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This paper discusses methods for controlling the locality of microwave diagnostics of small objects using
resonator aperture sensors with coaxial symmetry. The paper presents the results of a study of the electrody-
namic properties of coaxial resonator probes developed for local microwave diagnostics of physical objects. An
analysis of the factors that in-fluence the depth of penetration of the electromagnetic field into the object un-
der study was carried out. Attention is paid to analyzing the influence of the aperture assembly geometry on
the sensor's measurement signals and the electrodynamics of processes within the model, which was devel-
oped using a numerical method. The influence of the gap in the probe-object system, as well as the tip size
and shape, on the field distribution of a classic quarter-wave resonator measuring transducer is demonstrat-
ed. The results of a study of a compact version of the coaxial probe are presented. The effect of reducing the
storage section of the resonator on the field distribution in the object under study is demonstrated. It is shown
how significantly the electric field energy and the achievable locality of measurements change when filling the

storage section of the resonator with fluoroplastic.

Keywords: Resonator measuring transducer, Microwave sensor, Coefficient of inclusion of an object in the reso-
nator field, Permittivity, Resonant frequency, Quality factor, Conversion characteristics.

DOT: 10.21272/jnep.18(3).03002

1. INTRODUCTION

Scanning microwave microscopy (SMM) is a power-
ful, high-resolution technique to characterize material
properties at the nanoscale. Modern local microwave
sensors are designed for the diagnostics of materials,
films, and nanostructures with high spatial resolution.
One of the most common elements of such systems is
coaxial resonator probes (RP), which excite and record
local microwave fields in a limited spatial region [1 - 3].
They are often used to monitor semiconductor parame-
ters, determine free and bound water in biological sam-
ples, measure grain moisture content, and diagnose fine
powders, resins, etc. [4].

A key characteristic of such probes is the achievable
localization of the field near the tip (central core), which
determines the spatial resolution and sensitivity of the
sensor. Unlike scanning microwave microscopy, which
strives to increase the localization of the probe-sensor
interaction with the object, local microwave sensing re-
quires obtaining some integrated information about the
properties of small objects. Therefore, it is important to be
able to select the locality depending on the object's surface
geometry and the specific properties being diagnosed.
Locality, in turn, is limited by the optimal coefficient of
inclusion of the object in the resonator's electromagnetic
field. A high value of this coefficient can lead to a critical
drop in the Q-factor, while a low value can lead to poor
sensitivity of the sensor. Therefore, locality control also
involves optimizing the field distribution while maintain-
ing a high Q-factor and resonance stability, since it is in-
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formation about the nature of the field distribution in the
area of the strongest probe-object interaction that deter-
mines the achievable locality of the sensor.

This paper addresses the general problem of identi-
fying and validating methods for varying the locality of
near-field resonator probes with coaxial symmetry de-
pending on the electrophysical properties of the objects.

2. DESCRIPTION OF THE OBJECT AND RE-
SEARCH METHODS.

The probe is the key physical and technical element
of local microwave diagnostics and SMM. The authors
of [5] even call it the heart of the setup, which further
emphasizes the importance of studying its electrody-
namic properties. Analysis of previous developments
shows that resonator measuring transducers (RMTs)

Fig. 1 - a) Schematic representation of a classic quarter-
wavelength RP; b) schematic representation of the probe
aperture unit
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with a coaxial measuring aperture [1-5], schematically
shown in Fig. 1 [6], are of greatest practical interest.
Based on the results of numerous studies, it can be
concluded that the geometry of the aperture-forming
region (I) in such a design is virtually independent of
the electrodynamics of the accumulation region (II).
Therefore, it can be concluded that it is the geometry of
the aperture unit of the resonator probe that almost
uniquely determines the spatial distribution of the
probing microwave field in the object. As shown in sev-
eral studies, the near field penetrates the object to a
depth comparable to the radius of the probe tip [7, 8].
The electrodynamic properties and structure of the
object affect the probing depth practically only within
the limits of the evanescent field distribution. This is
demonstrated by the dependencies presented in Fig. 2.
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Fig. 2 — Field distribution by depth depending on the electro-
dynamic parameters of the object

Fig. 2 shows examples of field distributions ob-
tained by numerically solving Maxwell’s equations us-
ing the finite element method for aperture geometry
R =5um and Rz =600 um with a spherical tip and
various parameters of the studied object. The results of
a more detailed study are presented, e.g., in [6].

The theoretical studies in this work were performed
numerically for the electrodynamic structure of a coax-
ially symmetric resonator probe, shown in Fig. 1 with
different aperture assembly variations. The operating
frequency of the quarter-wavelength RP was selected to
be in the region of 10 GHz. The intrinsic quality factor
of the RP unloaded by an object is approximately 2300.

The studies were carried out by finding the electro-
magnetic field distribution, the resonant frequency,
and the quality factor of RP from the solution of Max-
well's equations using the finite element method [9].

3. DESCRIPTION AND ANALYSIS OF THE RE-
SULTS

Coaxial probes are so-called transmission line sec-
tions closed under resonant conditions (usually quar-
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ter-wavelength resonators). The field localization at the
probe tip is determined by the aperture geometry, the
electric field distribution between the central and outer
conductors, and the properties of the dielectric in the
interaction zone with the object. In the near field, a
quasi-static distribution is formed, similar to the field
of a microcapacitor interacting with a localized area of
the surface of the object being studied.

The influence of the tip radius and shape is demon-
strated by the conversion characteristics shown in Fig. 3.
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Fig. 3 — Characteristics of the transformation of the RP for
different shapes and radii of the tip

As expected, decreasing the tip radius results in
weaker signals. It's also worth noting that when using
a truncated cone-shaped tip, the fundamental signal
dependence is virtually linear. A more detailed study of
this phenomenon requires analyzing the electrodynam-
ic properties of such a probe. The field distribution for
both tip shapes is shown in Fig. 4.
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Fig. 4 — Field distribution over the surface for different R1t
for spherical and conical tip shapes

As can be seen, using different tip shapes of the same
size yields different results. A spherical tip is character-
ized by a quasi-Gaussian distribution. A conical tip ex-
hibits what's known as a tubular field. Thus, we can
conclude that a spherical tip exhibits greater locality, as
it has a single extremum located under its center. A con-
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ical tip typically has two extrema, which results in the
field strength maximum being located at the periphery.
Since localized microwave diagnostics is a non-
destructive diagnostic method, measurements are often
performed in non-contact mode. The gap between the
probe and the object also contributes to the locality of
the measurements. The influence of the gap on the
conversion characteristics is shown in Fig. 5.
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Fig. 5 — Dependence of fundamental signals on the electro-
physical parameters of an object for different gap sizes

The gap significantly reduces the magnitude of the
fundamental signals. As expected, the coefficient of inclu-
sion of the object in the resonator field also decreases.
However, the influence of this factor on locality can only
be assessed with diagrams of distribution of field in the
object, which can be obtained using the data in Fig. 6 [4].

As can be seen from these data, the gap
significantly reduces not only the degree of inclusion of
the object, but also the locality of the measurements.

Fig. 6 — Distribution diagrams of the total field in an object in
the absence (a) and presence of a gap (b) for a spherical tip
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One more geometric method for controlling locality
can be changing the length of the coaxial cable. Fig. 7
shows the electric field diagrams of such a probe
compared to a standard one.

Evidently, shortening the probe by almost a factor of
4 significantly improves the locality of measurements. It
is also worth noting that the aperture assembly remains
unchanged. This effect is comparable to replacing the tip
with one that is almost 10 times smaller.

Filling the coaxial with a substance with low per-
mittivity will obviously also affect the probe's electro-
dynamic parameters and the locality of measurements.
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Fig. 7 — Distribution diagrams of the total field in the object
in a standard probe (a) and in a shortened one (b)

Eigenfrequency=1.0253E104 2.2954E61
Surface: Electric field norm (V/m)

Eigenfrequency=1.0891E10+1,9601E7)
surface: Electric field norm (v/m)

o N 2 3 a0t
b

Fig. 8 — Distribution diagrams of the total field in the object
when the probe is filled with air (a) and fluoroplastic (b)
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Fig. 8 shows the field diagrams obtained by simu-
lating a standard probe filled with fluoroplastic with
&= 2.1. For comparison, the same figure also shows the
results for the classical case.

In particular, filling the coaxial tube reduces
locality. This can be explained by a significant decrease
in the resonator's Q factor.

Thus, the highest locality is achievable using a
small probe with a spherical tip, submicron size, and no
internal filling.

4. CONCLUSION

Managing the locality of coaxial resonator probes is
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MeTongu ynpagsiiHHA JIOKAJBLHICTIO PE30HATOPHUX 30HAIB KOAKCIAJIBHOIO TUILY
y HBY ceucopuii

I.M. llepbaun

Xapriecvrull HayloHAIbHUL YHI8epcumem padioesiekmporiku, 61166 Xaprie, Yikpaina

V¥ poGoTi 06roBOPIIOTHCA CIIOCOON 3MIMCHEHHS yIIpaBiiHHsa jgokanbHicTio HBY miarmocturm mMasioposmi-
pHUX 00'€KTiB IPY BUKOPUCTAHHI allepTYPHUX PE30HATOPHUX CEHCOPIB 3 KoakciaiabHOI cuMmerpieo. Haseme-
HO Pe3yJIbTaTH JOCIIFKeHHS eJIeKTPOAMHAMIYHUX BIACTHBOCTEH KOAKCIAJIHHUX PEe30HATOPHUX 30HIIIB, PO3-
pobuternx mist moransHol HBY miarmocturu dismanmx o0’exris. [IpoBeneno anamia ¢gaxropis, Imo BIIHBa-
0Th HA TJIMOWHY IPOHUKHEHHS eJIEKTPOMATHITHOTO IOJIA yrioub JociiaxyBanoro 00’ekra. OcobimBy yBary
IPUIIIEHO aHAaJIi3y BILIMBY TeOMeTpii anepTypHOro By3ja SK Ha BHMIPIOBAJIBHI CUTHAJIN CEHCOPA, TAK 1 Ha
€JIEKTPOJUHAMIKY IIPOIIECIB B MeKaxX MOJIeJIl, sika OyJsia po3pobiieHa 3 BUKOPHCTAHHSAM YHCEeJIBHOTO METO.Y.
Tloraszano BIJIMB 3a30py B cucTeMl 30HI-00€KT, po3Mipy Ta (hOpME BICTPST HA POSIOILII ITOJIS KJIACHIHOIO
YBEPTHXBUJILOBOTO BUMIPIOBAJILHOIO PE30HATOPHOTO ITepeTBopioBava. HasemeHo peaysbTaTé JOCITiIKeHHS
MaJsorabapuTHOI Bepcil KoakciaabHOro 30H1a. [1poeMOHCTPOBAaHO BILJIMB 3MEHIIIEHHs HAKOIIMYYBAJIbHOI Ya-
CTHHY Pe30HATOpa Ha PO3IOMLJ HOJIA Y AoCaKyBaHoMy 00'ekri. [[okazaHo, HACKIIBKY CHJIBHO 3MIHIOETHCS
©HEepTis eJIEKTPUIHOTO II0JISA TA JOCIMKHA JIOKAJIHHICTD BUMIPIOBAHD IIPU 3aII0OBHEHH] HAKOIUIYBAJIBHOL Yac-
THHM PE30HATOPa (PTOPOILIACTOM.

Kmouosi ciosa: Bumipmosanbauii pesoHaTopumii mepersopioBad, HBY cencop, Koedimient BrmovyeHHs
o0’ekTa B moJie pe3oHaTopa, JliesexkrpruHa mpoHWKHICTL, PedonancHa dacrora, JlobpoTHicTh, Xapakrepuc-
TUKY IePEeTBOPEHHS.
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