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Summary

This lecture is dedicated to the non-invasive method of monitoring blood glucose concen-
tration in diabetic patients based on detection of changes in the dielectric properties of
biological tissues. The lecture is divided into two parts. In the first part a comparison
of two possible phantoms of blood-glucose solutions is performed. The second part is
dedicated to the design and evaluation of sensor based on artificial transmission line. It
was found that the achieved sensor sensitivity to the concentration of glucose in blood, is
very good. Based on the available analysis we can also assume that, if necessary, further
increase the sensitivity of the sensor is possible. At the end of the lecture the main results
are concluded and the outlook for future research is presented.
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Souhrn

Tato prednaska je vénovana metodé neinvazivniho monitorovani koncentrace glukozy v
krvi u pacientii s diabetem zalozené na detekci zmén dielektrickych vlastnosti biologic-
kych tkani. PrednaSka je rozdélena na dvé casti. V prvni ¢asti je provedeno srovnani
dvou moznych fantému roztoku krev-glukoza. Druhé ¢ast se vénuje navrhu a ohodnoceni
senzoru zalozeného na umélém prenosovém vedeni. Bylo zjisténo, ze dosazena citlivost
senzoru na koncentraci glukozy v krvi, je velmi dobra. Na zdkladé dostupné analyzi
Ize také predpokladat, ze v pripadé potieby je dalsi zvyseni citlivosti senzoru mozné. Na
zavér prednasky jsou shrnuty hlavni vysledky a predstaven vyhled pro budouci vyzkumnou
¢innost.
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1 Introduction

The methods currently considered for non-invasive monitoring of blood glucose concen-
tration include e.g. bioimpedance spectroscopy, fluorescence techniques, infrared spec-
troscopy, optical polarimetry, Raman spectroscopy, reverse iontophoresis and ultrasound,
but none of them have found practical use yet.

There are currently four companies developing non-invasive BGC monitoring systems.

Cnoga Medical Ltd. [1] and Integrity Applications |2| launched their non-invasive BGC
measurement systems in some markets in 2012 and in 2014, respectively. TensorTip CoG
from Cnoga Medical uses near-infrared spectroscopy [1], while GlucoTrack from Integrity
Applications [2] combines ultrasound, electromagnetic (EM) field and temperature mea-
surements. Both of these sensors are calibrated by means of invasive measurements. The
former is recommended for patients with type 2 diabetes mellitus only, and the latter
passed clinical trials with only 96.5% of the measured data in A and B region of Clarke
Error Grid. Another system, patented by Otis at al. [3], utilizes an electrochemical sen-
sor integrated into the contact lens to measure glucose concentration in tears and the
idea was further developed by Google Inc. [4]. And finally, MediWiSe [5] is developing a
microwave (MW) system with working frequency range around 65 GHz, utilizing meta-
material (MTM) surfaces to reduce reflections on the tissue-sensor interface. MediWiSe
announced they would open pre-orders for their MW device in late 2016.

Several research groups employ for noninvasive BGC measurement the dependence of
dielectric properties of blood on glucose concentration in the MW frequency range. Sen-
sors based on MW resonators or transmission (TL) line sections detect the shift of res-
onance frequency and the change of electrical length, respectively, caused by the change
of glucose concentration [6,7]. Some of the developed MW sensors were not validated
experimentally [8]. The sensors were tested by means of numerical simulations, detecting
glucose concentrations in water-glucose solutions. The sensors were based on ring, spiral
and double spiral microstrip (MS) resonators. Performance of the spiral resonator was
shown to be the most promising. In [9], MS monopole antenna was tested numerically on
a layered model of biological tissues. In [10], six different MS resonators were compared
numerically in terms of sensitivity, with the highest observed sensitivity being that of the
spiral MS resonator.

In vitro studies have been conducted, using various types of sensors with various solu-
tions (phantoms of human blood-glucose solutions): a sensor based on a rectangular MS
patch antenna with both physiological saline-glucose as well as pig blood-glucose solutions
in [11], an MS TL section with aqueous- and blood-glucose solutions in [12], waveguide
with a goat blood-glucose solution in [13], a spiral MS resonator with blood phantom
in [14] and with pig blood in [15].

In vivo studies tested a spiral MS resonator against a thumb |16] and on the wrist [17].
A split ring resonator was tested in [18]. All three studies have shown that it is possible
to predict blood glucose concentrations in real time. In [18], encouraging agreement with
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the readings of an invasive glucometer was shown.

It has been reported that MW sensors based on MTM TLs can achieve significantly
higher sensitivity levels than sensors based on conventional TL (more than 10 times
higher) [6,19-21]. In these studies, the interaction is very dependent on the chosen unit
cell and especially on how the unit cell is implemented.

Due to the higher reported sensitivity, MTM sensors were proposed and successfully
used for detecting small changes in EM properties of the material under test (MUT).
Consequently, MTM sensors were proposed even for detecting biomedical quantities, e.g.
immobilized antibodies, single strained DNA [22]| as well as DNA hybridization [20] and
others. Even though the increased sensitivity of MTM sensors was demonstrated ex-
perimentally, it has been concluded that, in theory, this sensitivity can be significantly
improved even further.

For the development of an EM non-invasive glucose monitoring system, knowing the
dielectric properties of blood-glucose solutions is very important. Some authors mention
that the dielectric properties of some solutions reportedly mimic the dielectric properties
of blood-glucose solutions, e.g. physiological saline-glucose [23] and blood plasma-glucose
solutions [24,25|. In [26,27], it was shown that glucose influences the dielectric properties
of blood significantly, but a mathematical model was not published. Mathematical models
of dielectric properties of blood-glucose solutions were published in [28,29] and for readers
convenience dielectric properties of blood glucose solutions determined by the models are
plotted in Fig. 2.1. In [12], the authors measured the dielectric properties of blood-glucose
solutions but their mathematical model was not published.

This lecture is based on our journal papers [11,30] and contributes to the state-of-the-art
in non-invasive blood glucose concentration (BGC) monitoring in following two areas.

In Chapter 3, a suitability of two different liquid phantoms of blood glucose solutions as
phantoms for development of microwave sensors for noninvasive blood glucose monitoring
is compared. The two phantoms are physiological saline-glucose and pig blood-glucose
solutions. For this purpose a simple microwave sensor is developed for in vitro monitor-
ing of blood glucose levels. The sensor consists of a microstrip antenna and of a small
rectangular container on the top of the antenna. The container is filled with one of the
liquid phantoms. Both phantoms with different glucose concentrations ranging from 0 to
500 mg/dl are considered. Dependence of sensor’s resonant frequency on glucose concen-
tration of LUTs is both estimated by aid of numerical simulations as well as measured.
The results are discussed and compared with some results reported in literature.

As mentioned above, artificial TL sensors have already been proposed for some biomed-
ical applications. In Chapter 4, to the authors’ best knowledge, it is the first time these
sensors are proposed for non-invasive blood glucose concentration measurement. Fur-
thermore, in Chapter 4, a corresponding numerical model of the sensor implemented in
microstrip technology is created in the commercial full-wave numerical simulation tool
COMSOL Multiphysics and virtually tested by means of numerical simulations. Blood-
glucose solution models with various blood glucose concentrations are used as a model
of a biological tissue under test. Furthermore, a possible methodology for performing
non-invasive tests is proposed. Sensitivity of the sensor developed here is compared to
a sensor based on a section of a conventional microstrip transmission line of the same
length and width. The main goal of the Chapter 4 is to show the potential and the issues
of such sensors and to propose some ways to overcome these identified issues.



2 Dielectric Properties of
Blood-Glucose Solutions

As mentioned already in the Introduction, to the author’s best knowledge, mathematical
models of blood-glucose solutions were created in [28,29], only. Both models are created
by the same research group and therefore the later model should be more accurate. The
later model shows lower changes in relative permittivity than the first one for the same
glucose concentrations (Fig. 2.1 (a)). In the former model, equivalent conductivity is not
a function of glucose concentration (all solid lines are ploted on each other in the Fig.
2.1 (b)). An important prerequisite for microwave measurement of glucose concentra-
tion in the blood is significant variability in glucose concentration together with minimal
differences in concentration of other blood components. While the blood glucose concen-
tration in a patient with diabetes compared to physiological values differ significantly,
the changes of concentration of other blood components (namely Na, K, Cl, Ca) were
studied in [24] and were evaluated as insignificant. In [18], investigation of the effects of
increasing glucose concentration on the sensor response as well as the effects of endogenous
common interferents, i.e., common sugars, vitamins (ascorbic acid), and metabolites (uric
acid) were performed. It was found out that maltose, fructose, and galactose produce
only small changes, at least three times less than the effects of glucose, and that other
endogenous interferents have no significant direct effect.
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Figure 2.1: Dielectric properties of blood-glucose solutions (relative permittivity (a) and

equivalent conductivity (b)) according to mathematical models published in
28] (solid lines) and in [29] (dashed lined).



3 Liquid Phantoms of Blood
Glucose Solutions

As mentioned above, the two phantoms under consideration are physiological saline-
glucose and pig blood-glucose solutions. And as it will be described in more details in this
chapter the simple microwave sensor is developed for in vitro monitoring of blood glucose
levels. This sensor consists of a microstrip antenna and of a small rectangular container
on the top of the antenna. The container is filled with one of the liquid phantoms.

3.1 Methods

LUTs, Models of Their Dielectric Properties and Preparation

The glucose-concentrations in LUTs were chosen both physiological as well as non- phys-
iological concentrations. The non-physiological concentrations considered here are still
realistic as they can be reached by diabetes patients.

For numerical design and evaluation of the sensor, mathematical models of dielectric
properties of physiological saline-glucose and blood-glucose solutions were adopted from
[31] and [28], respectively. It has to be noted that the model from [28] is based on
measurements using the commercial system Dielectric Probe Kit with the Slim Probe,
both from company Keysight Technologies (formerly Agilent) [32]. Since it is difficult
to use this equipment for the liquids with inhomogeneous surface (blood samples have
such surface), the measured data are correspondingly negatively influenced. Nevertheless,
to the authors’ best knowledge, there is no other mathematical model for blood-glucose
solutions dielectric properties.

Both models were implemented in MATLAB [33] and imported into COMSOL Mul-
tiphysics numerical model of the sensor. The numerical model of the sensor was sub-
sequently used for sensor optimization as well as for further numerical investigations
performed here.

Physiological saline-glucose solutions were prepared with 250, 500 and 1000 mg/ml
glocose concentrations. The pig blood samples were taken in a slaughterhouse by slaugh-
terhouse employees into 9 ml test tubes with K3 EDTA (anti-clotting agent). Pig blood-
glucose solutions were prepared by adding an amount of D-glucose into 25 ml of pig
blood. Obtained four samples had following glucose concentrations reference value, refer-
ence value + 125 mg/dl, reference value 4+ 250 mg/dl and reference value + 500 gm/dl.

Sensor Based of Rectangular Patch Antenna Geometry

Microwave sensor is based on the MS patch antenna. The preliminary dimensions were
calculated using well-known design rules [34] in such a way it resonates (with the empty
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Figure 3.1: (a) Simplified technical drawing of the container (top view). Lucite (upper and
side walls) and PTFE (lower wall). Container height is 3 c¢m,(b) photograph
of the realized microwave sensor (top view).

container) at 5 GHz. The antenna layout is shown in Fig. 3.1 and the dimensions are as
follows. The substrate is FR4 with substrate height equal to 1.5 mm. The width of feeding
MS transmission line is equal to 2.8 mm. SMA panel connector was used. Patch width
and length are equal to 18.1 mm and 13.6 mm, respectively. The container dimensions
from the top view are shown in Fig. 3.1 and its height is equal to 30 mm. Side walls
of the container are made from PTFE and Lucite according to Fig. 3.1 (a). Filling the
container with LUT shifts resonant frequency of the sensor to about 2 GHz (depends on
used LUT and its glucose concentration). The sensor was first numerically modeled and
subsequently fine-tuned (in terms of low reflection coefficient at the resonant frequency)
in COMSOL Multiphysics.

The manufactured sensor with the empty container is shown in Fig. 3.1 (b). Measure-
ment of reflection coefficient has been performed using VNA Rohde&Schwarz FSHS.28.
The VNA was calibrated using full one port calibration. Calibration was done with cali-
bration kit ZV-Z170 50.

For physiological saline-glucose solutions in total 27 independent (after each measure-
ment the LUT was removed from the container and the container was cleaned) measure-
ments were performed. In total 6 measurements were performed for each sample except
of 250 mg/dl, where five measurements were performed only.

For reference sample (without added glucose) of pig blood five independent measure-
ments were performed. Three pig blood samples with different glucose amount added
were measured as well. In total 8 independent measurements were performed for pig
blood samples.
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3.2 Results and Discussion of Chapter 3

By a simple comparison of dielectric properties of both LUTs it is clear, that the same
change in glucose concentration produces bigger changes of the dielectric properties of
blood-glucose solution than of physiological saline-glucose solution.

The magnitudes of reflection coefficients of the sensor depending on frequency, LUT and
different glucose concentrations were simulated and are plotted in Fig. 3.2. The numerical
results confirm the above mentioned statement. The glucose concentrations chosen for
the numerical simulations were 0, 125 and 250 mg/dl. By the physiological saline-glucose
solutions the resonant frequenecy shifts about 5 MHz if glucose concentration changes
from 0 to 125 or from 125 to 250 mg/dl. By the blood-glucose solutions there are much
bigger resonant frequenecy shifts. If glucose concentration changes from 0 to 125 mg/dl
and from 125 to 250 mg/dl the frequency shifts 200 and 300 MHz, respectively.

The measurements were performed at the room temperature (23 °C). The goal was
just to investigate whether the shifts of the sensor’s resonant frequency depending on
glucose concentration is comparable with those numerically simulated and whether they
are sufficient for estimation of the glucose concentration in LUT.

Fig. 3.3 shows measured sensor resonant frequencies dependent of LUT and glucose
concentration. For the physiological saline-glucose solutions (Fig. 3.3 (a)) there is no sta-
tistically evident relation between the glucose concentration and resonant frequency. This
is consistent with the fact that already for 0 mg/dl glucose concentration and 6 indepen-
dent measurements the measured resonant frequencies lies in an interval between 1.666
and 1.682 GHz. This shift is even bigger than the predicted shift for glucose concentration
change from 0 to 250 mg/dl. Probably minimal temperature and/or volume change of
LUT produced bigger change of resonant frequency than the change in glucose concen-
tration itself. On the other hand, the trend shown in Fig. 3.3 (b) for pig blood-glucose
solutions is clear. The shifts of sensor resonant frequencies corresponding to change in
glucose concentration between ref. value and ref. value + 125, ref. value 4+ 125 and ref.
value + 250 and between ref. value + 250 and ref. value + 500 mg/dl are 43, 43, 86 MHz,
respectively.

There is also a significant difference, by a factor of 4.7 to 7, between measured and
simulated changes of resonance frequency.

In [28], measurement of frequency shift of another sensor was performed and reported
resonant frequency shift there was about 125 MHz for glucose concentration change from
91 and 330 mg/dl. If a linear dependence is considered this would lead to a slope of 65 MHz
for 125 mg/dl concentration change. The difference between the resonant frequency shift
reported in |28] and here is only by a factor of 65/43 = 1.5. It has to be noted, that our
measurements were performed at the room temperature while the measurements reported
in [28] were performed at 37 °C. Another explanation could be that the considered sensors
have different sensitivity.
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Figure 3.2: Computed Si; of the sensor with container virtually filled with (a) physiolog-
ical saline-glucose solutions [31] and (b) blood-glucose solutions [28].
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Even though a difference of factor 1.5 is not satisfactory, it is much better than a factor
4.7 - 7. This is an indication that mathematical model of dielectric properties of blood-
glucose solutions reported in [28] should be improved by repeating the measurements
presented there. Also we can conclude that physiological saline-glucose solutions are not
a suitable model of blood for the purpose of development of non-invasive blood glucose
monitoring system.
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Figure 3.3: Dependence of sensor resonant frequencies (a) on glucose concentration of
physiological saline-glucose solutions and (b) on glucose concentration of pig
blood-glucose solutions, dashed red lines denotes 95 % confidence interval.
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4 Sensor Based on Artificial
Transmission Line Section

In this section, as mentioned above, a microwave sensor based on an artificial transmission
line is proposed and designed for non-invasive blood glucose monitoring. The design starts
with creation of a numerical model of the sensor in the commercial full-wave numerical
simulation tool COMSOL Multiphysics. The numerical model includes blood-glucose
solution models with various blood glucose concentrations. The sensitivity of the sensor
is virtually estimated by means of numerical simulations and compared to a sensor based
on a section of a conventional microstrip transmission line of the same length and width.
Some issues of the sensor are discussed and ways to overcome the issues are proposed.

4.1 Methods

Sensor Geometry and Numerical Model

The sensor proposed here is a passive two-port sensor based on an artificial TL section
implemented in the MS technology. Artificial TLs, as considered here, are inspired by
conventional TLs, additionally equipped with serial capacitors and shunt inductors so that
their electrical properties mimic the electrical properties of a 1D metamaterial (MTM).
The sensor consists of N, unit cells and each unit cell is comprised of a serial interdigital
capacitor and a shunt MS inductor grounded on one end using a cylindrical via hole.
Each of these distributed circuit elements possesses an intrinsic shunt capacity and serial
inductance, collectively forming a composite right left handed (CRLH) structure. A
layout and a whole sensor are, for N. = 4, depicted in Figs. 4.1 and 4.3, respectively. A
single unit cell is depicted in Fig. 4.2. On the top of the sensor (covering the metallic
layout of the TL) a thin coating layer is proposed. The coating layer constitutes the
side of the sensor that is virtually in a direct contact with the biological tissue under
test. On the ground plane side, two SMA connectors are placed. The numerical ports
assigned to the SMA connectors are used for the evaluation of S-parameters. In a future
prototype, the coating layer should prevent electrostatic discharge to ports of a vector
network analyzer as well as reduce the loss at the sensor resulting from the dielectric and
conductive loss in the biological tissue under test. In the present study, the biological
tissue under test is modeled using blood-glucose solutions. Some sensor dimensions, if
not dependent on other parameters or not included in the parametric study, are listed
in Tab. 4.1. Dielectric properties of different domains in the numerical model are listed
in Tab. 4.2. Dielectric properties of the substrate and coating layer are adopted from
the GML1000 substrate from GIL Technologies. The height of the substrate, the coating
layer and the blood-glucose solution is 1.5 mm, 0.1/0.2 mm, 60 mm, respectively.

10
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Figure 4.1: Layout of the proposed artificial TL sensor with four unit cells. A single cell is
marked blue. The figure does not show proper proportions. Sensor dimensions
are listed in Tab. 4.1 or in Sec. 4.1.
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Figure 4.2: Layout of the unit cell of the proposed artificial TL sensor. Figure does not
show proper proportions and dimensions of the sensor are listed in Tab. 4.1.

Table 4.1: Dimensions of the sensor

Parameter Name Parameter Value Parameter Description
w (mm) 0.1 Gap Between Fingers
]w (mm) 0.1 Inductor width
cl (mm) 0.5 Via Diameter
w (mm) 1 Via Pad Width
w (mm) 1.6 Side Pad Width
(mm) 0.2 TL Section Length
Sl (mm) 20 Sensor Length
Nf(-) 7,9 11 Number of Fingers
Ne (-) 5,7,9 Number of unit cells

11
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Figure 4.3: Sensor and model of biological tissue (a) perspective view, (b) zy view, (¢) zx
view, (d) yz view.

Table 4.2: Dielectric properties of different domains of numerical model

Domain Relative Permittivity Equivalent Conductivty
er () g, (S/m)
Substrate @ 2 GHz 3.24 0.0014
Coat. layer @ 2 GHz 3.24 0.0014
Blood Gluc. Solution Defined in [28| Defined in [28]

12
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Figure 4.4: Dispersion diagram of a lossless balanced CRLH TL (adapted from [35])

Working Principle

The phase constant § of a TL is dependent, among others, on its effective permittivity.
Since the dielectric properties of blood glucose solutions are dependent on the glucose
concentration, the phase constant 5 of the considered sensor is dependent on its effective
dielectric properties. The phase of the transmission coefficient S of the sensor is influ-
enced as well. The electrical quantity that is measured using a VNA is the phase shift
difference of the transmission coefficient So;: Ap = w9 — 1 = €Py — ¢y = (AP on a
single working frequency f. While the 3 of a conventional transmission line would be lin-
ear (for the frequency-independent effective permittivity), it is well-known (e.g. [35]) that
MTM CRLH transmission lines show a non-linear dispersion diagram [(w), as depicted
for illustrative purposes in Fig. 4.4. For frequencies in the vicinity of the lower cut-off
frequency, they show a region where, due to the negative hyperbolic dispersion diagram
f(w), the phase of Sy; changes rapidly.

Model of Dielectric Properties of Blood-Glucose Solution

In the current work, a mathematical model of dielectric properties of blood-glucose so-
lution was adopted from [28], implemented as a MATLAB [33] function and imported
into a COMSOL Multiphysics [36] numerical model of the sensor. Within the model, the
real part of the complex permittivity of BG solution is dependent on frequency as well
as glucose concentration, while the imaginary part is frequency-dependent only. Relative
permittivity and equivalent conductivity of blood for different BGC are listed in Tab.

13
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Table 4.3: Dielectric properties of blood glucose solutions at 2 GHz for different BGC [28].

BGC (mg/dl) Relative Permittivity Equivalent Conductivty
er () oe (S/m)
0 69.4325 1.4895
25 67.2436 1.4895
o0 65.0547 1.4895
7 62.8658 1.4895
100 60.6768 1.4895
125 98.4879 1.4895
150 96.2990 1.4895
175 54.1101 1.4895
200 51.9211 1.4895
225 49.7322 1.4895
250 47.5433 1.4895

Table 4.4: Different conditions regarding blood glucose concentrations [37].

Different Conditions BGC
(mmol /1) (mg/dl)
Hypoglycemia <4 < 60
Normal Glycemia 4-6 72 - 108
Hyperglycemia for fasting adult > 11.1 > 200
Hyperglycemia 2 hours after meal > 7 > 126

4.3. Ranges of BGC corresponding to hypoglycemia, normal glycemia, hyperglycemia are
listed for readers’ convenience in Tab. 4.4. In this thesis, BGC in range from 0 to 250
mg/dl will be considered, covering physiological as well as non-physiological concentra-
tions. Even though physiological BGC ranges from 72 to 108 mg/dl, non-physiological
concentrations as high as 250 mg/dl can be observed in diabetes patients.

Parametric study and methodology of BGC evaluation

In the performed parametric study, the length of the sensor was set to 2 cm in order to
ensure a compact size, reduce the number of parameters as well as to make performance
comparisons of different sensors easier. Just for the purpose of comparison, the split ring
resonator sensor, published in [18], has an outer diameter of the split ring of 2.9 cm and
the overall sensor (including shielding) diameter of approximately 3.5 cm. Furthermore,
we considered two different numbers of fingers Ny = 7 and 10 and width of gap between
the fingers G, = 0.1 mm. The parametric study considered three different numbers of
unit cells N, = 4, 5, 6, 7 and 9 with different numbers of fingers of interdigital capac-
itors Ny = 7,7, 7, 9 and 11, respectively. Furthermore, different width of unit cell C,,
according to other parameters were considered. For each set of parameters, the length of
inductors [; was adjusted to keep the lowest resonance frequency for BGC = 125 mg/ml

14
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Table 4.5: Parameters of considered ATL sensors

ATL sensor | N, Ny fres teoating ~CW Fl 1l
(GHz) (mm) (mm) (mm) (mm)

A 5 7 2.02 0.2 1.3 2.86 2.1
B 5 7  1.963 0.2 2.0 2.86 1.3
C 7 9 1982 0.2 1.7 1.85  2.85
D 7 9 1.989 0.1 1.7 1.89 255
E 9 11 2011 0.1 2.1 1.36 2.85

at approximately 2 GHz.

Evaluation of each sensor sensitivity starts with a simulation for BGC = 125 mg/dl.
The working frequency of the sensor should be approximately 2 GHz and equal to the
lowest resonance frequency — a peak of simulated |So1|. For each set of parameters the
BGC was increased from 0 to 250 mg/ml in increments of 25 mg/ml. The amplitude
and phase of Sy; was recorded. Furthermore, the difference between the phase of So;
for the corresponding BGC and the phase of Sy; for BGC = 125 mg/dl was evaluated.
Some numerical results and the corresponding parameter sets of the parametric study are
listed in Fig. 4.5 and Tab. 4.5, respectively. The phase differences for some parameter
combinations and considered BGCs are plotted in Fig. 4.5.

4.2 Results and Discussion of Chapter 4

In similar way, as each sensor sensitivity was evaluated in 4.1, the sensor could be used in
in vivo measurements. The working frequency could be set to the value of the measured
lowest resonance frequency, and the phase of Sy; at the same frequency can be used as
reference for later phase measurements. Since the calibration curve (Fig. 4.5) of the
sensor E is nearly linear, a two point patient-specific calibration could be sufficient. The
two necessary BGC points could be obtained via an invasive technique.

The performance of sensors developed here was compared to performance of sensors
based on sections of conventional MS TLs virtually placed in vicinity of the blood glucose
solution. For the purpose of the comparison a 2D numerical model of the MS TL cross-
section was set, keeping the same cross-section as of the sensor (the same substrate, strip
and coating layer thicknesses; the same permittivity and conductivity of the substrate,
coating layer and of the blood glucose solution; MS TL width equals to C,,). By means of
the 2D numerical simulations, it was possible to estimate a complex propagation constant
of such MS TL sensor depending on the BGC of the blood glucose solution. Considering
the length of the MS TL and two extreme values of BGC, 0 and 250 mg/dl, it was possible
to estimate maximal phase shifts of the conventional MS TL sections. 2 cm-long MS TLs
with strip width of 1.3 and 2.1 mm shifts the phase of transmission coefficient at 2 GHz,
about 6.03° and 4.64°, respectively. Artifical TL sensors with C,, of 1.3 and 2.1 shown
maximal phase shifts of 23° and 73°, respectively. The here developed artificial TL sensors
have sensitivity of a factor from 4 to 16 times higher (for the same strip thickness) than
the conventional MS TL sensors.
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4 Sensor Based on Artificial Transmission Line Section
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Figure 4.5: Phase shift of Sy; as a function of BGC. A—E correspond to five different
artifical TL sensors listed in Tab. 4.5.

During the development of the sensor, it has been observed, that the thickness of the
coating layer influences two important sensor properties. Without the coating layer, the
amplitude of Sy; is very low and it could be a problem to accurately measure the phase
of the transmission coefficient. On the other hand, too thick coating layer decreases the
coupling between the biological tissue and EM waves propagating along the sensor and
degrades the sensitivity. Please note the effect of coating layer thickness on sensitivity as
well as on magnitude of trasmission coefficient is evident from results listed in Fig. 4.5.

In Fig. 4.5, results for sensors A and B which differes mainly in their thickness show
no significant sensitivity difference.

In our numerical model the parameter Ll was set to a fixed value. Therefore any change
of number of unit cells, while the total length of the sensor S; was kept the same led to
a decrease of a serial capacity per unit cell. Therefore we had to, for increased number
of N., increase also number of fingers N; in order to maintain resonance frequency at
approximately same value.
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5 Conclusions and Outlook

In this Chapter, a microwave sensor for in vitro blood glucose level monitoring was de-
signed, manufactured and tested using two LUTs with different glucose concentrations,
namely physiological saline-glucose and pig blood-glucose solutions. Resonant frequency
shifts of the sensor depending on LUT and its glucose concentration were simulated as well
as measured. No trend of shifts of resonant frequencies for physiological saline-glucose so-
lutions were detected by measurements. The shifts are probably masked by shifts caused
by small changes of dielectric properties of LUT due to small changes of room tempera-
ture. The shifts of resonant frequencies for pig blood-glucose solutions showed clear linear
trend with a slope which could be used for estimation of glucose level. Based on the
results obtained in this chapter it can be concluded that the physiological saline-glucose
solutions are, at least in the considered frequency range, not suitable models of blood-
glucose solutions for experimental design/evaluation of blood glucose level monitoring
systems.

The sensor presented in the Chapter 3 has not been optimized in terms of sensitivity.
Furthermore, it is not small enough for a non-invasive in vivo measurements. Such sensor
should fit on an earlobe or could be placed above one of arteries e.g. on wrist, temple,
behind the knee, etc.

Furthermore, a planar compact microwave sensor based on an artificial transmission
line was proposed for non-invasive blood glucose monitoring. Corresponding numerical
model was built and a parametric study was performed with the goal to find dimensions
of the sensor leading to sensitivity suitable for accurate monitoring of glucose in blood.
The achieved sensitivity was compared to a sensitivity of a sensors based on a section
of conventional MS transmission line of the same length and width. The sensitivity of
the sensor proposed here is up to 16 times higher compared to the conventional MS
TL sensor. Due to relatively high number of different parameters and flexibility of the
artificial transmission lines, proven already in previous works [38,39], it is probable, that
the sensitivity can be further increased.

Currently, our sensors based on ATL are manufactured. First they will be tested on
blood-glucose solutions and later in healthy volunteers. Depending on the test results
sensors will be adapted and tested again. In case sensors show reliable results in healthy
volunteers they will be tested clinically in collaborations with colleagues at 3'¢ Medical
Department, 15 Faculty of Medicine, Charles University and General Faculty Hospital in
Prague.

17



Bibliography

1]

2]

3]

[4]

[5]
6]

7]

18]

[9]

[10]

[11]

[12]

[13]

[14]

CNOGA MEDICAL Ltd. Online, 2016. Retrieved from http://www.cnoga.com/Prod-
uct/Glucometer.aspx.

INTEGRITY APPLICATIONS. Online, 2016. Retrieved from http://www.integrity-
app.com/wp-content /uploads/2012/10/Integrity- Applications-Fact-Sheet-September-
2014.pdf.

B. Otis, Y.-T. Liao, and B. Amirparviz, “Wireless powered contact lens with glucose sensor.”
Wireless powered contact lens with glucose sensor.

GOOGLE  Inc. Online, 2016. Retrieved ~ from  http://google-
blog.blogspot.cz/2014/01 /introducing-our-smart-contact-lens.html.

MEDIWISE. Online, 2016. Retrieved from http://www.mediwise.co.uk/.

M. Schueler, C. Mandel, M. Puentes, and R. Jakoby, “Metamaterial Inspired Microwave
Sensors,” IEEE Microwave Magazine, vol. 13, pp. 57-68, Mar. 2012.

G. Guarin, M. Hofmann, J. Nehring, R. Weigel, G. Fischer, and D. Kissinger, “Miniature Mi-
crowave Biosensors: Noninvasive Applications,” IEEE Microwave Magazine, vol. 16, no. 4,
pp- 71-86, 2015.

A. Muley and R. Ghongade, “Design and simulate an antenna for aqueous glucose measure-
ment,” in 2014 Annual IEEE India Conference (INDICON), pp. 1-6, Dec. 2014.

B. Freer and J. Venkataraman, “Feasibility study for non-invasive blood glucose monitoring,”
in 2010 IEEE Antennas and Propagation Society International Symposium (APSURSI),
pp- 1-4, July 2010.

E. C. Green, Design of a microwave sensor for non-invasive determination of blood-glucose
concentration. Thesis, 2005. Includes bibliographical references (p. 53-56).

J. Vrba, J. Karch, and D. Vrba, “Phantoms for Development of Microwave Sensors for Non-
invasive Blood Glucose Monitoring, Phantoms for Development of Microwave Sensors for
Noninvasive Blood Glucose Monitoring,” International Journal of Antennas and Propaga-
tion, vol. 2015, 2015, p. e570870, Mar. 2015.

M. Hofmann, G. Fischer, R. Weigel, and D. Kissinger, “Microwave-based noninvasive con-
centration measurements for biomedical applications,” IEEE Transactions on Microwave
Theory and Techniques, vol. 61, pp. 2195-2204, May 2013.

S. Kim, J. Kim, K. Kim, J.-H. Lee, A. Babajanyan, B. Friedman, and K. Lee, “In vitro
monitoring of goat-blood glycemia with a microwave biosensor,” Current Applied Physics,
vol. 14, pp. 563-569, Apr. 2014.

T. Yilmaz, R. Foster, and Y. Hao, “Towards Accurate Dielectric Property Retrieval of
Biological Tissues for Blood Glucose Monitoring,” IEEE Transactions on Microwave Theory
and Techniques, vol. 62, no. 12, pp. 3193-3204, 2014.

18



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

Bibliography

H. Melikyan, E. Danielyan, S. Kim, J. Kim, A. Babajanyan, J. Lee, B. Friedman, and
K. Lee, “Non-invasive in vitro sensing of d-glucose in pig blood,” Medical Engineering &
Physics, vol. 34, pp. 299-304, Apr. 2012.

B. Jean, E. Green, and M. McClung, “A microwave frequency sensor for non-invasive blood-
glucose measurement,” in IEEFE Sensors Applications Symposium, 2008. SAS 2008, pp. 4-7,
2008.

M. Sidley and J. Venkataraman, “Non-invasive estimation of blood glucose a feasibility
study,” in 2018 IEEE Applied Electromagnetics Conference (AEMC), pp. 1-2, Dec. 2013.

H. Choi, J. Naylon, S. Luzio, J. Beutler, J. Birchall, C. Martin, and A. Porch, “Design and
In Vitro Interference Test of Microwave Noninvasive Blood Glucose Monitoring Sensor,”
IEEE Transactions on Microwave Theory and Techniques, vol. PP, no. 99, pp. 1-10, 2015.

C. Damm, M. Schussler, M. Puentes, H. Maune, M. Maasch, and R. Jakoby, “Artificial
transmission lines for high sensitive microwave sensors,” in 2009 IEEE Sensors, pp. 755-758,
2009.

C. Damm, B. Baumgarten, M. Puentes, M. Maasch, and R. Jakoby, “Planar sensor structure
for biomedical mm-wave applications based on artificial transmission lines,” in 2012 37th
International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz),
pp- 1-1, Sept. 2012.

M. Puentes, M. Schiissler, A. Penirschke, C. Damm, and R. Jakoby, “Metamaterials in
microwave sensing applications,” in 2010 IEEE Sensors, pp. 21662171, 2010.

M. Nagel, F. Richter, P. Haring-Bolivar, and H. Kurz, “A functionalized THz sensor for
marker-free DNA analysis,” Physics in Medicine and Biology, vol. 48, p. 3625, Nov. 2003.

P. F. M. Smulders, M. G. Buysse, and M. D. Huang, “Dielectric properties of glucose
solutions in the 0.5-67 GHz range,” Microwave and Optical Technology Letters, vol. 55,
pp- 1916-1917, Aug. 2013.

E. Topsakal, T. Karacolak, and E. Moreland, “Glucose-dependent dielectric properties of
blood plasma,” in General Assembly and Scientific Symposium, 2011 XXXth URSI, pp. 1-4,
Aug. 2011.

T. Karacolak, E. C. Moreland, and E. Topsakal, “Cole-cole model for glucose dependent
dielectric properties of blood plasma for continuous glucose monitoring,” Microwave and
Optical Technology Letters, vol. 55, pp. 1160-1164, May 2013.

Y. Hayashi, L. Livshits, A. Caduff, and Y. Feldman, “Dielectric spectroscopy study of specific
glucose influence on human erythrocyte membranes,” Journal of Physics D: Applied Physics,
vol. 36, pp. 369-374, Feb. 2003.

L. Livshits, A. Caduff, M. S. Talary, and Y. Feldman, “Dielectric response of biconcave
erythrocyte membranes to d- and l-glucose,” Journal of Physics D: Applied Physics, vol. 40,
pp- 15-19, Jan. 2007.

J. Venkataraman and B. Freer, “Feasibility of non-invasive blood glucose monitoring: In-
vitro measurements and phantom models,” in 2011 IEEE International Symposium on An-
tennas and Propagation (APSURSI), pp. 603—606, July 2011.

19



[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]
[37]

[38]

[39]

Bibliography

A. Adhyapak, M. Sidley, and J. Venkataraman, “Analytical model for real time, noninvasive
estimation of blood glucose level,” in 2014 36th Annual International Conference of the
IEEFE Engineering in Medicine and Biology Society (EMBC), pp. 50205023, Aug. 2014.

J. Vrba, J. Karch, and D. Vrba, “A Microwave Metamaterial Inspired Sensor for Non-Invasive
Blood Glucose Monitoring,” Radioengineering, vol. 24, no. 4, pp. 877-884.

J. Karch, Dielectric-Properties Measurements of Glucose Solutions and Design of Suitable
Measurement Probe for Noninvasive Monitoring of Blood Glucose Levels. M.Sc. Thesis,
Czech Technical University in Prague, Faculty of Biomedical Engineering, 2014.

Keysight Technologies, USA, Keysight Technologies 85070F, Dielectric Probe Kit, 200 MHz
to 50 GHz, Technical Overview, Mar. 2014.

The Mathworks, Inc., “Matlab R2015a, Program and User’s Manual,” 2015.

C. Balanis, Antenna Theory: Analysis and Design. New York: John Wiley I& Sons, 2 ed.,
1997.

C. Caloz and T. Itoh, Electromagnetic Metamaterials: Transmission Line Theory and Mi-
crowave Applications. Hoboken, N.J: Wiley-IEEE Press, 1 edition ed., Nov. 2005.

COMSOL AB, COMSOL Multiphysics User’s Guide, Version 4.3, 2012.

Diabetes.co.uk. Online, 2016. website focusing on providing information to diabetes patients,
http://www.diabetes.co.uk.

D. Vrba and J. Vrba, “Novel Applicators for Local Microwave Hyperthermia Based on
Zeroth-Order Mode Resonator Metamaterial, Novel Applicators for Local Microwave Hy-
perthermia Based on Zeroth-Order Mode Resonator Metamaterial,” International Journal
of Antennas and Propagation, vol. 2014, 2014, p. e631398, Apr. 2014.

D. Vrba, J. Vrba, D. B. Rodrigues, and P. Stauffer, “Numerical investigation of novel mi-
crowave applicators based on zero-order mode resonance for hyperthermia treatment of
cancer,” Journal of the Franklin Institute, 2016. in print 5/2016.

20



CV: Dr.-Ing. Jan Vrba, M.Sc.

Born
Employment

History
9/2011—current

9/2006-8,/2011

Education&Prac-
tice
9/2006-8/2011

2003-2006

3-5/2005

5/2004-2/2005

Doctoral Thesis
Title:

Supervisors:

Description:

February 8, 1981, Prague, Czech Republic

Assistant Professor, Czech Technical University in Prague, Faculty
of Biomedical Engineering. Scientific interests are interactions of
electromagnetic field with matter and biological systems, microwave
imaging, non-invasive blood glucose measurement as well as local
and regional microwave hyperthermia. Selected lectures and
exercises in “Electrical measurements”, “EM field in medicine”,
“Measurements and regulation in biomedicine”, “EM field of living
organisms”. Supervisor of students working on diploma and
bachelor theses and different student projects.

Researcher, Chair of Electromagnetic Theory, RWTH Aachen
University

Dr.—Ing. (German engineering doctorate), Chair of Electromagnetic
Theory, RWTH Aachen University, Aachen, Germany

Master of Science, Communication Engineering, Faculty of
Electrical Engineering, RWTH Aachen University, Aachen,
Germany

Industrial internship, Philips Research Laboratories, Aachen.
Design of a low-noise amplifier for Positron Emission Tomography
Scanner.

Student part-time job, Institute of High Frequency Technology,
RWTH Aachen. Design and measurement of a microstrip patch

antenna and feeding network with switchable polarization.

Study on the Separation of Water and Oil Emulsions Induced by
High-power EM Field Exposure in the ISM Frequency Bands
(Berichte aus der Electrotechnik), Shaker Verlag GmbH, Germany,
ISBN: 978-3844021516, 2013

Prof. Dr.-Ing. Rolf H. Jansen

Thesis submitted in October 2012, defended in June 2013, RWTH
Aachen University, degree: Dr.-Ing.

21



Master Thesis
Title:

Supervisors:

Other Skills
Languages:

Computer skills:

Selected Projects
2006—2009

2014-2016

2014-2016

2015-2018

Journal
publication metrics
WoS

H-index (no-self
citations)

H-index (with self
citations)

No. of citations WoS

6 CV: Dr.-Ing. Jan Vrba, M.Sc.

EM fields of microstrip via hole structures
Prof. Dr.-Ing. Rolf H. Jansen

Czech (mather tounge), English, German
MATLAB, BTEX, Lyx, COMSOL Multphysics, Sim4Life

Team member, Federal Ministry of Education and Research,
Germany, Ecologically friendly microwave treatment of oil emulsions
as contribution to conserving resources by effluent free manufacture
in industry”, Project No. 01RI0616B.

Principal investigator, Czech Science Foundation, Post-Doc project,
»otudy of Thermal and Non-Thermal Effects of High-Power EM
Field on Structure of Matter”, Project No. 14-00386P.

Team member, Czech Science Foundation, Standard project,
,Utilization of novel mouse strains for investigation of the NK cell
regulatory role in development and therapy of cancer”, Project No.
14-101008S.

Co-investigator, Medical Research Foundation, ,Diagnostics and
Therapy of Orofacial Pain“, Project No. 15-31538A.

42

22



Selected Journal
Publications in
Last 5 Years

[1]

2]

13]

4]

[5]

[6]

7]

18]

[9]

[10]

6 CV: Dr.-Ing. Jan Vrba, M.Sc.

Rosenbaum, U., Huisman, J. A.; Vrba, J., Vereecken, H. and
Bogena, H. R., “Correction of temperature and electrical
conductivity effects on dielectric permittivity measurements with
ECH20 sensors.,” Vadose Zone Journal, vol. 10, no. 2, pp.
582-593, May 2011. IF = 2.200. 13 citations and 4 autocitations.
Vrba, J., Jansen, R. H., Diewald, A. and Baum, G., “Investigation of
electromagnetic field radiation and substrate mode excitation caused
by microstrip via structures,” Journal of Electromagnetic Waves
and Applications, vol. 26, no. 13, pp. 1779-1787, 2012. 1 citation.
Vrba, J., Vrba, D., “Temperature and Frequency Dependent
Empirical Models of Dielectric Properties of Sunflower and Olive
Oil,” Radioengineering, vol. 22., no. 4, 2013. IF = 0.798. 2
citations.

Pokorny, J., Foletti, A., Kobilkova, J., Jandova, A.; Vrba, J., Vrba,
J., Nedbalova, M., Cocek, A., Danani, A. Tuszynski, J. A,
“Biophysical Insights into Cancer Transformation and Treatment,”
Sci. World J., vol. 2013, Jun. 2013. IF = 1.219. 1 citation.

Weiss, R., Weiss, M., Beasley, K., Vrba, J., Bernardy, J., “Operator
Independent Focused High Frequency ISM Band for Fat Reduction:
Porcine Model,” Lasers Surg. Med., vol. 45, no. 4, pp. 235-239,
2013. IF = 2.611. 10 citations and 3 autocitations.

Vrba, D., Vrba, J., “Novel Applicators for Local Microwave
Hyperthermia Based on Zeroth-Order Mode Resonator
Metamaterial,” International Journal of Antennas and Propagation,
Vol. 2014, 2014. ISSN 1687-5869. IF = 0.827.

Vrba, J., Karch J., and Vrba D., ,Microwave Glucose Monitoring in
Aqueous- and Blood-Glucose Solutions: In Vitro Feasibility Study,”
International Journal of Antennas and Propagation, Vol. 2015,
2015, Article ID 570870, 5 pages, ISSN 1687-5869. IF = 0.827.
Vrba, J., Vrba, D., “A Microwave Metamaterial Inspired Sensor for
Non-Invasive Blood Glucose Monitoring,” Radioengineering. 2015,
vol. 2015, no. 4, p. 877-884. ISSN 1210-2512. IF = 0.653.

Vrba, D., Rodrigues, D. B., Vrba, J., and Stauffer, P. R.,
"Metamaterial antenna arrays for improved uniformity of microwave
hyperthermia treatments," Progress In Electromagnetics Research,
Vol. 156, 1-12, 2016. IF = 1.229.

Vrba, D., Vrba, J., Rodrigues, D. B., Stauffer, P., “Numerical
Investigation of Novel Microwave Applicators Based on Zero-Order
Mode Resonance for Hyperthermia Treatment of Cancer, Journal
of the Franklin Institute — in press 11/2016. IF = 2.395.

23



