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ABSTRACT: We propose and numerically analyze a new type of notch filter operating at terahertz frequencies, using a cylindrical periodic
structure. This study takes place in the context of increasing demand for precise filtering devices in the terahertz frequency range,
crucial for various applications in telecommunications, sensing, and medical field. This research focuses on the numerical analysis of
the proposed structure, using the transfer matrix method to examine how changes in geometric parameters influence wave transmission.
Particular attention is given to the effects introduced by the radii of the cylinders making up the structure. The principal results show
that perfect symmetry (radii R1 = R2) produces no significant transmission dip, indicating the absence of resonance in the frequency
band studied. This configuration allows the device to function as a passive filter. The introduction of asymmetry (R1 # R2) leads to
the appearance of transmission dips, meaning that the device functions as a notch filter, capable of blocking specific frequencies. This
phenomenon offers a method of selective filtering, by “activating” or “deactivating” the filter’s behavior. Our research demonstrates
the potential of the proposed cylindrical periodic structure as an innovative solution for the design of notch filters in the THz range.
The ability to precisely control wave transmission through geometrical adjustments opens up new ways to develop highly selective filter
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devices adaptable to various technological applications.

1. INTRODUCTION

erahertz (THz) waves, which occupy the spectral region be-

tween infrared and microwave frequencies, cover a range
from 0.1 to 10 THz. They hold significant potential for appli-
cations in diverse fields such as biochemistry, security, phar-
maceutical quality control, and wireless communications [1—
4]. The main challenge in utilizing THz waves is finding low-
loss materials that are transparent at these frequencies, with
dry air being the most effective naturally occurring medium.
To address this, free-space transmission of THz radiation has
become a promising approach. Innovations in this area have
led to the development of two primary types of waveguide
structures for efficient THz wave propagation: surface-guiding
waveguides [5] and hollow-core waveguides [6] with special-
ized cladding. The integration of functional THz devices into
these waveguides could greatly improve system reliability and
enable high-density integration, opening the door to more so-
phisticated and dependable THz technologies.

THz filters play a pivotal role in the manipulation of THz
waves, with their ability to selectively transmit or block spe-
cific frequencies. This capability is crucial for enhancing dis-
persion in high-resolution THz imaging and for optimizing
THz communication links [7-9]. Waveguide-based THz fil-
ters, noted for their stability and compactness, eliminate the
need for bulky spatial components, making them ideal for inte-
grated systems [10, 11]. For instance, THz filters utilizing one-
dimensional photonic crystal waveguides have been shown to
significantly increase gas detection sensitivity [12]. Similarly,
two-dimensional photonic crystal cavity waveguides offer pre-
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cise frequency selection, demonstrating their utility in THz fil-
tering [10, 11].

Cylindrical waveguides are essential in many applications,
especially for the efficient transmission of electromagnetic
waves over long distances and at high frequencies [13]. They
also represent a new generation of filtering technologies, prov-
ing to be highly beneficial for microwave circuits [14, 15].
The research by Gomez et al. [16] on photonic bandgap filters
made from cylindrical waveguides with Kronig-Penney mor-
phology highlights the tunability of these filters. By adjusting
the Kronig-Penney parameters, they were able to control the
bandgap and enhance filter performance, showcasing the po-
tential of cylindrical waveguides in creating advanced photonic
bandgap filters.

The selection of relative permittivity values (¢; = 2.3 and
€9 = b) in cylindrical waveguides simulations are crucial for
enhancing the performance and efficiency of terahertz (THz)
devices. Studies show that materials like polyethylene [17, 18],
with its low-loss characteristics, and silicon nitride, used in
quantum frequency combs [19] and photonic technologies [20],
are optimal for THz applications due to their effective inte-
gration and operational efficiency at THz frequencies. This
study shows that the ripples observed in the transmission spec-
tra are mainly due to geometric discontinuities in the waveg-
uide, which cause reflections and interferences. These ripples
can be minimized by optimizing waveguide dimensions, peri-
odicity, and material uniformity. To fabricate one-dimensional
cylindrical periodic structures, techniques such as interference
lithography, 3D printing, and femtosecond laser processing are
used [21, 22].
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FIGURE 1. Geometrical scheme of 1D periodic cylindrical waveguide structure formed by alternating two periodic cylindrical waveguides of lengths

di and d» and permittivity €1 and €2.

In our research, we employ the transfer matrix method
(TMM) [23-26] to analyze the transmission rates of TEz
and TMz modes in a one-dimensional cylindrical periodic
structure.  This structure alternates between two types of
cylindrical waveguides, each made from different dielectric
materials in direct contact (see Fig. 1).

The paper is structured as follows. Firstly, we provide a gen-
eral introduction in Section 1. In Section 2, we present our ana-
lytical method of the transfer matrix for our structure, and then
the transmission rate of the structure for the two propagation
modes TEz and TMz. Moving on to Section 3, we present the
numerical results for our system. Finally, we conclude our pa-
per in Section 4.

2. ANALYTICAL METHOD

This study presents a formulation of Maxwell’s wave equa-
tions in cylindrical coordinates. We consider the propagation
of waves through a dielectric medium, characterized by its rel-
ative permittivity (g;) and relative permeability (11;), where 3’
represents the medium (¢ = 1 or ¢ = 2). In cylindrical co-
ordinates (r, i, z), Maxwell’s equations lead to the following
equation for the £, component of the electric field:

2 w?
v +5iui07 EZ(T,<p,Z>:O (1)

The general solution for E. (r, ¢, z),, corresponding to a spe-
cific value of n, is expressed as:
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Here, the relation between 'y,(f)n and k,(f,zl is defined as:
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Equation (3) indicates that for a given angular frequency w, kﬂn
is real for the first x,,, roots of the Bessel function, allowing

wave propagation. Conversely, higher order values of x,,,, at
the same frequency lead to an imaginary k:,(f,)ﬂ, causing wave at-
tenuation. We focus on the TMy; and TE;; modes in cylindrical
guides, with n and m values starting at 0 and 1, respectively.
The cut-off frequency, where the longitudinal propagation con-
stant becomes zero, is:
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Considering the field components parallel and transverse to the
z-axis:

fc = (4)
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We analyze electromagnetic wave propagation in cylindrical
waveguides with uniform cross-sections. Maxwell’s equations,
combined with an explicit zone dependency, allow transverse
fields to be determined from axial components. For TE,,,,, and
TM,,,,, modes, the transverse components relate as follows:

 For TE,,,,, modes:

_>

%
By (T’,QD,Z)i = vt{

iaBz (vaaz)i} (63)

Vim 0z
— 1w — 1
Et (ﬂ%z)i = —?6_; Vt {’YQBZ (T,@,Z)i} (6b)

e For TM,,,,, modes:
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Continuity conditions at the z = zZ (£ = 0, dy and d; + ds)

discontinuity require the transverse components ﬁt and B; of
the electric and magnetic fields to be continuous as:
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FIGURE 2. Variation of the transmission rate as a function of the frequency (THz) for different systems, with di = d2 = 500 um, £; = 2.3 and

g =05.

The transfer matrix for a cell composed of two cylindrical
waveguides is derived from these conditions:

1

Qs
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For a system comprising N cells (as illustrated in Fig. 1), the
transfer matrix of the periodic structure is obtained by matrix

multiplication:
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Finally, the transmission rate of the structure is calculated as:

2
2
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3. RESULTS AND DISCUSSIONS

In this section, we present numerical simulations of the trans-
mission spectra for a novel notch filter designed for terahertz
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(THz) frequency applications. The filter is based on a cylindri-
cal periodic structure characterized by a unit cell that repeats
along the propagation axis. Each cell is composed of two cylin-
drical dielectric waveguides with respective lengths d; and da,
and the total period is defined as d = d; + ds. The waveguides
are characterized by different relative permittivity values, with
€1= 2.3 and e5= 5, and they share a common radius R, as il-
lustrated in Fig. 1(a). In another configuration, the waveguides
have different radii, R; and R, but the same relative permit-
tivity €1 = €9 = 2.3, as shown in Fig. 1(b). The structure
comprises N = 20 cells.

3.1. Comparative Study between Two Systems

Fig. 2 shows transmission spectra (T) for different optical or
electromagnetic systems across a range of terahertz (THz) fre-
quencies. Each sub-figure illustrates the effect of system ge-
ometry on wave transmission. (a) The lamellar system is il-
lustrated, where the spectra in red correspond to this system.
(b) The cylindrical system is shown, where the blue and green
spectra represent cylindrical systems with radii of 250 microm-
eters and 10,000 micrometers, respectively. It can be seen that
the spectrum changes with the radius of the cylinder. This in-
dicates that cylinder size influences the distribution and band-
width of the transmission spectrum. (c) The spectra in black
show the difference (AT) between the lamellar and cylindrical
systems. These difference spectra are obtained by subtracting
the transmission values of the lamellar system from those of
the cylindrical system. The results show significant variations,
indicating that the transmission of a wave through a system is
highly dependent on its geometry. Positive values of AT sug-
gest frequencies where the lamellar system transmits better than
the cylindrical system, and vice versa for negative values. We
also observe that the difference between lamellar and cylindri-
cal systems becomes negligible when the radius R of the cylin-
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FIGURE 3. Variation of the transmission (dB) as a function of the frequency (THz), with ((a) to (c)) different values of d; = d», ((d) to (f)) different

N. In all cases, we have fixed the radius (R = 250 pum).

drical system is very large. This suggests that, in the limit where
R tends towards infinity, the behavior of the cylindrical system
approaches that of the lamellar system.

3.2. Influence of the Structural Parameters

In this part, we analyze the selection of the structural parameters
of the filter and study the impact of these parameters on the
transmission spectra, specifically for two modes TE1; (red line)
and TMy; (blue line) of the proposed system.

When values of R and NN are fixed as 250 um and 20, we
explore the transmission spectra for different d; = dy values
(200 wm, 300 um and 400 pm), as shown in Figs. 3(a) to 3(c).
These figures demonstrate how altering d; = d5 affects the fil-
ter’s transmission properties. As d; = ds increases, we observe
that the transmission minima, or the points of strongest absorp-
tion/reflection, remain constant in frequency. However, there
is a noticeable narrowing of the filter’s bandwidth. This reduc-
tion in bandwidth enhances the filter’s selectivity, allowing it
to isolate a more precise frequency range.

Further analysis is presented in Figs. 3(d) to 3(f), which il-
lustrate the effects of varying IV (5, 10, and 20) while keeping
d1 = do constant at 500 um. Increasing N makes the trans-
mission minima more pronounced, yet does not alter their fre-
quency or bandwidth. This indicates that NV significantly boosts
the filter’s ability to attenuate signals at specific frequencies,
enhancing its efficiency in blocking or dampening unwanted
waves. The increased attenuation, reflected in more negative
decibel (dB) values, underscores the filter’s improved perfor-
mance in creating distinct passbands and stopbands.

In this analysis, we study the impact of filter radius on the
transmission characteristics of optical filters, focusing on two
transmission modes: TE;; and TMy;. Figs. 4(a), 4(b), and 4(c)
show transmission levels in decibels (dB) at different frequen-
cies (THz), with each figure corresponding to a different filter
radius (R). A key observation from these figures is the shift of
deep transmission valleys to lower frequencies as the filter ra-
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dius increases from 250 pum to 450 um. This shift indicates that
the physical size of the filter significantly influences its reso-
nance and transmission properties, with larger filters resonating
at lower frequencies.

Figure 4(d), which shows the resonant frequency as a func-
tion of filter radius R for the TE;; and TMy; modes. The
red and blue dots represent the TE;; and TM; modes, respec-
tively, and illustrate a clear trend of decreasing frequency with
increasing radius. This trend confirms that larger structures
tend to resonate at lower frequencies. Furthermore, as the ra-
dius increases, the resonant frequencies of the two modes con-
verge, suggesting that physical changes in the filter structure
have a differential impact on each mode. However, these dif-
ferences decrease as the filter size increases, leading to closer
resonance frequencies between the two modes.

3.3. Exploring the Influence of Radius R,

This subsection investigates the effects of varying the cylindri-
cal radius Ry on the transmission spectrum, as shown in Fig.
1(b), focusing on its implications for the design of optical and
communication devices. The ability to precisely control the
transmission of specific frequencies is a cornerstone of the de-
velopment of such systems. Fig. 5 shows the transmission spec-
trum for the TE;; propagation mode, illustrating how changes
in the Ry radius (while keeping the other parameters constant:
d; = do at 500 um, R, at 250 um, and both €; and &5 at 2.3)
influence the attenuation characteristics of the system.

In the case where Ry = Rs, no transmission dip is ob-
served (i.e., no significant resonance within the studied fre-
quency band), this could indicate that the symmetry between
the two cylinders results in a propagation mode where there is
no marked attenuation. On the other hand, when R, differs
from R;, the introduced asymmetry could disrupt wave prop-
agation in such a way that resonance is established, creating a
transmission trough.
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In the context of filter design, this property is exploited as
follows: When R; = Rs, the device operates as a passive filter,
where no frequency is specifically cut off in the range under
study. When Rs is different from R;, the device operates as
a notch filter, creating transmission dips at specific frequencies
that are blocked. This ability to “activate” or “deactivate” notch
filtering behavior by adjusting the relative radii of the cylinders
offers a powerful tool for designing highly selective filtering
systems.

4. CONCLUSION

Our study introduced and numerically analyzed a new notch
filter based on a cylindrical periodic structure, marking a sig-
nificant advance in terahertz frequency filtering technologies.
By exploiting the interaction between the geometric param-
eters of the structure, notably the radii of the cylinders, we
demonstrated the ability to selectively manipulate wave trans-
mission through the filter. The results highlight two distinct
operating regimes: passive filter behavior when the cylinders
are symmetrical and notch filter behavior with the introduction
of asymmetry. In sum, our work contributes to expanding the
field of possibilities for the design and optimization of terahertz
filtering devices.
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