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Abstract

In this paper, the design of a microwave based noninvasive glucose sensor at the operating frequency of 19 GHz is presented.
Worldwide, about 451 million adults suffer from diabetes. For optimal therapy, people with diabetes should monitor their blood
glucose level continuously over the day. For that purpose non-invasive microwave based glucose sensors are under research.
Non-invasive microwave based glucose sensors must automatically perform continuous measurements with a high and stable
accuracy. However, there exists no reliable noninvasive microwave based glucose sensor up to now. The proposed sensor is
designed based on a two-port microstripline (MSL) network. Water with various glucose concentration from 0 to 500 mg/dl is
placed in a slot between the two ports. The simulation results show that the phase change in the reflection coefficient for the
various glucose concentration depends on the matching. The measurement of the glucose concentration 10 mg/dl can be realized
by applying a taper ground plane as a matching technique decreasing reflections at the interface between the microstripline
substrate and the water. The proposed sensor achieves a sensitivity of 2 ° phase change per 10 mg/dl glucose concentration

variation. In the future, the simulation results should be validated in an experimental setup.
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Abstract—In this paper, the design of a microwave based non-
invasive glucose sensor at the operating frequency of 19 GHz
is presented. Worldwide, about 451 million adults suffer from
diabetes. For optimal therapy, people with diabetes should
monitor their blood glucose level continuously over the day. For
that purpose non-invasive microwave based glucose sensors are
under research. Non-invasive microwave based glucose sensors
must automatically perform continuous measurements with a
high and stable accuracy. However, there exists no reliable non-
invasive microwave based glucose sensor up to now.

The proposed sensor is designed based on a two-port mi-
crostripline (MSL) network. Water with various glucose con-
centration from 0 to 500 mg/dl is placed in a slot between the
two ports. The simulation results show that the phase change in
the reflection coefficient for the various glucose concentration
depends on the matching. The measurement of the glucose
concentration 10mg/dl can be realized by applying a taper
ground plane as a matching technique decreasing reflections at
the interface between the microstripline substrate and the water.

The proposed sensor achieves a sensitivity of 2 ° phase change
per 10 mg/dl glucose concentration variation. In the future, the
simulation results should be validated in an experimental setup.

Index Terms—Diabetes, glucose sensor, non-invasive sensor,
microstripline.

I. INTRODUCTION

Diabetes is a chronic, metabolic disease, which can cause
heart disease and other organ damage over time. There are ap-
proximately 451 million adult people suffering from diabetes,
circa one out of eleven adults. Furthermore, in 2017, about 5
million deaths were reported due to diabetes [1].

Normal fasting blood glucose (BG) levels are in the range
of 70-110 mg/dl. A slight deviation from the normal BG
level can lead to a dysfunction of the energy-balance and the
carbohydrate toleration [2]. Therefore, for the diagnosis and
treatment of diabetes, it is imperative to measure and control
the BG level accurately and frequently. BG level sensors
are divided into invasive, non-invasive and minimal invasive
sensors. A typical measurement tool is the invasive BG meter
combined with test strips. A blood sample is taken several
times a day by pricking the finger, which is inconvenient,
painful and time-consuming.

To overcome these problems, non-invasive continuous-
glucose-monitoring (CGM) is a promising alternative [2].

Non-invasive BG-concentration sensors have increased re-
searchers’ interest, since the process is painless and applicable
for CGM [3].

For that purpose, the microwave based sensors are well-
established, since in the microwave range, the electromagnetic
waves can deeply penetrate into the human tissue regions,
where the main blood vessels are located and the BG level
can accurately be measured [4]. The concept of a microwave
based sensor is to measure the amplitude and phase variations
in the scattering parameters, when dielectric properties of a
material under test (MUT) change. The authors in [5]-[10]
have used a resonant structure. The resonance frequency of
the waveguide structure depends on a couple of parameters,
one of them is the permittivity of the MUT. Any variations
in the BG concentration change its dielectric properties and
hence the relaxation frequency, at which the imaginary part of
the relative permittivity has a maximum.

One problem of former approaches is that the operating
frequencies of resonant sensors are below [5]-[9] or above
[10] the relaxation frequency of their deployed MUT. Another
problem is that in [5]-[8] a sub-mm gap was used, where the
electric field strength is concentrated to measure the glucose
concentration, since the human skin is in the mm-range it is
not appropriate to use a resonator, which is based on a small
gap.

In this paper, a novel microwave based non-invasive glucose
sensor is proposed and discussed. The operating frequency of
the proposed sensor is adjusted to the relaxation frequency of
the MUT. In addition, the sensor does not depend on a small
gap. The glucose concentration thus is measured and averaged
across an area in the mm-range.

II. METHODS

A. Sensor Principle

Water is a dipole composed of two dominantly positive
hydrogen atoms and one dominantly negative oxygen atom
(Fig. 1). Taking this into account is essential as human
blood plasma consists mainly of water. The functional group
hydroxyl plays an important role in the dielectric properties of
an MUT. An electric dipole moment P, given in Coulomb-



Fig. 1: The structure of a water molecule [11].

meters (Cm), exists due to the different polarity of hydrogen
and oxygen. Considering the following equations [12]:

ﬁn = Qpol * Eioc (1)

Erstat — (apol : n/EO) +1 (2)

Oipol 1s the polarization in Cm?/V; ]_55100 is the local electric field
in V/m; e, ga is the relative permittivity in the steady state,
which is 78.5 for water [13]; ¢ is the permittivity in vacuum
and has a value of 8.854x107*2F/m and n is the volume
number density in 1/m3. If the polarization of a material is
high, like in the case of water, the relative permittivity is high
as well. In consequence, glucose which is a weak dipole and,
therefore, has only a small polarization, it also has a smaller
relative permittivity. Thus, the total permittivity of a BG
solution decreases with an increased glucose concentration.
The relative permittivity also depends on the applied frequency
[12]. This is described by Debye’s equation [14]:

&(w) = €'(w) — je" () 3)
Qr(w) = Einf + (Er,slal - Z':inf)/(]- + jUJTrelax) “)

where ¢’(w) and ¢”(w) are the real and imaginary part of
the relative permittivity, Trax 1S the relaxation time, which
describes the time delay of the polarization process and ejyr iS
the permittivity at high frequencies. For water at 25 ° C, Tyeax
and ey are approximately 8.3 ps and 5.3, respectively [13]. If
an alternating electric field is applied, the polarization of the
molecules can not follow instantly. If the glucose concentration
is increased, Trelax also increases. This results in a frequency
shift of the real- and imaginary-part of & (w) towards lower
frequencies (Fig. 2). The sensor principle is based on the
measurement of the scattering parameters. If the transmission
parameter .S, of a probe is determined, there is a maximum of
loss around the relaxation frequency. Therefore, if the glucose
concentration is increased, there should be a frequency shift
in the scattering parameters, which is visible in the amplitude
and the phase.

B. Design of the Sensor

The goal of the design is to match the reflection Sy; at the
relaxation frequency of water, which is around 19 GHz. In this
case, the electromagnetic wave can penetrate into the water
without much reflection. All simulations are done in COMSOL
Multiphysics®. A microstripline (MSL) is used for the sensor
approach. For frequencies around 19 GHz, a substrate with
a dielectric constant of ¢, = 10.7 is chosen. The sensor is
designed as a two-port network. The MSL is adjusted for a
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Fig. 2: The relative permittivity versus frequency. The relative
permittivity and hence the relaxation frequency f; is shifted
towards lower frequencies f;» and f;3 by increasing the
glucose concentration.

characteristic impedance of 50 (). Therefore, as shown in Fig.
3, the height of the substrate is equal to 0.4 mm, the width
of the substrate 20 mm and the width of the microstrip line
0.36 mm. The upper conductor of the MSL is shown in red.

Metal box

Fig. 3: The geometry of the proposed sensor. The substrate is
shown in green, the upper conductor in red, the water in blue
and the metal-box in dashed lines. Port 1 and Port 2 of the
two-port network are identified with the red arrows.

A water tank of a depth 5mm is placed under this model in
a way that water fills a slot of width d; = 5mm between
the two parts of the substrate. This water solution mimics the
behaviour of the permittivity of a blood-glucose mixture in the
microwave frequency range, whose dielectric properties are
defined in COMSOL based on a model introduced in [15] and
[16]. The slot makes it possible for electromagnetic waves to
interact with the water-glucose solution underneath. To prevent
electromagnetic-compatibility problems, a metal box (dashed
lines) is set around the substrate and all boundaries of the
water tank. A two-staged taper with the parameters ¢; and
t, has been added (Fig. 4). The model is surrounded by an
air-box.



Fig. 4: The geometry of the ground plane and the metal-box
(blue), the water-tank is in dashed lines: ¢; is the taper-length,
t, is the taper-width, d; is the length of the water-filled slot
in the substrate.

The frequency of the matching can be adjusted with the
taper-length ¢;. The matching can be further optimized by
adjusting the taper-width with parameter ¢,.

III. RESULTS

Inspired by the Clarke-Error-Grid [17], simulation studies
are conducted with a fine step-size of 10 mg/dl from 0 mg/dl
to 110 mg/dl and a coarser step-size of 50 mg/dl from 0 mg/dl
to 500 mg/dl. The Clarke-Error-Grid suggests a maximal de-
viation of 20% around 70mg/dl, which is 14 mg/dl. The
smallest allowed tolerance for glucose level deviations is
around 70 mg/dl, therefore, a step-size of 10 mg/dl in the range
of O mg/dl to 110 mg/dl is convenient.

For all simulations, the sensor is set up with lumped ports.
Fig. 5 shows port 1 and the excited fundamental mode HE, at
19 GHz. The matching process is conducted with a glucose
concentration of Omg/dl. For a taper-length ¢; of 3.4mm

Fig. 5: 2D simulation of the lumped port 1 at 19 GHz. The
electric field distribution is shown by the red arrows, the
magnetic field distribution by the blue arrows.

matching around 19 GHz can be achieved. The optimization
of the matching is shown in Fig. 6. The best matching can be

obtained at ¢, = 1.7 mm. However, detecting reflected signals
below —60dB is very challenging, thus a taper-width ¢, of
1.625 mm has been chosen. Finally, matching of -59.2dB at
19.037 GHz is achieved. The electric field distribution is shown
in Fig. 7. The wave travels into the water. The colour scaling
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Fig. 6: The optimized taper-width is reached by varying
the design parameter ¢,. Optimal matching is achieved at
t, = 1.7mm.
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Fig. 7: The electric field distribution in the microstripline and
its penetration in the water-tank.

of the field strength is adjusted in order to make low field
strengths visible.

For each glucose-step the phase and absolute value of the
transmission parameter S>; and the reflection parameter S,
are evaluated. Fig. 8 shows S;; for a variation of glucose-
concentration. Regarding the reflection, 110 mg/dl correlates
to an approximate 2MHz shift in frequency and 1.4dB in
absolute value. With increasing glucose concentration, the
3 dB-bandwidth decreases since the dielectric losses also de-
crease (4). Both, the real and imaginary part of the relative
permittivity influence the 3 dB-bandwidth and the frequency
shift in S;. Fig. 9 shows the phase of S;; for the different
glucose concentration. The phase-differences are plotted in
Fig. 10 and 11, considering 0 mg/dl glucose concentration as
a reference. Around 19.037 GHz, one can observe the high-
est phase-difference. The sensitivity of the sensor is almost
constant at 2 ° per 10mg/dl and 10 ° per 50 mg/dl, respectively
(Fig. 11). The constant phase-difference can be explained by
the linear relation between the glucose concentration and the
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Fig. 8: Amplitude of S;; versus frequency. The amplitude is
decreased and shifted towards lower frequencies by increasing
the glucose concentration (taper-width ¢, = 1.625 mm).
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Fig. 9: Phase of S; versus frequency. The absolute value
of the phase is increased and shifted towards the lower
frequency by increasing the glucose concentration (taper-width
t, = 1.625 mm).

viscosity [18]. Thus, there is a linear shift in the relaxation
frequency, since the Debye model suggests a linear relation
between glucose concentration and relaxation frequency for a
small concentration like it is the case in human blood.

Fig. 12 shows the amplitude of S;. A step of 10mg/dl
glucose concentration causes a variation of less than 10~2 dB.
With increasing glucose concentration the amplitude of S5
increases. This coherence is described by (1) and (2). The
phase of S, is shown in Fig. 13. The phase-difference
is about 0.035° on average as Fig. 14 suggests. Table I
gives an overview of how the matching of S, impacts the
phase-differences. The better the matching, the higher is the
phase difference. This holds true for the reflection. For the
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Fig. 10: Phase-differences of S|; for various glucose concen-
tration to the reference of O mg/dl. At 19.037 GHz, there is the

maximum phase-difference of approximately 2 °per 10 mg/dl
glucose concentration.
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Fig. 11: Phase-differences of S, for high glucose concentra-
tion to the reference of O mg/dl. Around 19.035 GHz, there
is the maximum phase-difference of approximately 10 °per
50 mg/dl glucose concentration.

transmission however, there is rather no impact. The phase-
difference of the transmission stays almost constant.

IV. DISCUSSION

The results expose that the phase of the scattering parame-
ters is more sensitive, than their amplitude. This is consistent
with the earlier results published in [19]. There is no frequency
shift visible in the transmission parameter S,;. This can be
explained with the low slope of ¢,”(w) around the relaxation
frequency. Within a bandwidth of 5.5GHz, there is only
approximately a change of 0.35 in ¢/ (w) (Fig. 15). This
means that the change of S5; is small as well. A broadband
matching would be needed, if the absolute value of the
transmission should be evaluated. This will evoke a ripple
in the transmission, which can be proven by the Bode-Fano
Criterion [20]. In the end, the dip in S;; will be shaded by
the ripple.
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Fig. 12: Amplitude of S;; versus frequency. The amplitude
rises by increasing the glucose concentration (taper-width
t, = 1.625 mm).
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Fig. 13: Phase of S,; versus frequency. The phase is de-
creased by increasing the glucose concentration (taper-width
t, = 1.625 mm).

The findings also prove that with this setup, the phase of the
reflection is more sensitive than the phase of the transmission.
This allows to reduce the sensor to an one-port network.
The amount of phase-difference per 10mg/dl depends on
the matching of Sy;, which can be adjusted with the taper-
geometry. However, the phase of the transmission is not
affected by this. The resolution of other non-invasive glucose
sensors is always worse than 10 mg/dl. The best resolution
of a microwave based non-invasive sensor, which was reached
up to the current date, is 30 mg/dl [5]. However, the results
of the proposed simulations show that a phase-difference
of 2°corresponds to a 10mg/dl glucose concentration. The
challenge will be the design of a read-out circuit for detecting
the phase of reflected signals around —60 dB.

0.35 —10 mg/dl |
—20 mg/d|
L 30 mg/dl
o 03 —40 mg/di |
c —50 mg/dl
T-0.25F 60 mg/dl
o —70 mg/dl |
5 0.2k —80 mg/dl
0] —90 mg/dl
o —100 mg/dl|.
£ 0157 —110 mg/d|
8
© 01F
a
0.05F
18.98 19 19.02 19.04 19.06

Frequency in [GHz]

Fig. 14: Phase-differences of S,; for various glucose con-
centration to the reference of 0 mg/dl. The phase-difference
is almost constant over the frequency 0.035°per 10mg/dl
glucose concentration.

TABLE I: Average phase-differences for different Sy;.

Reflection Transmission
S11 [dB] ¢ [mm] Ads,, Adgs,,
[° per 10 mg/dl] [° per 10 mg/dl]
-38.9 14 0.18 0.06
-42.6 1.5 0.28 0.05
-52.9 1.6 0.95 0.05
-59.2 1.625 1.98 0.05
-86.5 1.7 7.5 0.05

Implementation Challenges

The first step in order to validate the results in a practical
measurement is to fabricate a testbed in the laboratory with
discrete components. However, good matching is crucial to
guarantee a high phase-difference. The scattering parameter
S'11 depends on the geometry of the sensor and the permittivity
of the substrate. The design dielectric constant of the sub-
strate is only an approximate value. Therefore, an impedance-
tuner has to be added in the setup to correct mismatching.
Additional, highly phase stable cables have to be used to
guarantee accurate phase-measurements. The measuring of
the phase is narrow-banded. Even a high-end vector-network-
analyzer (VNA) as the R&S® ZNA 26 is not a proper choice
since the implemented coupler has a too low directivity. A
reflection measurement below —50 dB would result in extreme
high requirements for a VNA. Therefore, a narrow-banded
setup, as introduced in [21], would be a better option. With
the presented read-out circuit, a resolution of the reflection
coefficient phase of 0.4 ° was reached.

Moreover, the substrate should have a low moisture-
absorption and a passivation layer should be added to the
substrate as it has direct contact to the water.

V. CONCLUSION

In this paper, a non-invasive glucose sensor at 19 GHz has
been proposed. A two-port MSL with a tapered ground plane
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was used to design the sensor. By evaluating the phase of

S

for the various glucose concentration and comparing it

with the reference phase of O mg/dl, a 2 ° phase change, corre-
sponding to the 10 mg/dl glucose concentration, was achieved.
The simulation results indicate that the phase-change of the
reflected wave from the interface depends on the matching, and
no significant phase-change was observed at port 2. Finally,
the challenges of a practical implementation were specified.
Further research is focused on practical measurements to
validate the simulation results.
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