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Abstract: In the present work, a novel compact and highly
sensitive microwave antenna sensor at 2.45 GHz is proposed
for evaluating glucose concentration in blood. The antenna
is printed on an FR-4 substrate of compact dimensions
35mm × 13.5mm × 1.6mm. A human finger phantom model
is constructed in the EM simulation high frequency structure
simulator environment consisting of skin, blood, fat, and
bone layers. In the study, finger models with various shapes
like rectangular, cylindrical, and ellipsoid are considered,
and the results are compared. The glucose concentration is
changed from 0 to 500mg/dL, and the corresponding shift is
evaluated by keeping the finger phantom at different loca-
tions near the antenna. The frequency shifts obtained in the
designed experiment are used to evaluate glucose concen-
tration in blood samples. In this work, a minimum and a
maximum frequency shift of around 1.25 and 5MHz, respec-
tively, are observed when the finger phantom is placed at
the top of the radiating element. Simulated antenna results
are found to be in good agreement with the measured
results. The developed method is validated with a two-
antenna model by calculating time delay and isolation for
different glucose concentrations. An experiment of placing a
real human finger around a fabricated antenna presents
good correspondence with the simulation results.

Keywords: blood, finger phantom, glucose monitoring, micro-
wave sensor, non-invasive, slotted patch

1 Introduction

Diabetes is one of the major chronic diseases mainly char-
acterized by very high sugar levels in the blood for a long
time [1,2]. The common method to measure glucose levels
is using a finger prick and glucometer, which is known as
an invasive method [3,4]. However, the invasive methods
cause pain to the patient, as blood samples are to be suc-
tioned/pricked each time. One solution for this problem is a
non-invasive method, where microwave filters or antennas
are used to monitor glucose levels in the blood samples
[5–10]. Recently, microwave antennas have found various
biomedical applications like body wearable devices [11].

In this non-invasive method, sensors in the form of
antennas or RF filters are involved in measuring glucose
concentration. In non-invasive techniques, popular methods
of detecting glucose concentration levels are by using micro-
strip resonator (filter) technique or microstrip antenna tech-
niques. Also, these are prominently preferred in the medical
field due to no risk of ionization, deep penetration, and
immune to temperatures and other disturbances.

In detecting glucose concentration in blood samples, a
novel design of sensors with high sensitivity is required to be
designed. Various sensors like pressure sensor [12] and a
narrow band antenna sensor [13] with highly sensitive char-
acteristics are discussed in the literature. Dielectric proper-
ties of various skin layers play an important role in the
design of glucose-measuring sensors [14–17]. In the study of
Nella et al. [18], a novel method of precise measurement of
blood glucose using planar Yagi-Uda antenna and microstrip
filter was presented. In the study of Sbrignadello et al. [19], a
review of different types of novel sensors for glucose mon-
itoring is presented in an effective manner. The use of meta-
materials is another choice for detecting glucose, as detailed
in the study of Islam et al. [20]. The FMCW milli-meter wave
RADAR sensor is utilized for detecting glucose concentration
in the blood samples [21]. Similarly, various other methods
like the coplanar sensor method [22], multiple split ring reso-
nator [23], chipless tag split ring resonator, [24] etc., are
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employed for glucose level monitoring. In all these methods,
glucose concentration in blood samples is measured by map-
ping various layers of skin with different dielectric constants
and thus by measuring corresponding frequency shifts,
which occur due to the variation of electric fields of the
sensor. In the process of glucose monitoring, sensitivity and
compactness of the sensor are the main issues to be consid-
ered. Hence, this work mainly focuses on the design and
development of a novel sensor with compactness and giving
better sensitivity characteristics. The proposed sensor oper-
ates at 2.45 GHz without phantom loaded, and it shifts near to
5 GHz when the phantom is placed over the sensor. In the
existing literature, several antennas operating at the 2.45 GHz
band, covering the ISM applications, are presented [25–28].

The proposed microwave sensor is taken on a low-cost
FR-4 substrate of dimensions 35mm × 13.5mm × 1.6 mm
with a dielectric constant value of 4.4 and a loss tangent
of 0.02. The proposed sensor gives a quasi-linear shift in
the frequency of S11 with the variation of glucose concentra-
tion, thus giving more sensitivity as the glucose differs from
0 to 500mg/dL. The proposed antenna design and sample
human finger are developed in the finite-element method
(FEM) solver high frequency structure simulator (HFSS).

The rest of this article is discussed as follows. Section 2
presents an evolution of the proposed antenna design and
associated glucose concentration study. Also, in this section, a
four-layer finger phantom model is introduced. These layers
are skin, blood, fat, and bone. Each has different thicknesses
and dielectric constants. As the concentration of glucose
changes, the blood dielectric constant is varied, and the S11
parameters are obtained. Section 3 discussesmeasured reflec-
tion coefficient parameters by placing the finger of a healthy
person and the finger phantom at various positions on the
antenna to validate the proposed phantom model and illus-
trate that the model is a replica of a real human being finger
to a far extent. Section 4 concludes the work.

2 Antenna design and glucose
concentration monitoring

2.1 Basic rectangular patch antenna

In this design process of a highly sensitive microwave
antenna sensor, a basic rectangular patch antenna of size

Figure 1: Patch antenna: (a) geometry, (b) S11 parameters, and (c) E-field distribution at 2.45 GHz.
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50 × 40 mm2 is initially considered, as shown in Figure 1(a).
Feed width (Wf) is 3 mm, and slit width (WS) is considered
as 1 mm. The width (W) and length (L) of the patch antenna
are 40mm and 28.15 mm, respectively. The operating reso-
nant frequency of the antenna is determined using the design
basic design equations given in ref. [29]. This antenna is
formed on a low-loss FR-4 substrate with a dielectric constant
of 4.4. This antenna resonates at 2.45 GHz with harmonics at
3.5 and 5.5 GHz, as shown in Figure 1(b). The distribution of
the E-field is shown in Figure 1(c), from which it is observed
that almost no variation of filed current is observed
throughout the antenna except at the outer edges.

2.2 Design of finger phantom for glucose
monitoring

The main objective of this research work is to design an
antenna that can measure glucose concentration in the
blood. To achieve this, a finger phantom model is devel-
oped considering the structure of a real human finger, as
shown in Figure 2 [22]. In the study of Cebedio et al. [22], it
is considered that a rectangular finger phantom is more
suitable for glucose concentration evaluation in blood sam-
ples. Various layers of the finger, such as skin, fat, blood,
and bone, are modelled using dielectric materials of dif-
ferent dielectric constants. Different layers are considered in
square shape, viz. bone layer as S1 of size 4 × 4 mm2, blood
layer as S2 of size 9 × 9 mm2, fat layer as S3 of size 10 × 10
mm2, and skin layer as S4 of size 12 × 12 mm2. The length (L)
of the finger phantom is considered as 30mm with height
H = 12mm. Dimensions and dielectric constants of various
layers of the finger phantom are given in Table 1 [9].

In biomedical applications, various methods are described
to model various layers in the body and to obtain the equiva-
lent dielectric constant values. Dielectric constant values of
various tissues are calculated using various models like the
Debye model [30] or the Cole–Cole model, and in general, the
latter model is preferred in many cases [16]. This method is
proven to be the more accurate method in modelling the
dielectric values of various tissue layers as this method gives
more correlation between electrical properties of blood plasma
and glucose concentrations. As per the Cole–Cole model, the
dielectric constant value can be estimated using the following
equation:
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where ω is the angular frequency, ( )′ε ω
c

is the frequency-
dependent dielectric constant, ( )″ε w

c

is the frequency-
dependent dielectric loss, ε∞ is the high-frequency permit-
tivity, Δεn is the magnitude of the dispersion, n is the order
of the Cole–Cole model, αn represents the broadening of
dispersion, σi is the ionic conductivity, and τn is the relaxa-
tion time constant.

Figure 2: Finger phantom model: (a) top view and (b) isometric view.

Table 1: Dielectric constant, loss tangent, and dimensions of the finger
phantom at 2.45 GHz [9]

Finger parameters Skin Fat Blood Bone

Dielectric constant
value (εr)

38 6 59 11.5

Loss tangent 0.32 0.18 0.38 0.35
Dimension (mm2) S4 (12

× 12)
S3 (10
× 10)

S2 (9 × 9) S1 (4 × 4)
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The finger phantom is simulated in an HFSS environ-
ment using layers of dielectric materials of various values.
As mentioned in Table 1, the dielectric values at 2.45 GHz
are considered for a healthy human finger. However, as
the glucose concentration changes in the human blood, the
dielectric values are also to be modified. The change of
dielectric constant values in the finger phantom for dif-
ferent values of glucose concentration from 0 to 500mg/dL
is given in Table 2. As given in Figure 3, the finger phantom
consists of different layers like skin, muscle, blood, fat, etc.,
and each layer has its own dielectric constant value. When
the glucose concentration in the blood changes, obviously,
its dielectric value changes owing to the variations in the

blood properties. The finger phantom is placed on top of the
patch antenna, as shown in Figure 3(a), and for different
values of glucose concentrations from 0 to 500mg/dL, the
S11 parameters are obtained, as shown in Figure 3(b). How-
ever, no shift in the frequency is observed. In the second
case, the finger phantom is placed over the top of the
antenna over the slots, as shown in Figure 4, and the corre-
sponding shifts are observed in Figure 4(b). In this case,
slight shifts in the frequencies are observed due to the var-
iation of the field near the slot. Hence, an increasing or
decreasing frequency shift is observed in the entire varia-
tion of glucose from 0 to 500mg/dL. However, the obtained
frequency shifts are not suitable for evaluating glucose con-
centration in the blood. Hence, the basic rectangular patch is
not suitable for measuring glucose concentrations in the
blood. Hence, in the following section, a new antenna giving
considerable shifts in the frequency is described.

2.3 Slotted microwave sensor

As mentioned in the earlier subsection, the basic patch-
type antenna is not suitable for glucose level measurements
in the blood as no considerable shift in the frequency is
observed due to less variation of the electric field at most
of the antenna structure except at the slit. However, more
variation of the electric field on the antenna is required for
glucose level measurements. This owing to the greater var-
iation of fringing fields on the antenna results in consider-
able change of the dielectric constant of the antenna, which
in turn gives considerable frequency shift when the finger
phantom is placed near the antenna. Hence, the basic patch
antenna is modified by incorporating slots to get more var-
iation in the electric field, as shown in Figure 5. The E-field
distribution is shown in Figure 5(b), from which a good
variation is observed near the slots, and this variation of
the current distribution is desired for glucose monitoring, as
discussed in the following sections. Various antenna dimen-
sions are taken as W = 30mm, W1 = 14mm, W2 = 12.5mm,
W3 = 3mm, WS = 1 mm, L1 = 15.5mm, and LS = 1 mm. Two
rectangular slots are employed on the antenna to increase
electrical length, which causes the resonant frequency to shift
towards the left [26,27]. This phenomenon is used to reduce
the patch antenna dimensions to 2.45 GHz. Figure 6 describes
the view of the finger phantom placed over the top of the
antenna. Figure 6(b) gives the cross-section E-field variation
when the finger phantom is placed over the antenna sensor.
This figure clearly depicts a clear variation in the electric field
owing to the placement of the phantom on the sensor. This is
due to the systematic design of the slots over the antenna,

Table 2: Dielectric constant values of the finger phantom at 2.45
and 5 GHz

Glucose concentration (mg/dL) εr at 2.45 GHz εr at 5 GHz

0 70 65
125 69 64
250 68.5 63.5
500 67 62.5

Figure 3: Finger phantom placed (a) on top of the antenna and (b) S11
parameters.
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resulting in more field variation and thus making the sensor
suitable for glucose monitoring. The presence of slots gives
more variation of the electric field, thus causing variation in
dielectric values, and hence, better frequency shift values can
be obtained.

The S11 parameters and their variation for different
glucose concentrations are shown in Figure 7(a and b),
respectively. This slotted structure also resonates at the
same frequency as that of a basic patch antenna, i.e. at
2.45 GHz. However, when the finger phantom is placed
over the top of the antenna, as shown in Figure 6, the
resonant frequency dominates at 5 GHz with good reflec-
tion coefficient values, as shown in Figure 7(b). Hence, this
particular frequency is considered to study the frequency
shifts w.r.t. variations in glucose concentrations. A small

change in frequency shift is observed with glucose concen-
tration variation, as shown in Figure 7(b). This shift resulted
in the variation of electric field on the antenna structure, as
mentioned earlier. However, this frequency shift is not suf-
ficient to measure glucose concentrations in the blood as
much shift is not obtained, and hence this slotted sensor is
further modified, resulting in an arrow-shaped microwave
sensor, which is discussed in the following sub-section.

2.4 Slotted arrow-shaped microwave sensor

Since the slotted microwave sensor mentioned in the pre-
vious sub-section does not give much frequency shift, the

Figure 4: Finger phantom: (a) isometric view and (b) S11 parameters.

Figure 5: Slotted microwave antenna: (a) geometry and (b) E-field distribution at 2.45 GHz.
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antenna is further modified, resulting in the slotted arrow-
shaped microwave sensor, as shown in Figure 8. Various
dimensions of the proposed arrow-shaped sensor are given
as W = 28.95 mm, Wa = 16.5 mm, Wb = 14 mm, W3 = 3 mm,
WS = 1 mm, La = 4.75 mm, Lb = 1 mm, α = 75°, β = 60°. Overall
substrate dimensions are maintained as 35 × 13.5 mm2. Top
and bottom views of the fabricated prototype are given in
Figure 9(a and b), respectively. The microwave sensor is
fabricated using a photo-lithographic fabrication process.

In Figure 10(a), the simulated S11-parameters are gen-
erated up to 5.5 GHz, where a second harmonic is observed
at 5 GHz. Simulated and measured S11-parameters of the
slotted arrow-shaped sensor are given in Figure 10(b),
where the first harmonic at 2.45 GHz is considered. The
modifications of the design with slots and with the model

of the finger appear to increase the resonance by about
5 GHz compared to the resonance at 2.45 GHz due to a
better coupling with the feedline. A slight variation in
the simulated and measured values is observed owing to
the fabrication tolerances. The working of the proposed
slotted arrow-shaped microwave sensor can be understood
by considering the electric field distribution, as shown in
Figure 11. As discussed earlier, the proposed antenna
should have a considerable amount of field distribution
over the entire surface of the antenna such that when the
finger phantom is placed over it, the resonant frequencies of
the antenna are affected. The reason is, as the phantom is
placed over the sensor, its fringing fields are affected, thus
affecting the dielectric value of the medium surrounding it.
This in turn changes the resonant frequency of the antenna,

Figure 6: Phantom at the top of the antenna: (a) top view and (b) E-field distribution with finger phantom placed on top of the antenna.

Figure 7: S11-parameter: (a) slotted sensor without phantom and (b) variation with glucose concentration.
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and these changes are mapped to the changes of glucose
concentration. As discussed earlier, this property is very
much required to measure glucose level concentration in
the blood. In order to obtain S-parameters and radiation
patterns, vector network analyzer with model name Agilent
N5247A:A.09.90.02 is used.

3 Experiment on proposed
antenna’s performance for
various finger positions

In this section, the finger phantom is placed at various posi-
tions like bottom and top of the proposed antenna by varying
glucose concentrations, and the resulting frequency shifts are
observed. The detailed analysis is discussed as follows.

3.1 Finger phantom at the bottom of the
antenna

The human finger phantom discussed in the earlier sub-
sections is placed at the bottom of the antenna at a spacing

of 0.5 and 1.5 mm away from the feed point of the antenna,
as shown in Figure 12. The cross-section of the E-field dis-
tribution on the phantom is given in Figure 12(c), from
which it is observed that a considerable amount of E-field
variation is observed throughout the phantom. For various
levels of glucose concentration, i.e. from 0 to 500mg/dL, the
resultant S11 parameters are plotted as given in Figure 13.
The graph indicates no variation in the frequency shifts,
which is obvious as there is no field variation on the
ground plane. However, this case is not helpful in evalu-
ating glucose concentration as the shift is less. The next
case of keeping a phantom on the top of the antenna is
studied in the next sub-section.

3.2 Finger phantom at the top of the
antenna

Initially, the finger phantom is placed at the top of the
radiating element at a height of 0 mm and at 0 mm separa-
tion from the input port, as shown in Figure 14(a and b).
For various levels of glucose concentration, i.e. from 0 to
500mg/dL, the resultant S11 parameters are plotted as
given in Figure 14(b). From the obtained graph, much fre-
quency shift is not observed w.r.t. the glucose concentra-
tion variation and hence this case is not considered.

Another case of keeping finger phantom at the top of
the sensor at a height of 0 mm and at a distance of 1.5 mm
from the input port is considered as shown in Figure 15(a)
and the resultant S11 parameters are given in Figure 15(b).
From the S parameters, it is observed that no frequency
shift is observed as the phantom and radiating patch are in
direct contact. Hence, this case is also not useful in deter-
mining glucose concentration in the blood samples.

After performing exhaustive simulations by keeping
the finger phantom at different locations on the antenna,

Figure 8: Proposed slotted arrow-shaped microwave antenna sensor.

Figure 9: Fabricated prototype: (a) top view and (b) bottom view.
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considerable frequency shifts with change in glucose con-
centration are finally observed when the finger phantom is
at the top of the antenna at a height of 0.5 and 1.5 mm away
from the antenna excitation, as shown in Figure 16. The
proposed sensor is suitable for real-time calculations of the
glucose variations in the blood samples as its dimensions
are compatible with the real human finger, as shown in
Figure 16(b). From Figure 16(b), it is observed that the size
of the proposed antenna is compatible with real human
finger. This would enable us to claim that the proposed
sensor can be used in the real-time applications for the
blood glucose level measurements. Figure 16(c) gives the
cross-section E-field variation with the finger phantom
placed on the antenna, from which maximum variation
of E-field compared to all the previous cases is observed
when the finger phantom is placed above the antenna at a
height of 0.5 and 1.5 mm away from the antenna excitation.

For various levels of glucose concentration, i.e. from 0
to 500mg/dL, the resultant S11 parameters are plotted as
given in Figure 17(a). From Figure 17(a), it is observed that
a clear and measurable frequency shift is observed by
varying the glucose concentration levels. The obtained
shifts with different glucose levels are given in Table 3,
from which it is observed that good frequency shifts are
obtained with changes in the glucose concentrations. When
the glucose concentration is varied from 0 to 75mg/dL, a
frequency shift of 5MHz is observed. When the concentration
is varied from 75 to 125mg/dL, a frequency shift of 4MHz is
observed. Similarly, the change of glucose concentration from
125 to 175mg/dL gives a frequency shift of 2MHz. From 175 to
250mg/dL variation, a frequency shift of 3 GHz is obtained.
From 250 to 375mg/dL variation, a frequency shift of 1.75 GHz
is obtained. Finally, when the concentration is in the range of
375–500mg/dL, the obtained frequency shift is 1.25 GHz. As a
clear shift in the frequency is observed for each case of glu-
cose concentration variation, the proposedmicrowave sensor
is a suitable device for predicting the glucose in the blood
with minimum error. From the values given in Table 2, it is

Figure 10: (a) Simulated S11-parameters of the slotted arrow-shaped
sensor, (b) comparison with HFSS and measured results, and (c) mea-
surement setup.

Figure 11: Electric field variation of the slotted arrow-shaped sensor at
2.45 GHz.
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observed that the proposed sensor gives good sensitive values
at lower glucose concentration levels, i.e. in the range of
0–250mg/dL.

For the case of 0 mg/dL, S11 parameters are measured
by keeping the finger of a normal person on the top of the
antenna, as shown in Figure 16(b), and are closely matched
with simulation values and the comparison of both simu-
lated and measured values are given in Figure 17(b).
In addition to the frequency shift values, the other impor-
tant parameters to be studied in Table 2 are sensitivity
values. Also, good sensitivity values are obtained using
the proposed microwave sensor, and a maximum sensi-
tivity of 8.0 MHz/mg/mL is obtained as the glucose concen-
tration changes from 75 to 125 mg/dL, as given in Figure
17(c). Also, the variation of resonant frequency w.r.t.

Figure 12: Phantom at the bottom of the antenna: (a) top view, (b) side view, and (c) E-field distribution with finger phantom placed.

Figure 13: S11-parameters variation with glucose concentration.

Figure 14: Phantom at the top of the antenna at 0 mm height and at 0 mm distance from input port: (a) top view and (b) S11 parameters.
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Figure 15: Phantom at the top of the antenna at 0 mm height and at 1.5 mm distance from the input port of antenna: (a) side view and (b) S11
parameters.

Figure 16: Phantom at the top of the antenna at 0.5 mm height and 1.5 mm distance from the input port of antenna: (a) top view, (b) at measurement,
and (c) E-field distribution with finger phantom placed.
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frequency is given in Figure 17(d). The sensitivity plots
are obtained using the least-square error method, and
the curve fitting is done by considering different ranges
of glucose concentrations, and the plots are given in
Figure 18. Figure 18(a) gives the sensitivity plot by con-
sidering glucose concentration in the range of 75–350mg/dL,
and the sensitivity is observed to be 3.5222MHz/mg/mL,
which is obtained from the slope of the curve. Similarly,
Figure 18(b) gives the sensitivity value of 3.2881MHz/mg/mL,
which is plotted by considering glucose concentration in the
range 125–300mg/dL.

In order to validate, whether the square-shaped finger
phantom chosen in the present experiment is apt or not,
two more finger phantom shapes, viz. cylindrical and ellip-
soid, are considered, as shown in Figure 19, and the fre-
quency shifts are generated in Figure 20. From the plotted
graphs, it is observed that either cylindrical or elliptical
phantoms do not give satisfactory frequency shifts, and
hence, the square-shaped finger phantom chosen in the
experiment is the apt choice for glucose monitoring in
the blood. The details are given in Table 4, from which it
is observed that the better frequency shifts are obtained

Figure 17: (a) S11-parameter variation with glucose concentration, (b) comparison with measured value for 0 mg/dL case, (c) glucose concentration vs
frequency shift, and (d) resonant frequency vs frequency shift.
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using a square-shaped phantom, as the glucose changes
from 0 to 500mg/dL, whereas using cylindrical and ellip-
soid phantoms, the total shifts obtained are too lowmaking
them unsuitable for glucose monitoring. Hence, for the
present experiment, square-shaped phantom is the apt
choice.

From the results discussed in this sub-section and pre-
vious sub-section, it is concluded that the better position to
place the finger to measure the variation of glucose con-
centrations is on the top of the antenna at a height of
0.5 mm and a distance of 1.5 mm from the input port of
antenna element. This is because a clear frequency shift

is observed when the finger of a healthy person or a glu-
cose concentration varying finger is placed above the
antenna.

3.3 Two antenna models for glucose
monitoring

From the analysis presented in the previous sub-section, it
is concluded that better frequency shifts are obtained
when the finger phantom is placed over the top of the

Table 3: Summary of resonant frequencies obtained for different glucose concentrations

Glucose concentration
(mg/dL)

Resonant
frequency (GHz)

Bandwidth
(GHz)

Q-factor Frequency
shift (MHz)

Sensitivity
(MHz/(mg/mL))

— 2.45 0.035 70 — —

0 4.8710 0.2571 18.946 — —

75 4.8760 0.2585 18.8627 5 6.66
125 4.8800 0.2596 18.7981 4 8
175 4.8820 0.2594 18.8203 2 4
200 4.8830 0.2591 18.846 1 4
225 4.8840 0.2588 18.871 1 4
250 4.8850 0.2592 18.8464 1 4
300 4.8855 0.2598 18.804 0.5 1
350 4.8860 0.2602 18.776 0.5 1
375 4.88675 0.2612 18.7088 0.75 3
400 4.8870 0.2617 18.672 0.25 1
450 4.8873 0.2620 18.653 0.3 0.6
500 4.8880 0.2622 18.6422 0.7 1.4

Figure 18: Sensitivity plots obtained using the least-square error method for varying glucose concentration from (a) 75 to 350 mg/dL and (b) 125 to
300 mg/dL.
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antenna at a height of 0.5 mm and a distance of 1.5 mm
from the input port of the antenna element. In the present
sub-section, for the first time, a two-antenna model is pre-
sented for glucose level monitoring in blood samples. The
finger phantom is placed between the two antennas, as
shown in Figure 21, and two important parameters, viz.

group delay and isolation, are evaluated for different glu-
cose concentrations.

In Figure 22(a), the variation in group delays with
respect to frequencies is shown for different glucose con-
centrations, viz. 0, 125, 250, and 500mg/dL. From the plot, it
is observed that group delay is decreasing when the

Figure 19: Various other shapes of finger phantom: (a) cylindrical finger phantom and (b) ellipsoid finger phantom.

Figure 20: Frequency shifts obtained using: (a) cylindrical finger phantom and (b) ellipsoid finger phantom.

Table 4: Comparison of frequency shifts with various types of finger phantoms

Glucose concentration
(mg/dL)

Frequency shift – cylindrical
phantom (MHz)

Frequency shift – ellipsoid
phantom (MHz)

Frequency shift – square-shaped
phantom (MHz)

0 — — —

125 0 0.1 9
250 0.1 0.1 5
500 0.1 0.3 3
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glucose concentration increases from 0 to 500mg/dL. This
is due to the fact that when the glucose concentration
increases, a dielectric constant of the finger phantom
decreases. The dielectric constant consists of real and ima-
ginary parts, and the rate of decrease in the imaginary part
is higher. Hence, the slope of the curve decreases as the
concentration increases. The group delay is the derivative
of the angle (function of frequency), and thus, the group
delay decreases with increasing glucose concentration [3].
Similarly, isolation between the two antennas for different
glucose concentrations is presented in Figure 22(b). A small
decrement in isolation is observed with an increase in
glucose concentration. This is due to the fact that the
increase in glucose concentration decreases the dielectric
constant of the phantom, which is placed in between the
two antennas. The lesser dielectric constant results in more

surface current, giving rise to lesser coupling. However, in
the present case, a small change in the isolation is observed
for different glucose concentrations.

The performance of the proposed microwave sensor
is compared with some existing sensors in the literature
that are used for glucose level monitoring and are given
in Table 5. The work mentioned in the study of Turgul
and Kale [31] developed a novel CPW sensor for measur-
ing glucose concentration at 1.8 GHz operating frequency.
However, the work mentions that the glucose concentra-
tions are up to 16,000 mg/dL, which is practically not
required. Also, the sensitivity values mentioned in the
work are calculated from 100 to 500mg/dL. In the study
of Hasan et al. [32], a novel dielectric resonator antenna
for evaluating glucose concentrations at 4.7 GHz has
been presented, which also carries the calculations up

Figure 21: Two antenna models: (a) side view and (b) transparent view.

Figure 22: Glucose concentration variation w.r.t. (a) group delay and (b) isolation.
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to 16,000mg/dL and getting a sensitivity value of 0.28MHz/
mg/mL. Islam et al. [33] presented the novel design of a
microstrip sensor operating in the wideband of 2.5–18 GHz
for measuring sugar and salt in solutions, which has the
main limitation of practical reliability. Choi et al. [34] pre-
sented a novel split ring resonator for measuring glucose
concentration, however, giving a sensitivity of 3.287 kHz per
mM. Similarly, the design of flexible biomedical RF sensors
for monitoring glucose concentration in glycerol, operating
at 2.46 GHz is presented in the study of Tiwari et al. [35]. In
the study of Kozak et al. [36], a patch antenna sensor oper-
ating at 2.378 GHz for the detection of frost and ice is devel-
oped. In the study of Saha et al. [37], a two-facing microstrip
sensor for monitoring glucose concentration in blood is pre-
sented. This work uses transmission coefficients to evaluate
the glucose concentration. In [38], a patch antenna operating
at 5 GHz is presented for glucose monitoring in blood sam-
ples with a sensitivity of 0.1 MHz/mg/mL over a glucose con-
centration range of 0 to 250mg/dL. In the study of Turgul
and Kale [39], another single port resonator operating at
4.8 GHz, giving a sensitivity of 1.4 MHz/mg/mL, is presented.
The proposed antenna sensor gives a maximum shift of
17MHz with a sensitivity of 3.4 MHz/mg/mL, making the
proposed antenna sensor a good choice for measuring the
glucose level variation in blood samples.

4 Conclusion

A planar compact and highly sensitive arrow-shaped micro-
wave antenna sensor is developed for measuring glucose
level concentration in blood. A human finger phantom is
modeled using different dielectric constants of the skin
layer, and the phantom is placed at various positions around
the antenna, and the corresponding frequency shifts are
observed by changing the glucose concentration from 0 to
500mg/dL. From the obtained results, it is observed that
better frequency shifts are obtained if the finger is placed
at the top of the radiating element at a height of 0.5mm and
at a distance of 1.5 mm from the input port. Also, a two-
antenna model is presented for estimating glucose concen-
tration by calculating time delay and isolation. Also, Q-factor
and sensitivity are evaluated to understand the perfor-
mance of the proposed sensor. The experiment on the
human finger using an antenna-fabricated prototype also
presents good correspondence with the simulation results.
The developed microwave sensor is a good choice for mon-
itoring glucose concentrations in the blood due to its com-
pactness, high sensitivity, and affordable cost and hence can
be implemented for real-time applications.Ta

bl
e
5:

Pe
rf
or
m
an

ce
co
m
pa

ris
on

of
pr
op

os
ed

w
or
k
w
ith

lit
er
at
ur
e

Re
f.

Te
ch

no
lo
gy

O
pe

ra
ti
ng

fr
eq

ue
nc

y
(G
H
z)

Se
ns
it
iv
it
y

M
ea

su
ri
ng

sa
m
pl
e

[3
1 ]

Pl
an

ar
re
so
na

to
r

3.
25

1.
4
M
H
z/
m
g/
m
L

10
0–

50
0
(m

g/
dL
)(
gl
uc
os
e
va
ria

tio
n
in

bl
oo

d
sa
m
pl
e)

[3
2 ]

N
on

-in
va
si
ve

fi
ng

er
pl
ac
ed

on
di
el
ec
tr
ic
re
so
na

to
r

4.
7

0.
28
1M

H
z/
m
g/
m
L

0–
16
,0
00

(m
g/
dL
)(
gl
uc
os
e
va
ria

tio
n
in

bl
oo

d
sa
m
pl
e)

[3
3 ]

M
ic
ro
st
rip

an
te
nn

a
se
ns
or

2.
5
to

18
—

0–
80

%
of

so
lu
tio

n
(d
et
ec
tio

n
of

sa
lt
an

d
su
ga

r
in

w
at
er
)

[3
4 ]

N
on

-in
va
si
ve

w
ea
ra
bl
e
sp
lit

rin
g
re
so
na

to
r

1.
5

3.
28
7
kH

z
pe

r
m
M

4.
4–

7.
6
m
M
/L

(g
lu
co
se

va
ria

tio
n
in

m
ic
ro
fl
ui
di
c
sa
m
pl
e)

[3
5 ]

In
te
rd
ig
ita

te
d
ca
pa

ci
to
r
(ID

C)
re
so
na

to
r-
et
ch
ed

(C
PW

)
2.
46

2
M
H
z/
m
g/
m
L

0–
80

m
g/
m
l(
gl
uc
os
e
co
nc
en

tr
at
io
n
in

gl
yc
er
ol
)

[3
6 ]

Pa
tc
h
an

te
nn

a
se
ns
or

2.
37
8

2–
8
M
H
z/
80

–1
60

µL
D
et
ec
tio

n
of

ic
e
fr
om

80
to

16
0
µL

[3
7 ]

Tw
o-
fa
ci
ng

m
ic
ro
st
rip

pa
tc
h
an

te
nn

as
60

—
G
lu
co
se

co
nc
en

tr
at
io
n
in

bl
oo

d
up

to
1.
33

m
m
ol
/l

[3
8 ]

Pa
tc
h
an

te
nn

a
5

0.
1M

H
z/
m
g/
m
L

G
lu
co
se

co
nc
en

tr
at
io
n
in

bl
oo

d
fr
om

0
to

25
0
m
g/
dL

[3
9 ]

Si
ng

le
po

rt
re
so
na

to
r

4.
8

1.
4
M
H
z/
m
g/
m
L

G
lu
co
se

co
nc
en

tr
at
io
n
in

bl
oo

d
fr
om

10
0
to

10
00

m
g/
dL

Th
is
w
or
k

Ar
ro
w
-s
ha

pe
d
co
m
pa

ct
m
ic
ro
w
av
e
se
ns
or

2.
45

17
M
H
z/
m
g/
m
L

G
lu
co
se

co
nc
en

tr
at
io
n
in

bl
oo

d
fr
om

0
to

50
0
m
g/
dL

Highly sensitive non-invasive microwave antenna sensor  15



Funding information: This work was funded by the Deanship
of Scientific Research (DSR) at King Abdulaziz University,
Jeddah, Saudi Arabia, under grant No. (RG-98-135-42).

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: The authors state no conflict of
interest.

References

[1] Lin X, Xu Y, Pan X, Xu J, Ding Y, Sun X, et al. Global, regional, and
national burden and trend of diabetes in 195 countries and terri-
tories: An analysis from 1990 to 2025. Sci Rep. 2020;10(1):14790.

[2] Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N,
et al. Global and regional diabetes prevalence estimates for 2019
and projections for 2030 and 2045: results from the international
diabetes federation diabetes atlas, 9th edition. Diabetes Res Clin
Pract. 2019;157(157):107843.

[3] Villena Gonzales W, Mobashsher A, Abbosh A. The progress of
glucose monitoring—A review of invasive to minimally and non-
invasive techniques, devices and sensors. Sensors. 2019;19(4):800.

[4] Juan CG, Bronchalo E, Potelon B, Quendo C, Avila-Navarro E,
Sabater-Navarro JM. Concentration measurement of microliter-
volume water–glucose solutions using Q factor of microwave
sensors. IEEE Trans Instrum Meas. 2019;68(7):2621–34.

[5] Kumar DA, Jayanthy T. Review on non-invasive blood glucose
measurement techniques. Int Conf Comm Sig Proc (ICCSP). 28–30
July 2020:1–8.

[6] Omer AE, Shaker G, Safavi-Naeini S, Alquie G, Deshours F, Kokabi H,
et al. Non-Invasive real-time monitoring of glucose level using
novel microwave biosensor based on triple-pole CSRR. IEEE Trans
Biomed Cir Sys. 2020 Dec;14(6):1407–20.

[7] Yilmaz T, Ozturk T, Joof SA. Comparative study for development of
microwave glucose sensors. Proc 32nd URSI GASS. 2017;1–4.

[8] Yilmaz T, Foster R, Hao J. Radio-frequency and microwave techni-
ques for non-invasive measurement of blood glucose levels.
Diagnostics. 2019;9:1–6.

[9] Vrba J, Karch J, Vrba D. Phantoms for development of microwave
sensors for noninvasive blood glucose monitoring. Int J Antennas
Propag. 2015;2015:1–5.

[10] Yee SK, Lim SCJ, Pong PS, Dahlan SH. Microstrip defected ground
structure for determination of blood glucose concentration. Prog
Electromagn Res C. 2020;99:35–48.

[11] Januszkiewicz Ł, Barba PD, Hausman S. Optimization of wearable
microwave antenna with simplified electromagnetic model of the
human body. Open Phys. 2017;15(1):1055–60.

[12] Turgul V, Kale I. A novel pressure sensing circuit for noninvasive
RF/microwave blood glucose sensor. IEEE conference
Mediterrannean Microwave Symposium (MMS); 2016. p. 512–6.

[13] Megdad AR, Aldhaheri RW, Sobahi NM. A noninvasive method for
measuring the blood glucose level using a narrow band microstrip
antenna. ACES J. 2022;37(11):1118–30.

[14] Deshmukh VV, Ghongade RB. Measurement of dielectric properties
of aqueous glucose using planar ring resonator. 2016 Int Conf
Microelectronics, Comp Comm (MicroCom); 2016:1–5.

[15] Bamgboje D, Christoulakis I, Smanis I, Chavan G, Shah R,
Malekzadeh M, et al. Continuous non-invasive glucose monitoring
via contact lenses: Current approaches and future perspectives.
Biosensors, mdpi. 2021;11:189.

[16] Karacolak T, Moreland EC, Topsakal E. Cole-cole model for glucose-
dependent dielectric properties of blood plasma for continuous
glucose monitoring. Microw Opt Technol Lett. 2013 Mar
23;55(5):1160–4.

[17] Hays M, Wojcieszak S, Nusrat N, Secondo LE, Topsakal E. Glucose
dependent cole-cole models for rat blood plasma from 500 MHz to
40 GHz for millimeter wave glucose detection. Microw Opt Technol
Lett. 2020;62(9):2813–20.

[18] Nella A, Aldhaheri RW, Kamili JB, Sobahi NMKA. A non-invasive
method of monitoring glucose in blood using a planar Yagi-Uda
antenna and microstrip filter. Elektron Elektrotech.
2023;29(1):33–9.

[19] Sbrignadello S, Pacini G, Tura A. Determination of glucose levels
during dialysis treatment: different sensors and technologies.
J Sensors, Hindawi. 2016;2016:1–8.

[20] Islam MT, Hoque A, Almutairi AF, Amin N. Left-handed metama-
terial-inspired unit cell for S-band glucose sensing application.
Sensors. 2019;19(1):169.

[21] Omer AE, Safavi-Naeini S, Hughson R, Shaker G. Blood glucose level
monitoring using an FMCW millimeter-wave radar sensor. Remote
Sens. 2020;12(3):385.

[22] Cebedio MC, Rabioglio LA, Gelosi IE, Ribas RA, Uriz AJ, Moreira JC.
Analysis and design of a microwave coplanar sensor for non-
invasive blood glucose measurements. IEEE Sens J. 2020 Sep
15;20(18):10572–81.

[23] Liu W, Yang X, Niu Y, Sun H. Improve planar multiple split-ring
sensor for microwave detection applications. Sens Actuators A:
Phys. 2019;297(1):111542.

[24] Baghelani M, Abbasi Z, Daneshmand M, Light PE. Non-invasive
continuous-time glucose monitoring system using a chipless prin-
table sensor based on split ring microwave resonators. Sci Rep.
2020;10(1):12980.

[25] Tawfeeq NN, Mahmood SD. Simulation study of microstrip antenna
for 2.45 GHz applications based on octagon shaped. Mater Today:
Proc. 2021;42(5):2448–56.

[26] Su, Rehman, Haider WA, Khalid K, Farooq O, Mahmood U. Design
and comparative analysis of 2.45 GHz rectangular microstrip Patch
Antenna. 2020 International Conference on Engineering and
Emerging Technologies (ICEET). Lahore, Pakistan; 2020. p. 1–5.

[27] Memon AW, de Paula IL, Malengier B, Vasile S, Van Torre P, Van
Langenhove L. Breathable textile rectangular ring microstrip patch
Antenna at 2.45 GHz for wearable applications. Sensors.
2021;21(5):1635.

[28] Ram P, Yadav A, Suman MK, Kumar A. Graphene based circular
shaped micro strip patch antenna array for 2.45 GHz ISM band
application. Wirel Pers Commun. 2021;116:1613–20.

[29] Balanis CA. Antenna theory analysis and design. 3rd edn. New York:
John Wiley & Sons; 2005.

[30] Lumnitzer R, Tanner A, Elsherbeni AZ. Debye coefficients for biolo-
gical tissues from 100 MHz to 100 GHz. ACES J. 2020;35(11):1424–25.

[31] Turgul V, Kale I. Simulating the effects of skin thickness and fin-
gerprints to highlight problems with non-invasive RF blood glucose
sensing from fingertips. IEEE Sens J. 2017;17(2):7553–60.

16  Rabah W. Aldhaheri et al.



[32] Hasan MN, Tamanna S, Singh P, Nadeem MD, Rudramuni M.
Cylindrical dielectric resonator antenna sensor for non-invasive
glucose sensing application. 2019 6th International Conference on
Signal Processing and Integrated Networks (SPIN): 2019;961–4.

[33] Islam MT, Rahman MDN, Singh MSJ, Samsuzzaman MD. Detection
of salt and sugar contents in water on the basis of dielectric
properties using microstrip antenna-based sensor. IEEE Access.
2018;6:4118–26.

[34] Choi H, Naylon J, Luzio S, Beutler J, Birchall J, Martin C, et al. Design
and in vitro interference test of microwave noninvasive blood
glucose monitoring sensor. IEEE Trans Microw Theory Tech.
2015;63(10):3016–25.

[35] Tiwari NK, Singh SP, Mondal D, Akhtar MJ. Flexible biomedical
RF sensors to quantify the purity of medical grade glycerol

and glucose concentrations. Int J Microw Wirel Technol.
2019;12(2):120–30.

[36] Kozak R, Khorsand K, Zarifi T, Golovin K, Zarifi MH. Patch antenna
sensor for wireless ice and frost detection. Sci Rep. 2021;11:13707.

[37] Saha S, Cano-Garcia H, Sotiriou I, Lipscombe O, Gouzouasis I,
Koutsoupidou M, et al. A glucose sensing system based on trans-
mission measurements at millimetre waves using micro strip patch
antennas. Sci Rep. 2017;7:6855.

[38] Vrba J, Vrba D. A microwave metamaterial inspired sensor
for non-invasive blood glucose monitoring. Radio Eng.
2015;24(4):877–84.

[39] Turgul V, Kale I. Influence of fingerprints and finger positioning on
accuracy of RF blood glucose measurement from fingertips.
Electron Lett. 2017;53(4):218–20.

Highly sensitive non-invasive microwave antenna sensor  17


	1 Introduction
	2 Antenna design and glucose concentration monitoring
	2.1 Basic rectangular patch antenna
	2.2 Design of finger phantom for glucose monitoring
	2.3 Slotted microwave sensor
	2.4 Slotted arrow-shaped microwave sensor

	3 Experiment on proposed antenna's performance for various finger positions
	3.1 Finger phantom at the bottom of the antenna
	3.2 Finger phantom at the top of the antenna
	3.3 Two antenna models for glucose monitoring

	4 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


