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Abstract—This letter presents the design and implementation
of a highly sensitive slot disk resonator (SDR)-based sensor for
permittivity sensing applications at sub-THz frequencies. The
sensor utilizes a silicon waveguide (SiWG) on a quartz substrate.
The slot within the disk enhances the horizontal electric field,
thereby increasing the sensitivity of the sensor by promoting
stronger interactions with the material under test (MUT). The
measurement results demonstrate the sensitivity of 3.9 GHz/s,
for 1-pL liqguid MUTs.

Index Terms—Coupling to dielectric waveguide (DWG), dielec-
tric sensor, disk resonator, DWG, high-sensitive sensor, slot line
to DWG, slot waveguide, sub-THz sensing.

I. INTRODUCTION

IELECTRIC sensing has a wide range of applications

in agriculture, food industry, medical diagnosis, and
environment monitoring [1]. It is also a powerful tool for
monitoring and measuring the changes in the electrical prop-
erties of materials. Microwave sensing has been investigated
for a long time using resonance, reflection, and transmis-
sion methods [2], [3], [4], [5], [6]. However, achieving a
good sensing resolution for a tiny amount of material under
tests (MUTSs) is challenging at microwave frequencies. THz
and sub-THz permittivity sensors, on the other hand, have
been utilized in permittivity sensing applications, enabling
the detection of minute quantities of various materials due
to their compact dimensions [7], [8], [9]. The implementation
of sub-THz sensor using silicon waveguide (SiWG) is one
of the most efficient ways in terms of high resolution, small
size, and low cost. The ring-resonator-based sensor is a well-
known method for sensing in THz frequencies, where the
electromagnetic field is confined within the ring at a specific
frequency. The circulation of waves inside the ring enhances
resonance, resulting in a higher quality factor (Q = (fies/BW)).
However, the most challenging feature of a dielectric sensor
is sensitivity, which can be present as the ability of the sensor
to detect the changes of the input properties. It is one of the
limitations of recent sub-THz sensors to achieve low resolution
[8], [9]. The slot WG-based ring resonator is among the
effective methods for enhancing sensitivity that have been
used in optical domain [10], [11]. It features a narrow slot
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Fig. 1. Sensor structure.

region between two SiWG ridges, where the horizontal electric
field (E;) is tightly confined. This configuration generates
a strong evanescent field that extends beyond the WG core
and improves sensitivity. However, slot WG mode excitation
usually requires two transition steps, transition from Ej to Ey
mode and from ridge WG to slot WG, which can introduce
losses and increase the overall length of the sensing system.

This letter demonstrates a SiWG SDR-based sensor for per-
mittivity sensing to improve the sensitivity of sub-THz sensors.
The proposed SDR-based sensor improves the resolution of the
sensor through enhanced interaction between the evanescent
field and MUT. Also, a novel transition from a slot line to a
SiWG is proposed, enabling the direct excitation of the E; field
within the WG. Additionally, a coupling mechanism between
a ridge WG and the slot disk resonator (SDR) is introduced to
excite slot mode inside the disk while minimizing the system
losses and reducing the overall sensor dimensions.

II. DESIGN OF SENSING SYSTEM

The proposed sensor system is shown in Fig. 1, which
includes the sensor part and interfaces for the transition from
transmission lines (TLs) to SiWGs. The sub-THz signal from
the input interface is divided into the sensing and reference
paths, both composed of SiWGs, before being recombined at
the output interface. Quartz is used as the substrate due to its
low loss and high-precision lithography, making it well-suited
for THz frequencies. To enable the placement and guidance
of liquid MUTs within the slot, a disk resonator with a slot
is proposed as an alternative to the conventional slot ring
resonator [10], [12]. This design simplifies the measurement
process and minimizes the amount of required liquid MUT.
The bidirectional system has two ports to excite and demulti-
plex Ex;; mode and demultiplex Exj; mode in SiWGs. The
system has a specific resonance frequency, and it will be
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Fig. 2. (a) Comparison of the E-field magnitude for ridge and slot WGs (the
pictures are front view of WGs) and (b) normalized E-field in terms of x- and
y-axes for slot and ridge WGs, respectively.
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Fig. 3. (a) Sensor part of the system, (b) critical coupling simulation, and
(c) simulated magnitude of E-field distribution from the top view in critical
coupling.

changed after adding MUT on the sensing path because the
resonance frequency is a function of effective permittivity of
the resonator, MUT, and surrounding environment. To ensure
accurate sensing irrespective of temperature and mechanical
variations, the sensor employs two sensing and reference arms,
each with its own resonance frequency. The reference path
maintains a constant resonance frequency, while the sensing
path’s frequency varies based on the MUTs. After out-of-
phase recombination at the output Y-junction, the overall
system’s resonance frequency falls between the two individual
frequencies. The results from these arms are subtracted at the
output interface to compensate for potential discrepancies.

A. Sensor

The sensor part is the main block of the system, which
includes two similar sensing and reference paths. The sensing
area of the system is located inside the slot of the disk. The
relative permittivity (g,) is the main properties of MUT for
the detection because it can make a frequency shift () in the
resonance frequency of the disk resonator [8]
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where m is the number of wavelengths traveling inside the disk
resonator, ¢ is the speed of light, r is the radius of the disk,
and &, is the effective permittivity of the sensor system and
MUT. Larger electric field intensity in the sensing area results
in more interaction of MUT and the sensor, thereby larger
change in &..¢ of the system and higher frequency shift (1).
Therefore, larger E-field in the sensing area can improve the
sensitivity of the system, which can be written as

%
e,

To explain the effect of the SDR in comparison with the
simple ring resonator, a comparison between the evanescent
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field of slot WG and ridge WG is presented. Fig. 2(a) shows
the electric field magnitude between two WGs. For the ridge
WG, most of the electric field is concentrated within the
channel, with the evanescent field, primarily extending above
and below the WG where the MUT would be placed. In
contrast, for the slot WG, most of the electric field is confined
within the slot itself, where the liquid MUT can penetrate. The
E.-component
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3)
of the slot WG can be written as (3) [11], where ¥ and
¥si are the propagation constants of wave inside the slot and
WG. Also, a and b are the width of slot and the whole
WG. It can be shown that if x = a at the boundary of slot
and WG, the evanescent field is significantly enhanced by a
factor of &g/eq0t, Where g4 and sqor represent the permittivity
of silicon and air in this case. Considering the permittivity
of high-resistivity silicon, the E-field can be intensified by
11.7 times. The normalized electric field for the ridge and
slot WGs along the y- and x-axes, respectively, is shown in
Fig. 2(b). The normalized electric field of slot waveguide
within the slot (|x| < a) is almost 7.5 dB higher than the one at
the edges of ridge WG (250 pum bottom and top). This inten-
sified evanescent field shows the potential of the slot WG for
sensitivity improvement. The main part of the system, sensor,
is shown in Fig. 3(a). The slot waveguide mode is excited by a
ridge WG that has E, mode instead of conventional transition
from another slot WG, thereby decreasing the system’s loss.
The distance between the center of the disk to the center of
the channel (gq) is optimized to make the critical coupling
happen [Fig. 3(b)]. That is where the total energy transferred to
the resonator precisely matches the intrinsic losses within the
resonator, and the transmission drops to zero. The frequency
that the critical coupling happens is around 161.1 GHz,
as shown in the figure. The simulated magnitude of the
E-field distribution at the resonance frequency is illustrated
in Fig. 3(c). As shown, the intensity of field inside the slot
is higher than high index material, silicon. As a result, the
sensitivity can be improved by the interaction of MUT with
the intensified E-field inside the slot.

B. Input and Output Interface

Fig. 4(a) illustrates the system’s interface, transitioning from
a 50-Q coplanar waveguide (CPW) to SiWG. The input port
feeds a Y-junction slot line power divider for both sensing
and reference paths. The power divider’s output arms are out-
of-phase with 100-Q impedance for matching. A slot line is
used for in-line excitation of the SiWG, as it supports an
odd mode with a dominant symmetric horizontal E-field. This
field aligns with the required field in the SiWG, maximizing
mode coupling efficiency (e Egot-Esiwg) [Fig. 4(a) and (b)].
A new slot line to SiWG transition is proposed to enhance
the system interface, utilizing tapered ends for impedance
matching. Fig. 4(c) demonstrates the low-loss characteristics
of the power divider and slot line to SiWG coupling. Fig. 4(d)
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Fig. 4. (a) Top view of system’s interface, (b) circuit model of transitions,
(c) loss of power divider and slot line to SiWG coupling, (d) character-
istic impedance of slot line and SiWG versus their width variations, and
(e) characteristic impedance versus frequency for different widths of slot line
and SIWG.
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Fig. 5. (a) Sensor attached to the chunk in the measurement setup and
connected to a pair of GSG G-band probe, (b) picture of the system with
holders, and (c) S,y of the system before adding MUT.

shows how the characteristic impedance of both SiWG and slot
line varies with width changes—slot line impedance increases
with slot width, while SiWG impedance rises as its width
decreases. Additionally, varying the slot gap (40-540 pm)
and the SiWG width (325-450 um) over the coupling length
ensures wideband matching (130-210 GHz), as highlighted in
the shaded area of Fig. 4(e).

ITI. FABRICATION AND MEASUREMENT RESULTS

A 300-um-thick high-resistivity silicon wafer is etched to
form the dielectric sensor. Input and output interfaces are
fabricated separately and attached to the sensor using paste
and die-bond equipment (FinTech Fine Placer). The complete
system is shown in Fig. 5(a) and (b), with low-loss Rogers
5880 material used as holders for measurements. Fig. 5(c)
indicates a resonance frequency of approximately 162.3 GHz
before adding sample on the sensing path, and the measured
Q is 4050. Two different types of MUTs, solid and liquid, are
chosen to be measured by the sensor. All materials have close
relative permittivity to show the highly sensitive capability
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Fig. 6. Measured S2; for (a) solid MUTs and (b) liquid MUTs.

TABLE 1

PAPERS COMPARISON WITH RECENT STATE-OF-THE-ART
RESONANCE-BASED PERMITTIVITY SENSORS AT
DIFFERENT SPECTRA

Reference [2], 2020{[3], 2024|[4], 2025’[5], 2020([8], 2018][13], 2021 [This work}
Diclectri Double | Diclectric
Method CSRR | CSRR | CCSRR | CSSR Hing slot MRR | slot disk
Frequency 2.24 GHz|2.46 GHz|2.26 GHz| 14 GHz |165 GHz | 193.4 THz | 162 GHz
Sensor size (mm?)| 76.16 1320 500 36 1 0.0001 3.61
MUT size (mm*) | 79.2 132 400 100 0.38 NA 1
Quality factor' 1119 18.5 152 501 B4 4325 4050
Sensitivity 433
50 1.37 81 1028 00 3900
(MHz/¢) nm/RIU
Solid Solid Liguid
MUT type & lquig | Liauid | Solid | selid | U | Liquid [t
Planar integration| Easy Easy Easy Easy Easy Hard Easy

'Unloaded @ based on measurement results

of the sensor for small amounts of MUTs. As shown in
Fig. 6(a), resonance frequency shifts are smaller for solid
samples than for liquid samples [Fig. 6(b)] due to the hor-
izontal electric field being concentrated in the gap, where
liquids can penetrate, rather than on top of the disk, where
solid MUTs are placed. A pipette is used to dispense 1 uyL
of liquid onto the sensor. Also, isopropyl alcohol (IPA) is
used to clean the sensor after each measurement. The sensor’s
sensitivity for liquid MUTs, comparing n-hexane and mineral
oil, is approximately 3.9 GHz/s,. A comparison with other
state-of-the-art permittivity sensors is summarized in Table L
Based on the comparison results in the table, the proposed
sensor exhibits higher sensitivity than microwave and sub-
THz sensors while maintaining a high-quality factor. This
improved quality factor enhances the system’s resolution, as
resolution is inversely proportional to the sensor’s Q-factor and
sensitivity [8].

IV. CONCLUSION

This letter proposes a high-sensitivity SDR-based sensing
system, implemented to enhance precision and performance.
By employing a slot within the disk resonator, the system
achieves intensified interaction with the MUT, significantly
boosting sensitivity. The horizontal electric field in the WG
effectively excites the slot WG mode. Additionally, the bidi-
rectional design, featuring dual reference and sensing paths,
ensures robust and accurate sensing capabilities.
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