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Active Mie-like resonance for noninvasive glucose detection
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An ideal toolset to diagnose diabetes consists of an in-hand portable device that can effectively detect
glucose concentration in the blood in real time without having to perforate the skin. However, existing glu-
cose monitoring systems are invasive, and those that are noninvasive have low accuracy. Here, we explore
an alternative approach for noninvasive monitoring of the glucose concentration in blood. We excite Mie-
like resonances within highly lossy media by introducing active loads, uniformly applied within the inner
circumference of a dielectric ring structure. Our study opens a possible way of developing portable glucose
monitoring systems that can detect the glucose concentration with a noninvasive approach and improved

accuracy compared with existing techniques.
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As life expectancy and adult disease incidence rates
increase simultaneously, diagnosing diseases has become
of major relevance in modern medicine [1-4]. Since most
adult diseases are chronic, the ability to track them at an
early stage is vital, which requires the development of
simple and convenient medical diagnostic devices [5—7].
Portable devices offer patients the opportunity to track their
conditions in real time. In this context, recent studies have
focused on the development of glucose level monitors for
the purpose of diagnosing diabetes at an early stage [8].
For diabetes, it is important to monitor the glucose level in
the blood constantly rather than getting a medical checkup
after showing pathological symptoms [9—11]. So far, most
of the existing techniques for glucose monitoring are inva-
sive, where patients are periodically required to draw their
blood, or semipermanently insert tubes into blood vessels
or in the dermis for constant glucose monitoring [12—14].

Since typical methods induce constant pain and put a
strain on the patient, electromagnetic methods for noninva-
sively measuring the glucose level are actively being pur-
sued over various frequency ranges [15-28]. For instance,
approaches to measure the current conductivity of tears
or interstitial fluid under the skin have been proposed in
several studies [18,19]. This approach utilizes a body-
attachable device, such as smart lenses or tattoo antennas
on the skin. An alternative approach close to commer-
cialization relies on Raman spectroscopy [20-23]. This
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approach interrogates the electromagnetic properties of
glucose molecules by exciting the skin with a laser at
specific frequencies. The detection is performed through
scattering spectroscopy, which is affected by the glucose
concentration. Similarly, measuring the absorption effi-
ciency in the near-infrared spectrum has been proposed,
since absorption is affected by the glucose concentration
inside the interstitial fluid [24—28].

However, these methods come with limitations, such as
degraded monitoring accuracy and limits on developing
practical devices. First, measuring the current conductivity
of interstitial fluid or tears is often unreliable for diag-
nosing diabetes, since there are many variables that may
affect the current conductivity beyond the glucose con-
centration, e.g., unwanted interstitial electrolytes [29]. In
the case of Raman spectroscopy, it is easy to apply as a
watch or body-attached sensor. However, considering that
the laser does not effectively penetrate the skin thickness or
capillary vessels, it is hard to be sure whether the response
comes from changes in the glucose level inside the capil-
lary or in other tissues such as the dermis [30]. Considering
that diabetic symptoms are directly affected by the glu-
cose inside the capillary vessels, this is a critical issue to
be solved. Finally, absorption measurements in the near-
infrared spectrum are also known to be less accurate as
they are influenced by the level of melanin distribution and
tissue composition of the skin [31].

In the rf spectrum, glucose monitoring is limited by
the large absorption loss of the body tissue and fluid,
which drastically reduces the monitoring accuracy [32—
35]. To overcome these limitations, studies on monitoring
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glucose levels on the earlobe or finger wedge have been
performed in the V' band (40—75 GHz) by applying waveg-
uide structures that sandwich skin-capillary-skin layers.
This approach takes advantage of thin layered structures,
minimizing the inherent loss. However, the loss from the
tissue remains large, often preventing accurate detection.
Additionally, the proposed waveguide equipment is bulky
and difficult to carry, thus impractical [34]. Recently, we
have been exploring active shunt loads applied to the
skin-capillary-skin geometry (earlobe or finger wedge) to
enhance the monitoring accuracy. By applying an active
load to one side of the skin, the entire structure can expe-
rience an anisotropic transmission resonance (ATR) at a
certain frequency, enhancing sensitivity [36]. Based on this
principle, we explored a way to realize this active load
by employing a negative impedance converter (NIC) cir-
cuit, and prove that the ATR response is linearly tuned
by the glucose concentration, offering a convenient way
to enhance diabetes testing devices. This approach offers
enhanced sensitivity, enabling a glucose level detection of
0.01 wt % per 100 kHz between 4 and 6 GHz [37]. The
active loading compensates for the absorption loss in the
biological media, while the overall signal-to-noise ratio
remains limited.

In this paper, we explore an enhanced scheme for glu-
cose monitoring, designed to be practically implemented
as a portable gadget while enhancing glucose monitoring
sensitivity. To satisfy these requirements, a ring-shaped
glucose sensor applied to a single finger is proposed. The
ring is composed of SiO, with Cu plates sandwiching the
SiO, ring structure. In the open cylindrical structure, the
ATR response is difficult to achieve, since the response
is applicable to two-port systems [36]. Instead, we excite
a Mie-like resonance within concentric cylindrical media
of skin-capillary-bone to effectively monitor the glucose
concentration within the finger. To excite such a resonance
in lossy media, active loads are uniformly applied around
the inner circumference of the ring. Supported by these
active loads, the Mie-like resonance is strongly enhanced.
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At the resonance frequency, the field shows a Mie-like res-
onance pattern, with a typical ¢ dependence (cos m¢,m is
an integer) in its angular pattern. The field at resonance is
strongly localized inside the skin and the capillary tissue,
effectively providing a mechanism to monitor the glucose
concentration inside the capillary layer.

In the following, we first introduce the geometry of the
ring structure, then we numerically simulate the optimized
structure and outline the underlying resonance mechanism.
The resonance responses with different values of active
loads and thicknesses of the tissue layers are studied to
confirm the stability of the proposed method. Finally, glu-
cose monitoring inside the capillary layer is explored,
demonstrating that the Mie-like resonance linearly shifts
along the frequency axis with increasing glucose concen-
tration. Our calculations indicate over 3 times enhanced
sensitivity compared with prior studies using active load-
ing, supporting an different type of glucose monitor with
a single ring, which may effectively monitor the glucose
level with enhanced sensitivity at a finger.

We consider a ring wrapper around a single finger, as
shown in Fig. 1(a). The structure is simplified to a con-
centric cylindrical pillar composed of skin, capillary, and
bone with radii y, ¢, and 3, respectively. The radial thick-
ness of each layer is defined as t;, = ry — 74, t;, =1y — 1y,
and t, = rp. Each parameter is defined assuming that the
ring is wrapped around the index finger of a human body,
and the height of the finger is iy =7 — 10 cm [38]. Figure
1(b) shows the ring structure integrated with active loads.
Here, the inner radius of the ring is 7y, and the outer
radius is defined as r,. The thickness and height of the
ring are ¢, and #,, respectively. The top and bottom of
the ring are grounded with Cu plates to localize the field.
Active loads are designed to be conformal rectangular
shapes with height 4,, and arc length c,, applied sym-
metrically following the inner circumference of the ring
with 60° steps. Here, the arc length ¢, has a 30° arc
length and the active load has a negative admittance value
Y;.[Siemens] = —1/Z;. (Z;. is a positive integer). The

FIG. 1. (a) A finite model
of the finger, simplified
to a concentric cylindri-
cal structure composed of
bone, capillary, and skin.
The radius of each cylinder
is defined as 7y, rg, 7, from
the center and the finger
height is Ay. (b) Illustration
of the ring integrated with
active loads. The upper
and lower portions of the
ring are grounded with Cu
plates.

Ring model
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major reason for the symmetric placement of the active
loads is to uniformly excite the resonance to cover the
lossy medium in its entirety. The transmit port (blue arc) is
applied inside the ring with a 30° arc length and generates
and electric field £, pointing in the direction of the finger’s
center, 0. A spacer of height /. is introduced between the
Cu plates and the active loads on the top and bottom to
prevent electrical shorting between them.

We perform numerical calculations using COMSOL Mul-
tiphysics 6.0, as shown in Fig. 2(a). The upper-left figure
shows the top view of the structure with the ring worn on
the finger. An air layer is applied with scattering boundary
conditions at the outmost surface, and a perfectly matched
layer (PML) is applied before the scattering boundary
condition. The right panel shows the longitudinal view
of the finger. In the simulations, the height of the ring
h, is changed to tune the resonance, and %, and 4, are
defined as 0.8%, and 0.9%,, respectively, and the spacer
height 4. and the thickness of Cu plates are both set at
0.05A,. Other parameters, such as radii and arc lengths
of the active load, are kept constant. The electromagnetic
properties of the media are calculated analytically at the
frequency of interest. First, the relative permittivity of
the skin and the bone are derived using the Cole-Cole
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FIG. 2. (a) Simulated model of Figs. 1(a) and 1(b) in COMSOL Multiphysics 6.0. The ring is worn on the finger. The transmit port

dispersion model, as discussed in Ref. [39]. For the cap-
illary layer, the permittivity of blood is replaced by the
permittivity of a glucose-water solution, considering that
the blood condition differs by person and changes with
time. The blood is composed of various components and
the blood permittivity can vary depending on the patient’s
condition. However, the blood permittivity measured in
different patients has the same tendency of decreasing with
large glucose concentration, with a variation Ae ~ 5 [40].
Therefore, we assume that the impact from blood compo-
nents is negligible and the permittivity is stable with time.
The differences associated with individual patients and the
permittivity changes in time will be addressed in a calibra-
tion process during practical device development. In this
study, the glucose-water permittivity is derived using the
Debye model, as provided in Ref. [41], where the calcu-
lated permittivity is in the same range as the permittivity
measured in Ref. [40]. In the calculation, the glucose con-
centration of the solution is varied from 0 to 4 wt %, where
the weight percentage (wt %) is the percentage of solute
mass divided by solution mass in this study. The relative
permittivities of skin, bone, and the glucose-water solu-
tion are provided in Fig. 2(b). Here, we can see that the
relative permittivity of skin and bone are relatively stable

(b) 50

(blue arc) is applied inside the ring (blue area). The copper plates are positioned to sandwich the ring to support the resonance. Here,
area “a” is the bone, “b” is the capillary and “c” is the skin. The entire finger model is defined with length A, with two /hpy layers;
scattering boundary condition (BC) and PML condition are applied properly to model wave propagation. (b) (Upper panel) Relative
permittivity of skin and bone. (Lower panel) Relative permittivity of glucose-water solutions from 0 to 4 wt %.

034060-3



HOYEONG KWON and ANDREA ALU

PHYS. REV. APPLIED 21, 034060 (2024)

at the frequency of interest, where the variations of both
real and imaginary parts are Ae < 5. Compared to the rela-
tive permittivity of skin and bone, the relative permittivity
of glucose-water solutions varies 4 to 5 times more both
in real and imaginary parts. This property ensures that the
resonance is mostly affected by the glucose-water solution
rather than skin or bone.

We first simulate the structure without active loads to
confirm that the proposed ring model in Fig. 2(a) can
support a Mie-like resonance. The port is excited with
E. = 1V/m with power Ppo = pAport(|E:|*/1si0,), and
the excited power is changed by the height of the port
h, (where Aot = hyc,). The ¢, is the arclength of port that
is stable in the calculation. To monitor the resonance from
the structure, the 6 component of the radiated intensity praq
at the outer surface of the ring is integrated as

hp 2
Pryg = f / :6 * Prad rod(de.
0 0

For this calculation, the glucose concentration is set at
0 wt %, and the results are shown in Fig. 3(a). To figure
out the resonance properties, the calculation is performed
by changing the height of the ring 4, from 5 to 15 mm
with fixed 7,, and the calculated P,,q4 is provided as a con-
tour plot. In the plot, we can observe evident Mie-like
resonances, for which the azimuthal order increases with
frequency from TM |, to TMy;. The field is highly localized
inside the finger for larger azimuthal orders. In contrast,
the Fabry-Perot mode or radial modes are not observed for

TMy4 TMy, TM;,
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this geometry, and only azimuthal resonances are excited.
In the case of a cylinder uniformly composed of a sin-
gle dielectric material, it is natural to excite both m and n
modes (m = azimuthal mode, » =radial mode). However,
the structure in this study is partially grounded with copper
plates in the radial direction, which alters the radial mode
resonance. Therefore, only azimuthal modes are excited
in the proposed ring structure, benefitting glucose moni-
toring since the fields are uniform in the radial and axial
directions.

Next, the material loss in the finger and active loads
Y. = —1/Z,, are added in the calculation and the sim-
ulated results are provided in Fig. 3(b). Z, is set to be
38 Q and the other parameters remain the same. The
results show that P4 decreases due to the large loss in
the entire frequency regime. However, supported by active
loads that are uniformly applied to the finger, a Mie-
like resonance is excited analogous to Fig. 3(a). Even
though higher-order modes are not clearly excited due to
the increased loss at higher frequencies, the active loads
support the field enhancement and preserve the Mie-like
resonance. To enhance the resonant response for higher
azimuthal modes, the admittance value of the active loads
is changed with Z;, = 40 , and the result compared to
the result for Z;, = 38 Q is provided in Fig. 4(a). Pyq at
resonance shows no large difference between the differ-
ent active loads, since the gain is only slightly increased.
The resonance frequency is also stable, without a big
shift. However, at 4, = 10 mm, TM3, is strongly excited at
5.1 GHz, where no resonance was excited in the previous
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(a) Mie-like resonance with lossless finger wearing the ring without active loads. The azimuthal modes are excited with

respect to the frequency axis. E, field plotted when the height of the ring 4, is (i) 10 mm, (ii) 12 mm, (iii) 10 mm, (iv) 14 mm,
calculated at the mid-height of the ring. (b) Mie-like resonance with material loss in the finger. Now, the ring is integrated with active
loads around the inner circumference of the ring. The E. field is plotted when the height of the ring A4,is (i) 15 mm, (ii) 12 mm,

(ii1)10 mm.
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FIG. 4. (a) Radiated power P4 comparison between the case with 1/Y;. = —40 Q (solid line) and that with 1/Y;, = —38 Q

(dashed line). The admittance value of active loads differs from the calculated results in (b). The height of the ring is 4, =35, 10,
7, 15 mm. (b) Radiated power Py, with different active loads, with 1/Y;, from —38 to —42 Q. Here, the height of the ring 4, is 10 mm.
The green line is the same as in (a) when 4, is 10 mm. (c) Radiated power P;,q when the thicknesses of capillary, bone, and skin layers
are changed. (d) Magnitude of electric and magnetic fields at point d in (b). The field is calculated at the mid-height of the ring.

calculation. To confirm that the gain admittance value
affects the Mie-like resonance response, the simulation is
performed after changing Z;, = 38 Q to Z;, = 42 Q with
fixed ring height 4, = 10 mm and the result is provided
in Fig. 4(b). The results show the frequency of each Mie-
like resonance is stable with respect to the active load
value. However, the magnitude at the resonance frequency
is changed, giving the strongest response at Z;, = 41 €,
which appears to conjugate match the loss for this mode.
To prove that the resonance response is stable with
respect to different dimensions of the finger, we calcu-
late the response for different radial thicknesses of each
layer (skin, capillary, and bone) in Fig. 4(c). The calcu-
lation is performed with 0 wt % glucose-water solution,
and the active load and height of the ring are Z;, = 38 Q
and 4, = 7 mm. The radial thickness of skin, capillary, and
bone are changed by 50% and 20% with respect to the orig-
inal model, where the result of the original model is shown

with the black dotted line in Fig. 4(c). The results show
that when the radial thickness of each layer is changed,
the Mie-like resonance is stably excited, with a slight res-
onance frequency shift. The resonance frequency of each
mode shifts from low to higher frequency when the thick-
ness decreases. Therefore, if the thickness of each layer is
provided in a calibration process, the monitoring can be
performed with respect to the reference frequency mea-
sured with 0 wt % glucose-water solution. Figure 4(d)
shows the magnitude of electric and magnetic fields at
point d in Fig. 4(b). The field is localized following the
circumference of the skin and capillary layers on the x-y
plane. The field plot on the x-z plane also shows that both
electric and magnetic fields are localized in the bilayer at
the resonance frequency.

For the calculations so far, the glucose concentration
inside the capillary has been kept at 0 wt %. To prove that
the proposed ring structure is effective for noninvasively
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FIG. 5. (a) Radiated power Py,q around TM; ;5mm mode when 1/Y;, = —38 Q. (b) Radiated power Pr,q around TM3; j5mm mode
when 1/Y,. = —38 Q. (c) Comparison of frequency resolution of TM;; j5mm and TMy; 1smm With respect to glucose concentration.
(d) Radiated power Py,q around TMjy; jomm mode when 1/Y;, = —38 Q. (e) Radiated power Pyq around TM3; jomm mode when
1/Y;. = —40 Q. (f) Comparison of frequency resolution of TMj; 1omm and TM3; 1omm With respect to glucose concentration.

monitoring the glucose concentration, the refractive index
of the capillary layer is then changed from 0 to 4 wt %
in 1-wt % steps. The performance of glucose monitor-
ing is quantified with the sensitivity S, which is defined
as S = Af;/Awt %, providing the frequency resolution of
glucose detection [42,43]. The calculation is performed
within the frequency bandwidth of each Mie-like reso-
nance mode in Figs. 3 and 4, and the result is provided
in Fig. 5. First, calculations are performed around TMy;
and TM,; when A, = 15 mm and Z;, = 38 2, and the
results are provided in Figs. 5(a) and 5(b). For TM ;.15 mm.,
the resonance peak has almost no variation in the fre-
quency axis, offering sensitivity S = 3 MHz/wt %. The
derived sensitivity is 3 times smaller than the one in
Ref. [37]. However, the TM; 15mm mode provides a sen-
sitivity of § = 27.5 MHz/wt %, almost 3 times and 9
times larger than in Ref. [37] and TM;; 15mm, respec-
tively. Figure 5(c) shows the comparison of the sensitivity
between the two Mie-like resonance modes, TM 15 mm
and TMj; 15smm. Here, the difference in sensitivity is visu-
ally emphasized, where the blue line denotes TMy; 15mm
and the red line denotes TM jsmm. Each mode provides
linear step changes per glucose concentration, providing
an efficient glucose monitoring scheme. Next, calcula-
tions around TM;; and TM3; are performed for 4, =
10 mm. Here, the active load is Z;, = 38 Q for TMy,
and Z,, =40 Q for TM3;, and results are provided in
Figs. 5(d) and 5(e). The results show that TM3; jomm pro-
vides a sensitivity S = 10 MHz/wt %, which is lower than
TM31 15mm. For the TM3; jomm mode, the resonance peak

weakens with increasing glucose concentration. However,
considering that the glucose concentration varies between
0 and 2 wt % for diabetes diagnosis, the TM3; jomm can
be also utilized. The TM3; 1omm mode offers a frequency
step of 300—500 kHz per 0.01 wt % detection, which is the
strongest sensitivity S = 30—50 MHz/wt %, in the pro-
posed structure. The E; field distributions are provided in
each plot and show that the field is more localized inside
the capillary and skin layer in the higher-order mode than
the lower-order mode, which implies that the sensitivity
increases when the modal order increases. The other prop-
erty that can be observed by comparing Figs. 5(b) and 5(d)
is that the sensitivity increases when the height of the ring
increases. This property is attributed to the fact that the E,
field experiences a thicker capillary layer while resonating
inside the finger. As a result, the sensitivity of TMy; 15mm
is almost 3 times larger than TM1 10mm.

In conclusion, the proposed active loading of a dielectric
ring offers an interesting platform to monitor the glucose
concentration inside a finger by shifting Mie-like reso-
nances. The sensitivity of our optimized active dielectric
rings increases as the order of resonance increases, provid-
ing a sensitivity S = 30—50 MHz/wt %. Although blood
is composed of various components and electrolytes, such
as red blood cells, white blood cells, and NaCls, the cal-
culation in our study assumes that the impact from other
components is similar for all patients and stable in time,
to show the reliability of the proposed technique. The
exact measurement of glucose levels can be performed
by calibrating a reference point, considering the finger
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dimensions, time since ingestion, temperature, and so on.
The proposed method has a stable resonant response, and
it provides a way to realize portable and practical glucose
monitoring that can continuously detect glucose levels in
real time and with enhanced sensitivity.
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