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Abstract

In this study, we explore a novel approach to measure blood glucose concentration in a non-
invasive way using a compact defected ground structure (DGS) filter. The proposed sensor is
promising because it is cost-effective, compact, non-ionizing in nature, and convenient for
diabetics. Therefore, a portable microwave biosensor can be utilized using these features. In
this study, we present a single DGS sensor which is designed on a Rogers RO4003C substrate
and fed by a 50 Q microstrip line, and operating in the industrial, scientific, and medical radio
bands (2.4-2.5 GHz). The changes in dielectric properties in blood are mainly relying on glu-
cose concentrations. The main concept of using a sensor is by placing a finger on the sensing
area (the slot). The filter is demonstrated by simulations using CST Microwave Studio.
Additionally, the blood layer with different glucose concentrations from 250 to 16 000 mg/
dl is presented by the Cole-Cole model. The sensor can achieve a relatively good sensitivity
of 7.8285 kHz/mg/dl. The size of the fabricated sensor is 40 x 40 x 0.883 mm”, which is suit-
able for hand-held use.

Introduction

The spread of diabetes has been regularly rising over the past few decades [1]. Diabetes is a
chronic, metabolic illness characterized by increased levels of blood glucose (or blood
sugar). Daily measurements of blood glucose levels are required for diabetic individuals.
Usually, checking of blood glucose for diabetic patients consists of several measurements
per day [2], and each time the patient gets pricked with a lancet. The reason for this is that
most glucose meters operate based on electrochemical methods, by which a drop of blood
must be applied to a test strip [2]. Repeated invasive blood glucose monitoring causes different
health risks to diabetics as a result of possible contamination of measuring equipment. A non-
invasive test method would mitigate the daily health risks, burdens, and pains of invasive test-
ing. Several non-invasive methods for blood glucose testing have been studied for more than
four decades [3]. The challenges of designing a non-invasive blood glucose sensor include
accuracy, ease of use, cost, compactness, and sensitivity to the temperature and variations of
physiological parameters [4].

Hofmann et al. [5] proposed a glucose-measuring device operating between 5 and 12 GHz
based on radio wave transmission [5]. High frequencies were used to provide strong radiation
in compact aperture size. Also, the dielectric properties of the skin are shown to have a neg-
ligible variation with respect to frequency between 1 and 10 GHz [6]. In addition, it was men-
tioned that the dielectric properties of the skin decrease with higher frequencies [6], which will
lead to the main element being the variation in the glucose concentration. However, the sen-
sitivity of the antenna was poor, additionally, sometimes it shows no correlation between the
readings.

Another method for glucose measurement depends on the photoplethysmography mech-
anism, which uses the principle of infrared absorption measurement. A limitation of this sen-
sor type is the need for an additional sensor to detect the pulse rate of the heart [7].
Furthermore, detection of glucose levels can be obtained by measuring changes in conductivity
and permittivity of the blood using electrode sensors. However, the design of the interdigital
electrode sensor is complicated and very expensive [8]. Another study investigated using a
dielectric resonator operating at 1.68 GHz, to detect glucose changes, based on its resonant fre-
quency changes. For this type of sensor, the detection resolution was much lower than that
required for human measurements, which is around 5mg/ml [9]. Resonant cavity setups
have been previously developed [10, 11], and were designed to operate from 2 to 3 GHz.
Other studies used antenna sensors with a different range of frequencies, between 1 and
2.5GHz [12], and 5 and 8.5 GHz [5]. Additionally, open waveguide structures were used to
study the effect of varying glucose levels on the waveguide’s scattering parameters
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(S-parameters) up to 20 GHz [13]. Hasan et al. developed a
non-invasive cylindrical dielectric resonator to measure the
blood glucose level [14]. Nevertheless, the sensitivity of this sensor
was relatively low. Another study utilized an implanted SiC antenna
into the body [14]. However, an antenna that operates in the
X-band was used, which is forbidden for health purposes [15].

Several non-invasive techniques were developed for blood glu-
cose measurement, which are based on transmission measurements
using microstrip patch antennas at millimeter waves [16]. Two
microstrip patch antennas operating at 60 GHz were proposed, the
sensitivity reported in this study was low, but that method is prom-
ising for realizing glucose monitoring non-invasively in real time.

In this paper, a non-invasive method for glucose level
estimation using a defected ground structure (DGS) resonator
will be developed both theoretically and experimentally. The
microwave sensor is formed by microstrip technology with a
defected ground plane and designed as a band-stop filter (BSF).
The sensor operation exploits the fact that the power transmission
levels between the filter ports depend on the complex permittivity
of the material placed between the two ports. The presented sen-
sor is a good candidate for monitoring blood glucose concentra-
tion non-invasively for diabetes patients. The paper is organized
as follows: in section “Theoretical background,” a detailed discus-
sion about the Cole-Cole model as well as the DGS is presented.
Section “Methodology” illustrates the methods used for sensor
design and fabrication, in addition to the electromagnetic (EM)
simulation model of the blood layer with various glucose concen-
trations based on the Cole-Cole model. Section “Results and
discussion” presents the results of the simulation for various
blood glucose concentrations, followed by the two different
experimental measurements of the proposed sensor. A conclusion
is given for this study in section “Conclusion.”

Theoretical background

In this section, details about the Cole-Cole model that was used
to model the change in complex permittivity of the blood with
the variation of glucose concentration will be discussed. Besides,
the theory about the DGS will be presented.

Cole-Cole model

Several models exist for the EM properties of the human tissue
structure, which includes skin, fat, and blood, which were discussed
in [17] and [6]. A simplified theoretical analysis, which is valid for
an isotropic and homogenous material, is used in the current design
[17]. Unlike homogenous dielectric materials, tissues are a mixture
of an inhomogenous bio-organic material with different EM prop-
erties. The concept is based on the transmitted power through a
dielectric and a lossy material, taking into consideration the varia-
tions in the glucose level. Hence, complex permittivity must be
taken into account. According to Clausius-Mossotti, Debye, and
Cole, the complex permittivity (£) of any material can be calculated
with respect to molecular parameters. Subsequently, one can
denote the permittivity £ in (1) as a function of the angular fre-
quency o for a concentration y of the glucose [6]:

&(w) = &(w) — je!(w) €3]
where €/(w) is the frequency-dependent dielectric constant and

€/(w) is the frequency-dependent dielectric loss. The Cole-Cole
model can represent the biological tissues accurately and efficiently,
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which can reduce the complexity of the experimental data obtained
for various human tissues over very wide frequencies [18]. The
complex permittivity &(w) of the blood is defined as a function
of the angular frequency, which is expressed as below [6]:

&(w) = soo—i-z

Ag, a;
iy T
14 (jor,)" ™

()

Jjwegy

The value of permittivity which depends on the high fre-
quency is €., while the order of the Cole-Cole model is defined
as n. Furthermore, Ag,, is defined as the dispersion magnitude, 7,
is defined as the time constant of relaxation, ¢, is a parameter for
the dispersion broadening, & is the permittivity of the free space,
and o; is defined as the ionic static conductivity.

A study conducted at the University of Alabama Birmingham
Children’s Hospital used a dielectric probe kit with a network
analyzer operating from 500 MHz to 20 GHz. The readings were
collected from 10 adults, and it was demonstrated a strong correl-
ation between the electrical properties, and the blood glucose con-
centration which is manipulated in vitro [18]. The relative
permittivity and conductivity were measured in [18], and it is
clearly observed that as the glucose concentrations increase, the
dielectric constant and the conductivity decrease, as illustrated
in Fig. 1.

Defected ground structure

A low-cost non-invasive blood glucose meter is presented by
using a compact DGS. Recently, interest has been growing in
new concepts which can be applied to quasi-lumped microwave
elements that meet the harsh requirements of modern microwave
communication devices [19]. A DGS is one of these techniques,
where the metal ground plane of a microstrip circuit is modified
intentionally to improve the performance [20]. A resonant gap or
slot, with different shapes, in the ground plane would affect DGSs,
when positioned below a feedline directly, therefore, disturbing
the current distribution. These changes in current distribution
affect the parameters of the transmission line, for example, the
line capacitance and the inductance. A defect that is etched in
the ground plane can be designed to increase the effective induct-
ance and capacitance [19]. Several microwave applications have
utilized DGSs as quasi-lumped elements to design low-profile fil-
ters such as band-pass and BSF for specific applications [21]. The
size of these compact structures is significantly small which makes
them suitable for applications such as portable electronic appli-
ances and biomedical implants [22]. Several resonant structures
were proposed, that differ in area, and their electrical equivalent
parameters such as L-C ratio, and coefficient of coupling [20].
The equivalent circuit of a DGS is composed of a parallel-tuned
circuit with the transmission line connected in series whereas
the values of L, C, and R can be determined by the dimensions
of the DGS structure and its location relative to the transmission
line as it is demonstrated in Fig. 2.

Methodology

In this section, details about the method used in the design and
fabrication of the DGS sensor will be presented. Furthermore,
details about the EM modeling and simulation of the sensor
and the human tissue using the full-wave EM solver CST
Microwave Studio will be discussed.
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Fig. 1. Measured (a) dielectric constant and (b) conductivity from 500 MHz to 20 GHz for various glucose levels [18].

DGS sensor design

The blood glucose sensor is formed by a microstrip patch with a
slot that is etched in the ground plane, which is designed as a BSF.
The sensor concept mainly depends on the change in the trans-
mission and reflection coefficients. The BSF is loaded with a
lossy dielectric material represented by a finger of the diabetic
patient. Blood with a normal glucose level is less conducting
than blood with a high glucose concentration. As a result, the
magnitude of the filter insertion loss will be affected by the
lossy material inserted between the filter ports. This method
can then be used as the core of a non-invasive glucometer con-
cept. A clarification for the concept of the DGS sensor for meas-
uring the glucose level non-invasively based on the placement of a
fingertip on the sensor is shown in Fig. 3.

The presented DGS sensor is fed by a 50 Q microstrip feeding
line as shown in Fig. 4. The dimensions of the feeding line were
designed using the analytical line impedance calculation tool in
CST Microwave Studio. The proposed DGS sensor was designed
using a Rogers RO4003C substrate, having a thickness of 0.813
mm, a dielectric constant of 3.38, and a loss tangent of 0.0027.

LT
s 00—
Z, ' |cC ‘
—— WMo —
o R |
@ : s msousa s : %Zo
ZI:in

Fig. 2. Equivalent circuit of the DGS.
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A thickness of copper metal layers, equal to 0.035 mm, is used
for both the microstrip line and the ground plane. These dimen-
sions are indicated in the schematic of the DGS sensor shown in
Fig. 4.

Two different geometries of the DGS are presented to study
the effect of changing the complex permittivity of blood as a
function of glucose concentration. A comparison is made
between the measurement sensitivity of the two structures to
the variation of blood glucose levels. The DGS sensor has opti-
mum dimensions of equal width and length of 40 mm. First, a
sensor with a single slot on the ground with a diameter of 20
mm is presented as shown in Fig. 5(a). Second, two slots are
etched in the ground plane with a diameter of 11 mm and a cen-
ter distance of 12 mm; the dimensions of this design are illu-
strated in Fig. 5(b).

The proposed prototype of the DGS sensor was fabricated
using UV lithography. Sub-Miniature Version A (SMA) connec-
tors were soldered to the feeding line and the ground plane.
Measurements have been carried out using a Keysight N5227A
PNA Microwave Network Analyzer. The fabricated DGS sensor
is shown in Fig. 6. The illustrated DGS sensor has a resonance fre-
quency of 2.45 GHz.

EM modeling of the blood

The Cole-Cole model is used to model the complex permittivity
of human blood as a function of glucose concentration and fre-
quency. In order to determine the blood permittivity as a function
of glucose concentration, the parameters of the model were ini-
tially designed within the range of 0-16 000 mg/dl, which was
obtained by collecting blood samples from adults and then
manipulating the samples in vitro [18]. Therefore, the dielectric
properties of various glucose concentrations were used to create
and validate the model in CST Microwave Studio, and then com-
pare the results of the proposed sensor with another study. The
blood sample was set as a single pole (n = 1) “Cole-Cole material”
with a dispersion-broadening parameter (@,=0.1) in CST
Microwave Studio for various glucose concentrations ranging
from 250 to 16 000 mg/dl [18].
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Results and discussion
Simulation results

The complex permittivity of blood does not vary significantly
with the change in glucose concentration, that is why the changes
in the transmission coefficient are not expected to be very notable
[18]. First, to demonstrate the validity of the simulation model, a
comparison is made between the obtained results from the fabri-
cated prototype with the results estimated from the simulation.
This comparison is conducted using the single-slot structure
with a diameter of 20 mm as shown in Fig. 7, for a case without
lossy material (unloaded sensor). The difference between experi-
mental and simulated results is negligible.

Second, the simulated results of the reflection coefficient (S;;)
for different diameters 20, 18, 16, and 14 mm are shown in Fig. 8.
As the diameter of the slot decreases, the resonant frequency is

Microstrip Feed
Substrate
Ground

35 um

0.81

Section A-A

SMA Connectors

SMA Connector

35

PNA Network
Analyzer N5227A

Fig. 3. lllustration of the general concept of the
non-invasive DGS sensor.

shifted toward a higher frequency, the F; of the unloaded sensor
with D 20 mm is 6.2 GHz, while 18 mm has F, of 6.95 GHz. Both
16 and 14 mm D have F, of 7.75 and 9 GHz, respectively. Third,
our proposed sensor is designed to match the industrial, scientific,
and medical (ISM) bands. Therefore, sensors with different dia-
meters were loaded with a glucose concentration of 250 mg/dl.
It is clearly observed that for the sensor with D of 20 mm, its oper-
ating frequency shifted from 6.2 GHz (unloaded) to 2.45GHz
(loaded) as shown in Fig. 9, which meets the requirements of
the ISM bands, unlike the 18 and 16 mm diameters, where their
frequencies are 2.7 and 2.9 GHz, respectively.

Additionally, different cases with various glucose concentra-
tions from 250 to 16 000 mg/dl were simulated. Results for the
transmission and reflection coefficients for the single slot with
D of 20 mm are shown in Figs 10 and 11, respectively. For the
reflection coefficient, as the glucose concentration increases, the

Microstrip Feed

Blood

Substrate

2.50

Fig. 4. Schematic diagram and dimensions for the DGS sensors used in the simulation.
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a

the DGS layer.

resonant frequency of the sensor tends to shift to higher frequen-
cies which results in high sensitivity. Moreover, values for the
reflection coefficient (amplitude) increase with increasing glucose
levels. The reflection coefficient of the proposed sensor changes
from —43.5 to —28 dB when the glucose concentration changes
from 250 to 16 000 mg/dl. This is a wider range in the reflection
coefficient compared to a previous study [14], which results in
higher sensitivity as shown in Table 1. However, there was not
much change in the transmission coefficient.

Our objective is to distinguish between different levels of glu-
cose concentration as a function of the permittivity of human

DGS Sensor |

A

Fig. 6. DGS sensor prototype: (a) top view of the fabricated prototype, which shows
the ground plane with the slot, and (b) microstrip feed-line, used to excite the DGS,
shown in the bottom view.
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Fig. 7. Experimental versus simulated results of the sensor without a blood sample
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Fig. 8. Reflection coefficients for different diameters of the sensor (unloaded).
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Fig. 9. Reflection coefficients for different diameters of the loaded sensor with a
glucose concentration of 250 mg/dl.
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Fig. 11. Reflection coefficient simulation results of the single-slot DGS sensor with
D of 20 mm for different glucose concentrations.

blood. Therefore, the Cole-Cole model is used accurately in this
study. However, there are various inhomogenous layers found
in the human tissue such as the skin. For a realistic scenario,
the skin effect is taken into consideration in another simulation
which is done using a skin tissue with an £ of 30 and thickness
of 1 mm [23-25]. This is done to mimic the practical dimensions
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Table 1. Comparison of this study with another resonator
Hasan et al. [14] This study
Sensor type Dielectric resonator DGSs
antenna
Sensor size (mm?) 60 x 60 40 x 40
Sensitivity (kHz/(mg/dl)) 2.81 7.8285
Glucose concentration (mg/dl) From 0 to 16 000 From 250 to
16 000

250 mg/dL Without Skin

—— 1000 mg/dL Without Skin
a0 |- 250 mg/dL With Skin
..... 1000 mg/dL With Skin

1.4 1.7 2 23 2.6 29 32
Frequency (GHz)

Fig. 12. Reflection responses of two glucose samples with and without a skin layer.

of a human finger placed on the biosensor. The reflection
response is illustrated in Fig. 12 where two different glucose con-
centrations are simulated two times, the first using only a blood
layer on the DGS sensing area, and the second using both
blood and skin layers. It is observed that when a glucose sample
of 250 mg/dl is used without a skin layer, the reflection response is
—28 dB, while for the skin layer, it attenuated the EM wave reflec-
tion to —17 dB. However, both cases provided approximately the
same amount of deviation between the reflection responses when
the glucose concentration in the blood is varied from 250 to 1000
mg/dl. This illustrates that the skin layer has a slight influence on
weakening the signal. But, the main factor that contributes to
change the response is the glucose level in the blood. Therefore,
the skin layer can safely be neglected for the simplicity of the
simulation. As declared earlier, this paper highlights the function-
ality of the permittivity of blood with different glucose levels.

The two slot structure shows a negligible change in the reflec-
tion coefficient as shown in Fig. 13. As the glucose concentration
changes from 250 to 500 mg/dl, the reflection coefficient differ-
ence was only 0.06dB. This clearly proved that the proposed
DGS sensor with a single slot of D 20 mm has better sensitivity
to various glucose levels of human blood.

Experimental results

The experimental results were conducted using two different mea-
surements setups. First, the Keysight PNA Network Analyzer was
used to measure the reflection coefficients for two different blood
glucose concentrations, 75 and 125 mg/dl. The measured glucose
concentrations were calculated using the FreeStyle Freedom Lite
Blood Glucose Meter (https:/www.ubuy.com.eg/en/search/index/
view/product/B002G3E]J1K/s/freestyle-freedom-lite-blood-glucose-
meter/store/store).
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Fig. 13. Reflection coefficient plot of the proposed two-slot DGS sensor for different
glucose concentrations.

The results are shown in Fig. 14, there is a slight difference in
the amplitude of the reflection response, besides a very small
shifting in the frequency response. When the glucose concentra-
tion is 75 mg/dl, the corresponding S;; is —12.5dB at 2.31 GHz.
While using 125 mg/dl, the S;; response is —10 dB at 2.4 GHz.
As a result, the sensor can differentiate between various glucose
concentration levels within a relatively good sensitivity range,
which validates the concept of our proposed DGS sensor. The
relation between the reflection coefficient and the input imped-
ance can be expressed as [26]:

Zin - ZO

S11| = 20log|——
[S11l gZin+Zo

3)

where |S;;] is the reflection coefficient, Z;, is the input impedance,
and Z, is the characteristic impedance, which is usually equal to
50 Q.

Second, the AD8302 evaluation board which is illustrated in
Fig. 15, is used. This board is an integrated system that measures
the gain and phases up to 2.7 GHz. It operates from supply vol-
tages of 2.7-5.5V. The AC-coupled input signals can range
from —60 to 0 dBm in a 50 Q system. Additionally, a multi-meter
is used to record the gain value in the millivolt scale.

Three men and one woman volunteered to measure their
blood glucose levels. The measured glucose concentrations were
between 70 and 130 mg/dl. Then, the proposed sensor was con-
nected to the AD8302 board, signal generator, and a multimeter

0
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= \
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Frequency (GHz)

Fig. 14. Experimental measurements for two different blood glucose concentrations
compared to a case without a blood sample.
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| - i ot i r A
Fig. 15. AD8302 gain/phase detector evaluation board.

to measure the gain. The sensor response was measured, and the
relation between the glucose concentration and the gain in milli-
volt was calculated at a frequency of 2.4 GHz, as shown in Fig. 16,
where the y is the output gain / (mV) which is a polynomial func-
tion from the second degree, and y is the glucose concentration
(mg/dl). The reference signal at 2.4 GHz is 1186 mV, R* is an
indicator of how well the measured data fit the model of regres-
sion. The squared value of the correlation coefficient is 0.9925,
which indicates a strong relationship between the sensor output
voltages and the glucose concentrations. The minimum amplitude
is 895 mV at 90 mg/dl, while the maximum value is 1070 mV at
130 mg/dl. The correlation between the amplitude difference
and the glucose concentrations is shown in Fig. 16.

Frequency =2.4 GHz
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R?=10.9418
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Fig. 16. Sensor amplitude difference as a function of different glucose concentrations.
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Fig. 17. Amplitude readings as a function of different glucose concentrations over
different frequencies.

Finally, an Agilnet X signal generator is used to sweep the
input signal from 1.8 to 2.4 GHz. The reference signal was 950,
475, and 1186 mV for 1.8, 2.1, and 2.4 GHz, respectively.
The amplitude values depend on the gain value for each glucose
concentration as illustrated in Fig. 17. For example, at 2.4 GHz,
when the glucose concentration is 130 mg/dl, the gain value is
1070 mV, the amplitude difference is about 116 mV, and the cor-
relation value is the highest. While at 2.1 GHz, for the same glu-
cose concentration, the reference signal is 475 mV, the output
gain is 225 mV, and the amplitude difference is about 250 mV,
but the correlation value is the lowest. The correlation coefficient
is 0.1098 at 2.1 GHz, and 0.9457 at 2.4 GHz, which is the resonant
frequency of the proposed sensor. The gain is dependent on the
resonant frequency, for example, at a frequency of 1.8 GHz,
there are very small changes in the gain. However, at the resonant
frequency of 2.4 GHz, there is an adequate difference in the gain
which is an indication by the regression model. It is worth noting
that the sensitivity of the sensor in terms of gain is equal to 5 mV/
(mg/dl) at 2.4 GHz, which can be measured with acceptable
accuracy using modern multimeters.

Conclusion

A novel compact non-invasive glucose concentration sensor
based on a DGS with a single slot is presented. The operating
frequency of the microwave sensor is about 2.45 GHz. The sen-
sor is designed and simulated using the software package CST
Microwave Studio. The sensor is also tested experimentally
using the Keysight PNA Network Analyzer and AD8302
gain/phase detector evaluation board. The results of this
study indicated that the proposed sensor has a sensitivity of
7.8285 kHz/mg/dl. Additionally, the sensor offers a chance to
be used in the juice, pharmaceutical industries, and chemical-
sensing applications at high glucose concentrations (up to 16
000 mg/dl). The future research will include a higher sensitivity
sensor that can detect small changes in the glucose level in the
human blood for different glucose concentrations in the
physiological range of 70-500 mg/dl, which can be a promising
candidate for measuring glucose levels non-invasively in real
time.
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