THz VLAA,
for example, a 10 cm array (similar to a mobile phone), can

require several thousands of elements that cannot be easily
integrated due to power losses, feeding issues, and thermal
heat sinks [8]. Here, reconfigurable intelligent surfaces (RISs)
provide a scalable alternative [8], [9] without the same feeding
issue. RISs can be utilized both in the form of transmitting
metasurfaces, helping to provide beamforming gain as the
signal passes through them, or in the form of intelligent
reflecting surfaces (IRSs), similar to reflectarrays, providing
beamforming gain in reflection [8], [10].

However, it is relevant to note that the far-field distance
of a radiating structure, or the region where conventional
assumptions of beamforming are applicable, depends on the
antenna size as 2D2/λ, where D is the largest antenna dimen-
sion [7]. Thus, although the physical size may be small, such
as a few cm, the very small wavelengths of THz frequencies
can result in many of these RISs having very large electrical
apertures. The near-field of a THz-frequency sensing system
is thus important and traditional beam management strategies,
which imply a plane wave assumption with a uniform phase
and where the spreading effect results in a Gaussian inten-
sity [7], including those proposed for THz systems, can be
inaccurate [11].

The inefficacy of conventional beamforming strategies re-
quires a revisiting of the wave propagation phenomenon in
near-field communication systems, which can be leveraged
to, among others, provide a greater depth of focusing beam
with higher SNR. Instead of exploring beamfocusing [11],
which is the near-field counterpart of beamforming under the
conventionally assumed spherical wave model, we derive the
first principles of Bessel beams for sensing with RISs at THz
frequencies and show significant opportunities in improved
performance metrics, such as SNR, resolution, and bandwidth.
The rest of the paper is organized as follows. In Sec. II, we
revisit some wave propagation models for the near-field, and
describe our system model and methodology in beam design.
In Sec. III, we verify the potentially superior performance of
Bessel beams in a near-field setup through numerical analyses
and conclude our paper in Sec. IV.

II. DESIGN CONSIDERATIONS

In this section, we first provide a brief summary of the
different beam configurations that are discussed in the design

2023 IEEE 9th International Workshop on Computational Advances in Multi-Sensor Adaptive Processing (CAMSAP)

979-8-3503-4452-3/23/$31.00 ©2023 IEEE 396

20
23

 IE
EE

 9
th

 In
te

rn
at

io
na

l W
or

ks
ho

p 
on

 C
om

pu
ta

tio
na

l A
dv

an
ce

s i
n 

M
ul

ti-
Se

ns
or

 A
da

pt
iv

e 
Pr

oc
es

sin
g 

(C
AM

SA
P)

 |
 9

79
-8

-3
50

3-
44

52
-3

/2
3/

$3
1.

00
 ©

20
23

 IE
EE

 |
 D

O
I: 

10
.1

10
9/

CA
M

SA
P5

82
49

.2
02

3.
10

40
34

99

Authorized licensed use limited to: Northeastern University. Downloaded on June 02,2024 at 14:12:39 UTC from IEEE Xplore.  Restrictions apply. 



λ/2
Plasm

onic 
Reflecting

Elem
ent

1

2

3

4

N

Graphene
Stub

Dielectric
Ground plane

N-3

N-2

N-1

M
etallic

Patch

λ/2
Plasm

onic 
Reflecting

Elem
ent

1

2

3

4

N

Graphene
Stub

Dielectric
Ground plane

N-3

N-2

N-1

M
etallic

Patch

a) b) c)
TX RX

RIS RIS

target

Fig. 1: A radar system utilizing wavefront engineering: a) The RIS converts an incident Gaussian beam into a Bessel beam;
b) The non-diffracting Bessel beam interacts with the target, which blocks the central spot size with the top and bottom

profiles showing the cross-sectional and transverse cuts; c) the reflected central spot size is received back at the RIS with a
Gaussian intensity.

consideration. Next, we explain our system model and finally
explain the design of the improved beam-shaping strategy
under different possible configurations.

A. Wave Propagation in the Near Field
a) Beamfocusing and beamforming:

Beamfocusing and beamforming are two interrelated wave
types that follow the spherical wave model. The transmitting
array is configured with a quadratic phase profile to focus
the signal at a particular focal point, wherein the wavefront
converges to a singularity [11]. Beam intensity is maximum
at this focal point, and the Abbe limit, which dictates the
resolution capability of the array, gives the resultant beam
spot size. Notably, if the focusing spot is instead redesigned
to be at infinity, the resultant beam is then formed along a
direction, giving the name of beamforming. The quadratic
phase becomes a constant, uniform phase and the wavefront,
or the imaginary line which connects all the points of a
wave with the same phase, becomes planar. Beyond the far-
field distance of 2D2/λ, the difference in the phase resulting
from beamforming compared to beamfocusing is limited, at
maximum, to π/8 [7]. Beamforming results in a beam that
diverges in the far field due to limited aperture size. For an
array in the x-y plane centered at (0, 0), the phase profile C(Φ)
across the x-y plane that is required to focus the beam with
wavevector k0 at a point F away from the array is shown
in (1) [12]:

C(Φ) = k0(
√
F 2 + (x2 + y2)− F ). (1)

As is evident, if F is replaced with infinity for beamforming,
the phase becomes uniform [12]. In such a case, the beam
is represented by a Gaussian intensity and is analogous to
traditional beamforming. In the near-field, the Gaussian beam
must be evaluated through diffraction optics [13]–[15], in
which the beam waist is assumed to be the entire diameter
of the array. We discuss this further in Sec. II-C.

b) Bessel beams:

In [16], solutions to wave propagation are provided by a
wave profile with an intensity independent from the distance

of propagation. In other words, such a wave is non-diffracting.
The intensity of this beam is provided by a Bessel function,
hence giving the name. In practice, this beam can be realized
by a conical wave profile, and for a given beam to be generated
by an array in the x-y plane centered at (0, 0), the phase profile
C(Φ) that creates such a conical wave is [12]:

C(Φ) = k0
√
x2 + y2sin(θ), (2)

where θ describes the angle of the realized cone. The wave has
two components, the transverse wavevector kz for the planar
propagation, and the radial wavevector kr which governs how
much the beam is focused, with k0 =

√
k2z + k2r . We discuss

the specifics in Sec. II-C.
The simplest, or zero-order, Bessel beam profile has a cen-

tral bright spot along the cone axis, with multiple concentric
rings around it, which are interference patterns created from
the interference of plane waves from the opposite sides of this
central axis. Bessel beams are exact solutions to Maxwell’s
equations with a constant beam intensity. For a finite aperture
and power, the propagation distance over which a practical
Bessel beam retains its properties is limited, and governed by
the relation between kz and kr. Bessel beams propagate in the
near field, a feature absent in both beamforming and beamfo-
cusing. Further, the intensity and the distance of propagation
are all customizable, as we explain in Sec. II-C. Observing (2),
we also see that even when the frequency changes, the resultant
beam is still directed in the same direction, albeit for a
different cone angle, which thus changes only the distance
of propagation but not beam direction, making Bessel beams
suitable to broadband systems.

B. System Model
We consider a radar system where the radar resolution τ is

related to its bandwidth B by [17]:

τ =
c

2B
, (3)

where c is the speed of the signal. The transceiver can both
transmit and receive the radar signal and leverages an RIS.
The side length of the RIS is considered to be of size D
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a) b)

Fig. 2: SNR of a) Bessel and b) Gaussian beams under the specified conditions. The Bessel beam is updated to have a central
spot size that matches the target size, which isn’t possible with a Gaussian beam. The maximum distance is limited to the

distance over which the Bessel beam is defined.

and it is assumed that there is no phase mismatch between
RIS and transceiver. Thus, the RIS and the transceiver can
interact with coherent signal reception and transmission. The
RIS can then be utilized in the following manner – a) in
transmission, the RIS is utilized to capture the Gaussian wave
from a transmitter, and convert it into the desired wavefront (a
Bessel beam), which is directed in the direction of the target;
b) in receiving, the RIS receives a Gaussian reflection from
the target end which is redirected towards the receiver.

As our work is aimed at first principles, we presently
assume that the RIS is placed broadside from the target.
Then, the phase profile on the RIS is given by the Huygens
Fresnel wave propagation principle [18], wherein the complex
amplitude A(x, y, z) of the EM wave at any point from a given
field distribution A(ξ, η, 0) of any aperture situated at (ξ, η)
orthogonal to the wave propagation direction z is given by:

A(x, y, z) =
1

jλ

∫∫
S

A(ξ, η, 0)
exp(−jkr1)(1 + cosψ)

2r1
dξ dη.

(4)
Here, r1 specifies the position vector of the point (x, y, z)
while cosψ specifies the orientation from the z-axis. The
complex field A(ξ, η, 0) is given as § exp(jϕ), where § is the
magnitude and ϕ is the phase. When such a wave is incident on
the RIS, it is within this phase ϕ that the phase transformation
matrix from the elements of the RIS manifests in generating
the resultant reflected complex field. Thus, with the knowledge
of the orientation between the transmitter and the RIS, the
RIS elements can be pre-configured to first remove any phase
deviations due to orientation, and then add the phase for either
beamforming as per (1) or Bessel beam as per (2). Wave
propagation has time-reversal symmetry; thus, the opposite
holds true as well; if a beam is reflected towards the RIS,
the reflected wave would be redirected and add up coherently
at the receiver.

Here, we observe that while in transmission, the beam
profile can be generated as desired, in reflection, the shape
of the target would play a vital role in deciding this setup.

While it may be possible to utilize data-set and machine
learning algorithms to quickly classify the shape of the target,
at present, we consider a plane object such that it will reflect
in-phase components. Thus, the signal reflected back towards
the radar in reception is given by a Gaussian intensity. The
summary of the system model is seen in Fig. 1.

C. Design of Bessel Beam for Sensing in the Near-Field
The intensity of a Bessel beam in the x-y plane is rep-

resented by J0(kr
√
x2 + y2), where J0(.) is the zero-order

Bessel function [16]. Thus, for a given size of RIS aperture
D, the number of rings that exist within

√
x2 + y2 ≤ R define

the number of concentric rings N that exist within the Bessel
beam. The fraction of power Pcs contained within central spot
size of width a, are given by [19]:

Pcs = PT

( a

2D

)
, (5)

where PT is the total power at the array. We can observe
that if the central spot size is a, then the requirement of
J0(kr

√
x2 + y2) = 0 (so that the bright intensity ends)

demands that we have:

kr = 4.81/a, (6)

since the first zero of the zero-order Bessel function is given
by 2.405 [20]. Following kr, we can next derive kz:

kz =
√
k20 − k2r , (7)

thus giving the requirement of generating the Bessel beam.
The maximum range over which the Bessel beam can then be
generated is given by Zmax = R(kz/kr) [19]. This can also
be approximated, in terms of the central spot size a, as:

Zmax = πDa/λ, (8)

and thus, as long as the distance of propagation is less than
Zmax, it becomes possible to derive a Bessel beam that has
the central spot size a exactly as the size of the target we wish

2023 IEEE 9th International Workshop on Computational Advances in Multi-Sensor Adaptive Processing (CAMSAP)

398
Authorized licensed use limited to: Northeastern University. Downloaded on June 02,2024 at 14:12:39 UTC from IEEE Xplore.  Restrictions apply. 



a) b)

Fig. 3: Comparison of resolution capability with a reference bandwidth of 10 GHz: a) Bessel beams providing the same SNR
as Gaussian and; b) Gaussian beam providing the same SNR as Bessel.

to detect, and thus maximize the power. The Bessel beam does
not suffer from spreading, and thus the power doesn’t reduce.

By contrast, a Gaussian beam which contains approximately
50% of its power in the central maximum and has a beam waist
of w0 will have the power distributed in a spot w(z) at distance
z, given by [15], [21]:

w(z) =

√
1 +

(
z

zR

)2

, (9)

where zR is the rayleigh range given by zR =
πw2

0

λ0
, where λ0

is the wavelength. Then, the fraction of power in the spot size
a at distance z following [15] is:

Pgaussian =
2PT

π

a

w(z)2
. (10)

We thus observe that as the distance of propagation increases,
the power within the target spot with a Gaussian beam will
reduce, while it will remain the same for a Bessel beam.

III. RESULTS

In this section, we utilize a numerical study utilizing MAT-
LAB to analyze the performance of a radar system designed
to operate in the near-field of a THz band, utilizing a design
frequency of 1 THz, and a power of 1 mW, with a bandwidth
of 10 GHz. The system is configured with an RIS that has a
size of 10 cm× 10 cm, which would have a nominal gain of
55 dBi.

Figure 2 shows the resultant SNR (Noise power spectral
density, N0, is considered 1 × 10−16W/Hz [22], [23]) as a
function of both the size of the target as well as the propagation
distance, in the case when the RIS generates either a Bessel
beam or a Gaussian beam. When a Bessel beam is generated,
the central spot size is set to match the size of the target,
whereas in the case of the Gaussian beam, the beam waist is
decided by the diameter of the RIS, or 10 cm. It is clearly seen
that when the target size is increased, the amount of power that
is reflected back increases in the case of both Bessel as well
as Gaussian beams, with an increased SNR. However, in the
case of Bessel beams, the ability to direct more energy into
the specific beamspot that corresponds to the target size and is

non-diffracting allows for a greatly increased depth of focus.
In the case of Gaussian beams, the power is spread over a
much larger area, and thus the target reflects back only a small
amount of power, thus leading to inefficiency.

Figure 3(a) presents the resolution of the radar with the
bandwidth available under the scheme of Bessel beams at the
same SNR as was seen for a 10 GHz bandwidth Gaussian
beam ( Fig. 2(a)). Utilizing Bessel beams provides a greater
signal power, thus freeing greater bandwidth without the limit
of the noise factor. Consequently, the resolution possible can
be further improved. Of course, a µm resolution as appears
possible would require several THz of bandwidth and is
thus purely theoretical, but the implication is obvious that
bandwidth limitation due to low SNR is not a factor with
Bessel beams in the near field. Equally interesting is the
equivalent impact on the Gaussian configuration, when the
noise power (due to bandwidth) is reduced enough for the same
SNR as that available in the case of a Bessel configuration with
the reference bandwidth of 10 GHz. This relation is presented
in Fig. 3(b), and it is seen that the resolution has been truncated
by almost three orders of magnitude due to the reduction in
acceptable bandwidth to provide the same SNR.

IV. CONCLUSIONS

In this paper, we analyzed a near-field sensing setup for
a radar-based target classification in the THz band, where
we verified that the presume high gain of large RISs is
in fact not valid for conventional beamforming, and thus
pushes to evaluate other setups. Bessel beams, with highly
favorable propagation conditions for both high frequency and
high bandwidth systems, were shown to provide potentially
superior performance in terms of both SNR as well as total
bandwidth availability.

Our future work is aimed at studying the reflection of Bessel
beams from irregular and imperfect obstacles.
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