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We measured the glucose concentration by using the real-time electromagnetic interaction between probe-tip and glucose solution
using a microwave biosensor. The microwave biosensor, consisting of a dielectric resonator coupled to the probe-tip, allows
observation of the small variation of the glucose concentration changes in the ranges of 0–300 mg/ml by measuring the microwave
reflection coefficient S11. We could observe the concentration of glucose with a detectable resolution up to 1 mg/ml at an operating
frequency of about f = 4-5 GHz. The change of the glucose concentration is directly related to the change of the reflection
coefficient due to the electromagnetic interaction between the microwave resonator and the glucose solution. The operational
principal is explained by the plane-wave solution model. The measured signal-to-noise ratio was about 37 dB, and the minimum
detectible signal was about 0.003 dB/(mg/ml). A glucose biosensor using a microwave resonator with probe provides a unique
approach for glucose real-time monitoring.

1. Introduction

The real-time detection and the quantification of glucose
concentration with high sensitivity, selectivity, and accuracy
are required in many different areas. Accurate and rapid
measurement of the glucose concentration is very important
in biological analysis and clinical monitoring and in the
food processing industry [1, 2]. The food, beverage, and
pulp industries require simple, fast, and economic analytical
methods in order to control fermentation and for quality-
control processes. Accurate measurements of the dielectric
properties of glucose in aqueous solutions are essential for
both fundamental studies and biomedical applications.

Glucose biosensors have taken several forms, based
on electrochemical, optical, piezoelectrical, thermal, and
mechanical principles [3–9]. Most of sensors are based
on electrochemical principles and employ enzymes for
molecular recognition. Though the first amperometric enzy-
matic glucose biosensor was developed in the 1960s, the
amperometric enzymatic principle is still of interest to

many researchers because of its high selectivity to glucose
[5, 7]. Devices incorporating this technology have already
passed the stage of proof of concept. Amperometric enzyme
electrodes hold a leading position among present glucose
biosensor systems and have already found a large commercial
market. Recently, a number of mechanically based glucose
biosensors based on the cantilever platform have been
demonstrated and found to respond specifically to the
correct analyte over a wide concentration range [4, 6].
Optical glucose biosensors are exploiting electromagnetic
wave interactions with the glucose solution on the sensor
surface to allow real-time analytical-evaluation of glucose
[8, 9]. Commercial development of these devices has allowed
measurement of glucose concentration with sufficient accu-
racy for several applications. However, the existing devices
are largely limited to monitoring patterns and trends or are
invasive. Efforts are now being made to find new technol-
ogy noninvasive, quantitative real-time glucose monitoring.
Techniques with high sensitivity and efficiency for the detec-
tion of glucose concentration using a noninvasive technology
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are therefore of importance in biosensor construction. In
order to better characterize the concentration of glucose, we
take advantage of the noninvasive evaluation capabilities of a
real-time interaction technique using a microwave biosensor
[10–14]. The microwave waveguide resonator biosensor is
a new physical approach to real-time determination of the
glucose concentration.

In this paper, we monitored the glucose concentration by
using a microwave sensing technique in real-time [15–19].
The changes in the glucose concentration due to a change
in the permittivity of the glucose solution were investigated
by measuring the microwave reflection coefficient S11 of
probe/sample system. The change in the glucose concen-
tration was directly related to the change in the intensity
of the reflection coefficient S11 due to an electromagnetic
interaction between the microwave probe-tip and the glucose
solution.

2. Experimental

2.1. Apparatus. We fabricated the biosensor based on
the microwave resonator. The experimental setup of the
microwave biosensor is shown in Figure 1(a). The microwave
biosensor consisted of a high Q-factor dielectric resonator
coupled to an Au probe-tip [20]. The resonance frequency
of a given TE011 mode was about 4.6 GHz. The Ba(ZrTa)O3

dielectric cylindrical resonator with dielectric constant ε =
29 has inner and outer diameters of 2 mm and 14 mm,
respectively, and a height of 5.8 mm. The diameter of the
metal cylindrical cavity is 32 mm, and the height is 14 mm.
The dielectric resonator has a fixed resonance frequency
determined by the material, dimensions, and the shielding
cavity parameters. In order to achieve the best possible
sensitivity, we tuned the resonance frequency and the
impedance simultaneously by adjusting the tuning screw
before scanning over the sample. To obtain high sensitivity
of the biosensor, a gold coated probe-tip with a round apex
(and with a diameter of 1 mm) and cylindrical end was used
and attached to the inner loop of the resonator.

The silicon tube with wall thickness tt = 0.4 mm and
inner diameter tg = 2.5 mm was mounted on the cylindrical
end of the probe-tip as shown in Figure 1(b). The entire
system was placed on a mechanical vibration isolation table,
and measurements were performed inside an electromag-
netically shielded environment with automated temperature
and humidity control. The glucose flows inside the tube
with the constant vg = 2 mm/s speed. To determine the
glucose concentration changes, we measured the reflection
coefficient S11 of the microwave resonator using a network
analyzer. At the start of measurement the input loop and
resonator impedances are matched, by adjustment of the
tuning screw and positioning of the dielectric resonator, to
minimize the reflection coefficient S11. Subsequent changes
in electromagnetic coupling between the probe-tip and the
sample cause an increase in the magnitude of S11, and this
forms the basis of sample characterization. All measurements
were done at 37◦C. At resonance, for the given mode
TE011, the unloaded Q-factor was 24,000, and the probe-tip
characteristic impedance was Z0 = 50Ω.
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Figure 1: (a) Experimental setup, (b) tip-sample configuration, and
(c) equivalent impedance model of microwave biosensor.

2.2. Plane-Wave Solution. The microwave reflection prin-
ciple can be explained by the plane-wave solution model.
Figure 1(c) presents the equivalent impedance model of
the probe-sample configuration. An interpretation of the
reflection coefficient S11 magnitude in terms of medium
parameters is written as [21]

S11 = 20 log
∣
∣
∣
∣

|Zin| − Z0

|Zin| + Z0

∣
∣
∣
∣, (1)

where S11 is the reflection coefficient, Z0 is the characteristic
impedance of the probe tip, and Zin is the complex input
impedance of the tube/glucose/tube/Al system, and it can be
estimated as
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ZgtAl + jZt tan(kttt)
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where Zt and Za (Za = 377Ω) are the complex impedance
of the silicon tube and air, kt and ka (ka = 96 m−1 at
4.6 GHz) are the wave vector in the silicon tube and in air, tt
and tg are the wall thickness and diameter of the cylindrical
silicon tube, respectively. εg is the dielectric permittivity of
the glucose solution, and ZgtAl is the complex impedance of
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Figure 2: (a) Measured microwave reflection coefficient change ΔS11 plotted as a function of the glucose concentrations from DI water to
10 mg/ml with the interval of 1 mg/ml at 4.6 GHz (low concentration range). A solid line shows a fit to (1) and (4) with Z0 = 50Ω. The
inset shows the real-time diagram of the microwave reflection coefficient with two signal levels: for air, that is, empty tube and for (a) DI
water or glucose solution with the glucose concentration of (b) 1 mg/ml, (c) 2 mg/ml, (d) 3 mg/ml, (e) 4 mg/ml, (f) 5 mg/ml, (g) 6 mg/ml,
(h) 7 mg/ml, (i) 8 mg/ml, (j) 9 mg/ml, and (k) 10 mg/ml. (b) The dependences of (a) real (left axis) and (b) imaginary (right axis) parts of
the complex relative permittivity on the glucose concentration (low concentration range: 0–10 mg/ml) as a function of operation frequency
in the 4-5 GHz range.

the glucose/tube/Al system and is given by the expression

ZgtAl = Zg

ZtAl + jZg tan
(

kgtg
)

Zg + jZtAl tan
(

kgtg
) ∼=

jZaka
(

tt + tg
)

1− k2
atttgεg

, (3)

where Zg and kg are the complex impedance and wave vector
of glucose solution, respectively, and ZtAl is the complex
impedance of the silicon tube/Al system (this is similar to
a dielectric on perfect metal system [22]), and it can be
expressed as

ZtAl = jZtkttt = j · Za

√

μt
εt
· ka√μtεt · tt

= jZakaμttt ∼= jZakatt.

(4)

Here εt and μt are the relative dielectric permittivity and the
relative magnetic permeability (μt ≈ 1) of the silicon tube.

The dependence of permittivity on glucose concentration
is approximately linear and is often expressed by the molar
increment, δ: εg = εw+cδ, where εw is the relative permittivity
of water (εw = 71.62 at 4.6 GHz, for 37◦C [23]), c is the
concentration of the glucose in mg/ml, and δ is the increase
in permittivity when the glucose concentration is raised by 1
unit (δ = 0.0577 (mg/ml)−1 [17]).

3. Results and Discussion

3.1. Low Concentration Range. Figure 2(a) shows the
microwave reflection coefficient change ΔS11 dependence of
glucose concentration ranging from deionized (DI) water

(i.e., no glucose) to 10 mg/ml glucose concentration with
an interval of 1 mg/ml. Clear changes in the microwave
resonance were observed as the glucose concentrations were
increased. The intensity of S11 for the tube without (i.e., with
air which is the reference level of S11 for our measurements)
and with DI water was −24 dB and −25.69 dB, respectively.
During the real-time measurement firstly the silicon tube
is filled by DI water, and then it is continuously filled
by glucose solution with the different concentrations.
The maximum intensity of the reflection coefficient is
observed for the sample with the concentration 10 mg/ml
with a monotonic decrease between the minimum and
maximum concentrations of the solution. Clearly the
change in the relative permittivity of the glucose solution
affected the change in the microwave reflection ΔS11. As
the concentration increased, the dielectric permittivity
of the glucose solution increased, and the intensity of
the reflection coefficient S11 almost linearly increased (in
absolute value) as expected from (1) and as shown in the
Figure 2(a). The inset demonstrates the real-time diagram
of the microwave reflection coefficient for (a) DI water and
for glucose with concentration of (b) 1 mg/ml, (c) 2 mg/ml,
(d) 3 mg/ml, (e) 4 mg/ml, (f) 5 mg/ml, (g) 6 mg/ml, (h)
7 mg/ml, (i) 8 mg/ml, (j) 9 mg/ml, and (k) 10 mg/ml. The
relative permittivity of the glucose solution may be estimated
by the intensity of the reflection coefficient at the resonance
frequency. We found a good agreement with theory between
the variation of reflection coefficient S11 and the glucose
concentrations. Figure 2(b) shows the estimated (a) real
and (b) imaginary parts of the complex relative dielectric
permittivity of the glucose solution at the 4-5 GHz range
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Figure 3: (a) Measured microwave reflection coefficient change ΔS11 plotted as a function of the glucose concentrations from DI water to
300 mg/ml with the interval of 50 mg/ml at 4.6 GHz (high concentration range). The inset (a) shows real-time diagram of the microwave
reflection coefficient with two signal levels: for air, that is, empty tube and for (a) DI water or glucose solution with the glucose concentration
of (b) 50 mg/ml, (c) 100 mg/ml, (d) 150 mg/ml, (e) 200 mg/ml, (f) 250 mg/ml, and (g) 300 mg/ml. (b) The dependences of (a) real (left axis)
and (b) imaginary (right axis) parts of the complex relative permittivity on the glucose concentration (0–300 mg/ml) as a function of
operation frequency in the 4-5 GHz range.

plotted as a function of the glucose concentration in the
low concentration range (up to 10 mg/ml). The temperature
of the glucose solution was 37 ± 0.1◦C. Both real and
imaginary parts of the complex relative permittivity show
the same increasing behavior (incidentally, the real part
increased more quickly than imaginary part; Δε′ = 1.08
versus Δε′′ = 0.02 at 4.4 GHz over the range of glucose
concentration up to 10 mg/ml) with increase of glucose
concentration. However, the frequency dependences of the
real and imaginary permittivity were different. If real part
of the relative permittivity decreased (from 72.84 to 71.77
for 10 mg/ml), the imaginary part of the relative permittivity
increased (from 11.32 to 13.89 for 10 mg/ml) with the
increase of operation frequency from 4 GHz to 5 GHz.

3.2. High Concentration Range. Figure 3(a) shows the
microwave reflection coefficient change ΔS11 dependence
of glucose concentrations ranging from DI to 300 mg/ml
glucose concentration with an interval of 50 mg/ml. Again,
the clear changes in the microwave resonance were observed
as the glucose concentrations were increased. The change
in concentration of glucose affected the change in the
relative permittivity of the solution. As the concentration
increased, the dielectric permittivity of the glucose solution
increased, and the intensity of the reflection coefficient
S11 almost linearly increased (in absolute value). The
inset demonstrates the real-time diagram of the microwave
reflection coefficient for (a) DI water and for glucose
solution with glucose concentration of (b) 50 mg/ml, (c)
100 mg/ml, (d) 150 mg/ml, (e) 200 mg/ml, (f) 250 mg/ml,
and (g) 300 mg/ml. Figure 3(b) shows the estimated (a) real

and (b) imaginary parts of the complex relative dielectric
permittivity of the glucose solution in the 4-5 GHz range
plotted as a function of the glucose concentration in the high
concentration range (up to 300 mg/ml). The temperature
of the glucose solution was 37 ± 0.1◦C. The real part of
the relative permittivity decreased (from 89.58 to 88.51
for 300 mg/ml), and the imaginary part of the relative
permittivity increased (from 11.87 to 13.93 for 300 mg/ml)
with an increase of operation frequency from 4 GHz to
5 GHz.

The relationship of microwave reflection coefficient S11

as a function of glucose concentration at lower glucose
concentrations is ΔS11/Δc = 0.0031 dB/(mg/ml) or 2 ·
10−5 (mg/ml)−1 in the linear range. The root-mean-square
statistical noise in S11 for our system is about 10−7 [17, 18].
The measured signal-to-noise ratio (SNR) was about 37 dB.
The smallest detectable change in concentration based on a
criterion of SNR of 37 dB was about 1 mg/ml. By increasing
the Q-factor of the resonator, the slope becomes steeper, and
the sensitivity can be further enhanced.

3.3. Temperature Effect. Due to the sensitivity of the relative
permittivity of the glucose solution to temperature, the
reflection coefficient S11 is strongly dependent on tem-
perature of the solution. Figure 4(a) shows the reflection
coefficient S11 dependence on the temperature for the (a)
DI water and for the glucose solution with the glucose
concentration of (b) 10 mg/ml, (c) 100 mg/ml, and (d)
200 mg/ml. When the temperature of the glucose solution
increased from 32◦C to 42◦C, the reflection coefficient S11

increased due to the decrease of the relative permittivity of
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Figure 4: (a) Measured microwave reflection coefficient S11 plotted as a function of the temperature of the glucose solution in the range
32–42◦C at 4.6 GHz for (a) DI water and glucose solution with concentration of (b) 10 mg/ml, (c) 100 mg/ml, and (d) 200 mg/ml. The inset
shows the measured loss tangent tan δ plotted as a function of the temperature for the DI water and the same concentrations of glucose. (b)
The dependences of (a) real (left axis) and (b) imaginary (right axis) parts of the relative permittivity on the glucose solution temperature
(32–42◦C) as a function of operation frequency in the 4-5 GHz range. The glucose concentration was 100 mg/ml.

glucose solution as shown in Figure 4(b). We observed that
the temperature coefficient variation of reflection coefficient
ΔS11 for 10 mg/ml, 100 mg/ml, and 200 mg/ml glucose
solution was about 0.022%/◦C, 0.017%/◦C, and 0.012%/◦C,
respectively. As the concentration of the glucose solutions
increased, temperature coefficient variations are decreased.
Note that the variation in the real part of the complex
relative permittivity was on the order 0.32%/◦C, 0.29%/◦C,
and 0.27%/◦C for 10 mg/ml, 100 mg/ml, and 200 mg/ml
glucose solution, respectively. The inset of Figure 4(a) shows
the value of loss tangent (tan δ = ε′′/ε′) of solution at
microwaves as a function of temperature for the (a) DI
water and for the glucose concentration of (b) 10 mg/ml, (c)
100 mg/ml, and (d) 200 mg/ml. The tan δ of glucose solution
decreased as the temperature increased due to the real and
imaginary part of the complex relative permittivity of glucose
decreasing (see Figure 4(b)). Note that, as the temperature
of the glucose solution increased, the imaginary part of the
complex relative permittivity of glucose ε′′ decreases more
rapidly than that of real part ε′ (Δε′′ = 2.95 versus Δε′ =
2.37 at 4.4 GHz for the glucose concentration of 100 mg/ml),
hence tan δ decreased. Figure 4(b) shows the estimated (a)
real and (b) imaginary parts of the complex relative dielectric
permittivity of the 100 mg/ml glucose solution plotted as
a function of the temperature of the glucose solution in
the 4-5 GHz range. The real part of the complex relative
permittivity decreased (from 78.04 to 76.97 for 37◦C), and
the imaginary part of the complex relative permittivity
increased (from 11.49 to 14.07 for 37◦C) with the increase
of operation frequency from 4 GHz to 5 GHz.

3.4. Probe-Tip-Glucose Interaction. To visualize the elec-
tromagnetic field distribution during measurement, we

simulated the electromagnetic field interaction between the
probe-tip and glucose solution by using CST Microwave
Studio software. The results are presented in Figure 5. From
the simulated electromagnetic energy distribution, it is seen
that as the glucose concentration increased from Di water,
to 200 mg/ml, the relative permittivity of glucose solution
was increased, and the electric energy density was increased
from 9 mJ/m3 to 19.5 mJ/m3 at maximum. The impedance
of probe-tip/sample system becomes less mismatched with
impedance of the dielectric resonator, thus the amplitude of
the reflection coefficient S11 was decreased. At the same time
the magnetic energy density was still almost the same (not
shown here). Note that the electric energy density exceeds
the magnetic energy density by about 3 times at the same
position.

4. Conclusions

We demonstrated the measurement of the glucose concentra-
tion using a microwave biosensor technique. The microwave
reflection coefficient S11 was sensitive to the concentration of
glucose in the solution and had a linear relation in the all con-
centration range. The measured SNR was about 37 dB, and
the minimum detectible glucose concentration was about
1 mg/ml. These results show the sensitivity and the usefulness
of this method for glucose sensing. This microwave biosensor
has been particularly successful for the real-time monitoring
of the concentration of glucose in aqueous solutions and
mixtures. Practical development of this system will require
significant advances in miniaturization and development of
microwave sensing platforms with high specificity and long
storage life, and integration with microfluidic devices and
application-specific sampling systems.



6 Journal of Sensors

Probe

0 10 20
(mJ/m3)

Glucose

(a)

Probe

0 10 20
(mJ/m3)

Glucose

(b)

Probe

0 10 20
(mJ/m3)

Glucose

(c)

Probe

0 10 20
(mJ/m3)

Glucose

(d)

Figure 5: The simulated images for the electric energy densities of the electromagnetic interaction between the probe-tip and (a) DI water
and glucose solution with the glucose concentration of (b) 10 mg/ml, (c) 100 mg/ml, and (d) 200 mg/ml. The glucose solution temperature
was 37◦C, and the operation frequency was 4.6 GHz.
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