International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Singh T, Mishra PK, Pal A,

Tripathi VS (2023). A planar microwave sensor

for noninvasive detection of glucose
concentration using regression analysis.
International Journal of Microwave and

Wireless Technologies 15, 1343-1353. https://

doi.org/10.1017/S1759078723000545

Received: 19 December 2022
Revised: 08 April 2023
Accepted: 12 April 2023

Keywords:

blood glucose level; diabetic; ISM bands;
microwave sensor; noninvasive; planar
antenna; relative permittivity

Corresponding author: Tilakdhari Singh;
E-mail: tilakdhari.2020rel08@mnnit.ac.in

© The Author(s), 2023. Published by
Cambridge University Press in association
with the European Microwave Association.

CAMBRIDGE

UNIVERSITY PRESS

A planar microwave sensor for noninvasive
detection of glucose concentration using
regression analysis

Tilakdhari Singh
Vijay Shanker Tripathi

, Piyush Kumar Mishra (®, Aditya Pal (® and

Department of Electronics & Communication Engineering, Motilal Nehru National Institute of Technology
Allahabad, Prayagraj, India

Abstract

This paper presents a planar microwave sensor for the noninvasive detection of glucose con-
centration in diabetic patients. The designed sensor operates from the 3.8 to 6.2 GHz frequency
band, which covers the 5.8 GHz Industrial Scientific and Medical (ISM) band. The designed
sensor shows a percentage bandwidth of 23.8% with a reflection coefficient (S;;) of =50 dB at
the resonance frequency of 5.7 GHz. The detection was carried out by varying the relative per-
mittivity of the blood in accordance with the glucose concentration based on the Cole-Cole
model. The measured result is calculated in terms of varying resonance frequency with varia-
tion in the reflection coefficient |S;;| of the designed sensor. The observed frequency shift and
corresponding sensitivity of the sensor are found at 1.7 GHz and 0.089 MHz/mg dL !, respec-
tively. An experimental validation has also been performed, and the frequency shift is analyzed
by interacting the human thumb with the sensor. The simulated and experimental results of the
designed sensor suggest that it can be useful for detecting glucose concentration noninvasively
for diabetic patients.

Introduction

A rapid growth in the number of diabetic patients is noticed all over the world in the past few
years. According to the diabetes report of the World Health Organization (WHO) [1], the num-
ber of diabetic patients has rapidly increased to 422 million in 2014 in comparison to 108 million
in 1980. Nowadays, diabetes has become a major cause of illness, like blindness, organ failure
(kidney), heart attack, brain stroke, as well as lower limb amputation. Until 2019, diabetes has
started to count as the ninth leading cause of death, with an estimation of 1.5 million deaths
directly. According to the IDF Diabetes Atlas 2021 [2], 537 million people are living with dia-
betes in the world. There is no cure to eradicate diabetic illness, but its risk can be minimized by
the utilization of food and regular monitoring of glucose concentration. Diabetes is considered
a metabolic illness that happens in the condition where the pancreas becomes unable to pro-
duce sufficient insulin or in a situation when the body is not able to utilize the produced insulin
effectively. Insulin is a type of hormone that regulates the blood glucose concentration in the
human body [3].

Glucose concentration in the human body plays an important role as a source of energy in
the cell. Glucose is found in various parts of the body in the form of tears, urine, intestinal fluids,
intracellular fluids, saliva, etc. Presently, invasive method of blood glucose measurement is very
popular, but a finger has to be pricked for blood samples. There are a few limitations of invasive
methods like a painful procedure, being expensive, and a higher risk of getting an infection [4].
So, there is a demand for developing an accurate and reliable noninvasive method.

The noninvasive method can provide a painless, protected, and easy-to-use method at
a low cost. There are different techniques either in use or in the development stage to
detect glucose level concentration in the blood cell. Noninvasive measurement techniques
include optical, electrochemical, and RF/ electromagnetic (EM)/microwave techniques. The
optical technique is based on spectroscopy, Raman spectroscopy, optical change tomogra-
phy, polarization change, fluorescence method, smart hologram, etc. [5-7]. The optical tech-
nique has a higher initial cost, has bulky device, and needs patients to be admitted for a
longer time. The electrochemical method is an enzyme-based method for glucose concen-
tration measurement that uses other fluids like blood. In paper [8], an acetone-based breath
analysis is discussed to provide a noninvasive measurement of glucose concentration. Paper
[9] described an acetone vapor-based Micro-electromechanical Systems (MEMS) sensor for
noninvasive glucose measurement. It has been found that after a certain level of measur-
ing, both electrochemical and chemo-resistive technique-based sensor gets saturated and
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Table 1. The comparison of noninvasive glucose measuring devices using RF
sensors

Device Technique used Interact area

Gluco Track The combined effect of ultrasound, Ear lobe
thermal, and EM sensing

Sugar BEAT Reverse iontophoresis Upper arm

(Nemaura)

Scanbo RF/microwave interaction for 60 sec Finger/thumb

Combo NIR spectroscopy Finger

Glucometer

Gluco Wise mm-wave transmission spectroscopy ~ Hand

(Mediwise) at 60 GHz

Bluesemi’s Evya RF/microwave interaction for 60 sec Finger/thumb

Proposed RF RF wave interaction with tissue

sensor

Finger/Thumb

becomes less effective. In paper [10-12], the EM technique is intro-
duced for blood glucose measurement with the help of a miniatur-
ized RF sensor. The EM/RF wave radiated from the RF sensor is
interacted with a diabetic patient’s tissues [13]. The electrical prop-
erties of tissues get to change depending on the level of glucose
concentration in the blood cell, which results in the shift of the
resonance frequency. The changes in the frequency of EM waves
can be calibrated to analyze blood glucose levels directly. Based
on the above process, a microstrip patch antenna designed for the
microwave can be used for detecting blood glucose levels.

Presently, Gluco track, Gluco wise, Sugar BEAT, etc., have been
developed as noninvasive glucose measuring devices by differ-
ent companies all around the world [14]. The glucose measuring
devices and used technique are shown in Table 1.

A highly sensitive noninvasive microwave sensor is developed
in reference [15] for a real-time blood glucose measurement. The
prototype sensor has a size of 3.5 x 3.5 x 0.16 cm® and a sensitiv-
ity of about 0.72 MHz/mg dL™'. In reference [16], a narrowband
microstrip antenna is presented as a microwave sensor at a reso-
nance frequency of 1.3 GHz. The designed sensor has a dimension
of 68 x 48 x 1.6 mm? with a frequency shift of 650 MHz. Reference
[17] has a stepped impedance resonator at 3.528 GHz. A microflu-
idic device structure has been fabricated in polydimethylsilox-
ane(PDMS) that can sense the changes in glucose concentrations.
Based on the change in resonance frequency, the sensitivity of the
biosensor was noted as 264.2 kHz/mg dL™!. The antenna was fab-
ricated on an FR-4 substrate with a thickness of 1.57 mm and a size
of 40 x 50 mm?. A novel sensor is designed for glucose measure-
ment in reference [18]. The sensor is designed on Rogers RO 4350
B substrate with a size of 20 x 20 mm?. The unit cell sensing device
is inspired by metamaterial properties. The measurement is done
in a glucose—aqueous solution characterized by water with dielec-
tric constant variation from 55 to 87 at a frequency of 3.91 GHz.
In reference [19], the microwave sensor is developed on a flexi-
ble substrate for the analysis of water contaminants. Reference [20]
presents a monopole antenna-based sensor to measure the concen-
tration of salt and sugar present in water, while in reference [21], a
microwave sensor has been developed for the detection of glucose
levels in aqueous solutions.

In this paper, a novel planar antenna-based sensor is pro-
posed. The proposed sensor is compact and has higher sensitivity
and frequency shifts in near-field radiation. A homogeneous fin-
ger equivalent rectangular tissue phantom is used to provide a
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Figure 1. Measurement of dielectric constant at different glucose concentrations in
the frequency range of 1-20 GHz.

real environment. It is shown that the proposed design is suitable
for blood glucose concentration noninvasively. The methodol-
ogy, sensor design and specification, simulated and experimen-
tal results, and discussion along with regression analysis of the
designed sensor are presented in the upcoming sections of the

paper.

Methodology

Itis observed that the electrical properties of blood cells are affected
by glucose concentration. The electrical properties include conduc-
tivity, relative permittivity, loss tangent, etc. Glucose concentration
also can be explained in terms of dielectric constant instead of
glucose concentration in mg/dL, g/mL, or mol/L. The frequency-
dependent electrical behavior of glucose concentration of blood
cells is defined by the Cole-Cole model. Cole-Cole model is the
most widely used method for determining the effective and pre-
cise dielectric properties of biological tissues for a wide range
of frequencies. The correlation between relative permittivity and
conductivity at a specified resonance frequency is defined by equa-
tion (1) [24]:

" Ae o

£ W) =0+ Z 1+ jwrn-®) + jwe W

where w is an angular frequency, (w) is the symbol for

frequency-dependent relative permittivity, and order of the mode

is shown as n. e, represents the permittivity of blood plasma at

the higher frequency, A€ is the amplitude of scattering, and 7 is

the symbol for the relaxation time constant. The expansion of the

dispersion parameter is shown by «, and the static conductivity

of blood plasma is denoted by “c” [22, 23]. For the single pole
Cole-Cole model, n equals unity.

To satisfy Cole-Cole model-based glucose concentration, an
experimental study has been done in reference [24]. In this study,
a few samples are collected by manipulating blood glucose con-
centration in vitro. Measurement has been done by taking eight
samples from 0 mg/dL to 16,000 mg/dL in the frequency range
1 GHz to 20 GHz as shown in Fig. 1. To measure the blood glucose
concentration noninvasively, an arrangement of the sensor with
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Figure 2. (a) Schematic and (b) simulated view of the noninvasive model of RF sensor for glucose measurement.

biological tissues and an equivalent phantom model is shown in
Fig. 2. In Fig. 2(a), schematic view of a multilayer fingertip model
with biological tissue has been shown as a superstrate loaded on
the sensor. The biological tissue of the human fingertip (thumb) is
further divided into skin, fat, blood, and bone. The level of glucose
concentration in the blood is 10% higher than that in other tissues.
The characteristics of the multilayer models are discussed in refer-
ences [25, 26]. In reference [27], ultrasound technology has been
used to specify the thickness of different layers of the thumb of a
volunteer. Its equivalent phantom model and the simulated sensor
have been shown in Fig. 2(b).

The proposed antenna transmits an EM wave that penetrates
through the different layers of tissues. Some of the EM waves are
reflected in the patch antenna and measured in terms of reflection
coeflicient S;; in dB. The reflection coeflicient shows a shift in a res-
onance frequency that has direct dependent relation with glucose
concentration in the blood cell. For noninvasive measurement,
the thumb is loaded as a superstrate, which results in changing
the resonance frequency of antenna parameters in terms of reflec-
tion coefficient, a shift in resonance frequency, amplitude, input
impedance, etc. The electrical properties and thickness of differ-
ent tissue layers at a resonance frequency of 5.7 GHz are shown in
Table 2.

Sensor design and specification

The design process and specification of the novel and compact
size of the planar antenna-based sensor are illustrated in this sec-
tion. The simulation of the designed sensor has been carried out
in the HFSS simulation tool (Ansys Electronics Desktop Version
2021 rl). Ansys HFSS is a finite element method-based solver with
adaptive mesh refinement. The simulated and fabricated views of
the designed planar sensor are shown in Figs. 3 and 4, respec-
tively. The proposed sensor is designed on the FR-4 epoxy substrate
(€, = 4.4 and tand = 0.02) with a thickness of 1.6 mm. The total
volume of the substrate is 30 x 30 x 1.6 mm?>. It consists of two con-
ducting parts, i.e., patch and ground on the top and bottom surface
of the substrate, respectively. The patch structure of the designed
antenna consists of two rectangular-shape strips perpendicular to
each other. The cross-point edge of these two strips is extended by
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(b)

Table 2. Electrical characteristics of the phantom at 5.7 GHz [28]

Human

tissues Dielectric Dielectric loss Conductivity Thickness,
layer constant (&) tangent (tand) (o), S/m (mm)
Fat 5 0.18 0.27 0.5
Skin 35 0.32 3.5 1
Blood 53 0.32 6 2.5
Bone 16 0.42 2 4

a semicircular shape to minimize the level of discontinuities and
to achieve the desired frequency range. To meet the matched con-
dition of feed point impedance, a 20 mm x 20 mm square slot
and staircase structure near to feed point have been cut from the
ground plane as shown in Fig. 3. The optimized dimension of the
proposed sensor has been shown in Table 3.

Results and discussion
Simulation analysis

This section of the paper shows the explanation of results
achieved after simulation and measurement of the designed sen-
sor. Figure 5(a) shows the reflection coefficient |S;;| and frequency
plot. From the figure, it can be observed that the designed sensor
operates at 5.7 GHz with a 3.8-6.2 GHz frequency band.

The interaction of the proposed sensor with the human tis-
sue phantom shows the frequency shift, which is illustrated in
Fig. 5(b). The shift in resonance frequency explains the level of glu-
cose concentration in the human blood cell. The frequency shift
of the designed sensor is found to be 1.7 GHz (5.7-4 GHz). The
value of frequency shift is also obtained by parametric analysis
of the phantom position at the port where the excitation is deliv-
ered and phantom height from the sensor as shown in Fig. 6(a)
and (b).

During simulation analysis, it has been observed that phan-
tom position concerning distance from the port and height from
the designed antenna surface has a major influence on S;; per-
formance. So, there is a need for optimization to achieve a better
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Figure 3. Dimension of the proposed sensor for noninvasive glucose measurement: (a) patch and (b) ground.

(TITTITIIT

|S11| response. We have performed parametric analysis to achieve
the best possible results by varying the distance and height of the
port from the sensor surface to the phantom. Figure 6(a) shows
the parametric analysis of the phantom position response from the
port. From the figure, it can be seen that due to the small varia-
tion in the distance, the reflection coefficient value increases, and
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(b) Figure 4. Fabricated antenna view of the back and

front sides: (a) ground and (b) patch.

the operating frequency shifts toward a higher frequency band.
Parametric analysis of the phantom position for height from the
sensor surface has been shown in Fig. 6(b). From the figure, it can
be observed that the reflection coeflicient value decreases, and the
operating frequency shifts toward a higher frequency band. After
parametric analysis, we consider the phantom position with the
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Table 3. Optimized dimensions of proposed planner antenna-based sensor

Parameters Dimension (mm) Parameters Dimension (mm)
gl 30 gw 30
sl 12 SW 5
r 2 fl 10
fw 2.2 cl 20
cw 20 cl1 3
cl2 2.5 cwl 1

port at a distance of 0.5 mm and a height (from the sensor sur-
face) of 0 mm, respectively. These two optimized values give better
results for the sensor.

1347

To detect the blood glucose level, the relative permittivity of
blood should be used as a reference parameter. The relative per-
mittivity of blood from 53 to 68 with a step value of 5 is shown
in Fig. 7(a). From the figure, it can be observed that the operat-
ing frequency of the sensor gets shifted toward a higher frequency
with an increase in the relative permittivity in a linear manner.
Figure 7(b) also shows the linear shift in operating frequency,
which is a required parameter for the sensor.

The loss tangent and conductivity of the blood also depend on
the blood glucose concentration. These two electrical properties of
blood are also varied in this work to validate the performance of
the sensor toward blood glucose concentration. The plot of reflec-
tion coefficient |S,| and frequency with a variation of conductivity
and loss tangent of blood have been shown in Fig. 8(a) and (b),
respectively.

—a— Without Tissue Layer
—o— With Tissue Layer

-55
30 35 40 45 50 55 60 65 7.0
Frequency [GHz]
(b)

Figure 5. Simulated results. (a) Reflection coefficient |S;;| plot with respect to frequency and (b) comparison of reflection coefficient |S;;| of the sensor with and without

-55
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Figure 6. Parametric analysis of phantom (a) for phantom position from the port and (b) phantom height from the sensor surface.
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Figure 8. (a) Variation in S;; versus conductivity. (b) Variation in S;; versus loss tangent.

From the figure, it can be observed that there is no shift in oper-
ating frequency with a variation of conductivity and a loss tangent.
From these two graphs, we can conclude that the effect of loss tan-
gent and conductivity is small compared to relative permittivity on
the operating frequency.

Experimental analysis

The experimental study has been done in two steps. Step one is
about the vector network analyzer (VNA) interaction with aqueous
glucose solutions to provide a wide range of detection capabilities
of the designed sensor. The second step is the study of VNA inter-
action with the patient’s thumb to detect the glucose level in the
real scenario. Both steps are shown in Fig. 9.

https://doi.org/10.1017/51759078723000545 Published online by Cambridge University Press

In the figure, the sensor is connected with a VNA in three con-
ditions. Figure 9(a) shows the sensor connected with VNA in free
space; Fig. 9(b) shows the sensor connected to VNA with thumb
tissues loaded; and Fig. 9(c) shows the sensor connected to VNA
having contact with glucose solutions.

Figure 10 represents the comparison of the simulated and mea-
sured results of the proposed sensor under no loading and with
loading by tissue. There is a good agreement between simulated and
measured results. Results with thumb loaded show a 1.7 GHz shift
in resonance frequency in comparison to the unloaded resonance
frequency.

Statistical studies also have been done to perform error analysis
between these two results. The variation found between simulated
and measured results for the sensor with and without tissue varied
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Figure 9. Experimental setup for sensor measurement: (a) sensor in free space, (b) sensor
to VNA.
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Figure 10. Comparison of simulated and fabricated proposed antenna
results with and without loaded tissues.

between minimum values of 0.04 to a maximum value of 8.5667 in
terms of S;;.

For experimental validation of glucose sensing, an aqueous
solution of glucose concentration is prepared by taking D-glucose
(purity >99%) and DI water. About eight samples of a solution have
been prepared for glucose concentration in the range of 0 mg/dL
(DI water) to 900 mg/dL at the interval of 150 mg/dL at room tem-
perature 25°C as shown in Fig. 11. These samples have been used
as an ideal condition for linear comparison with a commercially

https://doi.org/10.1017/51759078723000545 Published online by Cambridge University Press
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Frequency [GHZ]

available invasive method having a 4-5% variation with actual
blood glucose concentration 31, 32].

Regression analysis

Figure 12 shows the graph of regression analysis. Regression anal-
ysis is a statistical curve fitting method widely used for predicting
the stage of linearity in terms of coefficient of determination (COD)
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R? value. In regression analysis, the results obtained from the inva-
sive method is assumed to be a straight line. Measurement of about
eight samples of aqueous glucose concentration has been taken
in comparison to a straight line [31, 32]. It has been found that
there is a direct relation between blood glucose concentrations and
frequency shifts including error.

The equation of the regression curve is given by

y=a+bxx, 2)

here y is the dependent variable (frequency), x is the indepen-
dent variable (concentration of blood glucose), and a and b are
constant. After simulation, the equation of the regression curve
becomes

y =4.77131 — 6.58534 x x, 3)
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Figure 12. Regression analysis: graph of the fitted curve for
linearity in frequency.

with the COD value, R* = 0.9339.

This means that 93.39% of the glucose sample values match the
regression line, where a sample with 20% variation (above 80%) is
assumed to be clinically accepted [16].

The sensitivity is defined as

o B change in frequency (Af)
Sensitivity [S] = change in glucose concentration (mg/dL)

The calculated sensitivity of the designed sensor shows a sensi-
tivity of 4 MHz/€, or 0.089 MHz/mg dL™. It has been also noticed
that there is little variation in the frequency of the different samples
at each glucose concentration level during the measurement. This
variation of frequency shift ranges between 2.5 and 4.3 MHz.
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Table 4. Comparison of the proposed sensor with another existing sensor for blood glucose sensing applications
Reference Substrate Dimension (mm?) Resonance frequency Frequency shift Technique used Sensitivity
[11] FR-4 50 x 35 1.8 GHz 125 MHz S 65 MHz/€,
[29] FR-4 60 x 20 2.45 GHz 4.7 MHz S 0.94 MHz/&,
[30] FR-4 35x35 526.5 MHz 3.5 kHz Sut 3.53 kHz/mg dL™!
[31] FR-4 66 x 20 3.3/5.2 GHz S1/Sa 6.2 dB/mg mL™
[32] RT Rogers 5880 100 x 80 1.71 GHz 2 MHz So 0.056 MHz/mg dL™*
[33] Rogers RO 3006 34 %16 4.8 GHz 1.5 GHz Su 17 kHz/mg dL™
[34] FR-4/PDMS 245 x 30 4.12 GHz 220 MHz S11/Sxn 235 MHz/g mL™!
[35] FR-4 80 x 80 5.5/6.7 GHz 30/240 MHz Su =
[36] FR-4 85 x 85 1.7 GHz - S -
[37] FR-4 51.3x51.3 2.4 GHz = Su =
Proposed sensor FR-4 30 x 30 5.7 GHz 1.7 GHz Si 0.089 MHz/mg dL™*

The experimental validation of the proposed sensor has been
done for glucose concentration in the range of 0-900 mg/dL, which
is not practically suitable for diabetic patients. Therefore, a fasting
experiment has been performed on a diabetic patient with a high
glycemic index (GI) meal for 90 minutes. High GI meal has the
capacity of increasing blood glucose level rapidly at a certain time,
after that it starts decreasing as shown in Fig. 13.

The experimental studies have also been done by taking four
samples of glucose concentration in the range of 190-210 mg/dL
with respective resonance frequencies of 4.76-4.775 GHz at time
intervals of 40-70 minutes.

The comparison of the proposed antenna performance and
specification with another existing sensor is given in Table 4.
Table 4 presents a comparative view of some sensors proposed in
the recent literature. It can be noticed that the sensor shows a better
frequency shift of 1.7 GHz than other referenced sensors. From the
table, it can also be observed that the designed sensor has a more
compact size than other referenced sensors.

In the comparison table, the different sensor uses different mea-
surement technique to define sensitivity based on the amount
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of glucose concentration and reflection coefficient parameters,
respectively. It can be noticed from this table that researchers have
used two definitions of sensitivity. One is MHz/& and the other
is MHz/mg dL™!. Both are similar because &, of blood depends
on its glucose concentration. We have considered the second
definition.

Conclusion

This paper presents a novel structure of a planar antenna-based
sensor for the 5.8 GHz ISM band. The designed sensor works on
the RF wave technique, which gives better sensitivity and accuracy.
It has the potential for measurement of glucose concentration vari-
ation in blood by varying electrical properties of human tissues.
The designed sensor has a compact size of 30 x 30 x 1.6 mm?.
The bandwidth of the designed sensor is 2.4 GHz (3.8-6.2 GHz),
and it works at the resonance frequency of 5.7 GHz. The fab-
ricated sensor has been validated, measured and experimentally
tested for blood glucose level measurement. The experimental
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result of the sensor with fingertip gives a 1.7 GHz frequency
shift that validates better accuracy of the sensor applicable to
diabetic patients. The linear graph between frequency and rela-
tive permittivity of blood shows better sensitivity of 4 MHz/& | or
0.089 MHz/mg dL™'. The simulated and experimental results of the
designed sensor suggest that it can be useful for blood glucose level
measurements.
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