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Abstract—In this paper, a microwave fluidic glucose sensor
based on dual complementary split ring resonators (CSRRs)
with a switching circuit is proposed for non-invasive and con-
tinuous glucose concentration detection. A CSRR has been
designed to detect subtle changes in the dielectric constant of
glucose solutions, and the electric field distribution is utilized
to determine the effective sensing region. In a well-controlled
environment, the glucose concentration can be detected by
tracking the transmission coefficient of the designed CSRR.
However, because the variations in dielectric constant with
the glucose concentration are very small, the environmental
factors (i.e., ambient temperature and relative humidity) can
be dominant compared to the glucose concentration. To qual-
ify the effect of the environmental factors, the variation in the transmission coefficient of the CSRR has been measured
when the ambient temperature condition is varied from 293 K to 313 K and the relative humidity is varied from 30% to 90%
inside temperature- and humidity-controlled chamber. Moreover, the environmental effects are calibrated out using two
identical CSRRs with the switching circuit: one detects changes in the glucose concentration,while the other operates as a
reference for environmental factors. After the elimination of the environmentaleffects, glucose concentrations in the range
of 0 mg/dL to 400 mg/dL have been measured, and the sensitivity is 0.008dB/(100mg/dL). In addition, the reproducibility
of the proposed sensor is verified by repeated measurements. It is demonstrated that the proposed sensor can detect
glucose concentrations under practical environmental conditions.

Index Terms— Glucose sensor, microwave resonator, non-invasive detection, environmental effect elimination, switch-
ing circuit.

I. INTRODUCTION

D IABETES mellitus is a significant worldwide
health problem due to various secondary diseases.

Blood glucose levels higher than 230 mg/dL are called
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hyperglycemia [1]. If hyperglycemia persists, it causes many
complications such as stroke, eye disease, renal failure, and
diabetic foot [2], [3]. Another severe case, hypoglycemia,
refers to a condition in which the blood glucose level
is less than 65 mg/dL [4]. Hypoglycemia has a higher
rate of mortality than hyperglycemia [5]. To avoid these
dangerous conditions, diabetic patients take a blood sample
from their fingertip using a lancet from a commercial
blood glucose sensor several times a day [6]. This process
of pricking a fingertip every day to monitor the blood
glucose level is very painful for patients. To alleviate this
affliction, various devices have been proposed to detect
blood glucose levels via non-invasive methods. Thermal
emission spectroscopy is a method for measuring the emitted
infrared (IR) signals generated from the human body due
to changes in blood glucose levels [7]. However, this
method has limitations because it is affected by the ambient
temperature and body movements. Another non-invasive
method is Raman spectroscopy [8]. This method uses a laser
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radiation source in the visible to mid-infrared (MIR) range
and measures the light scattered from transparent samples.
However, the instability of the laser intensity is a limitation.
In addition, the need for a long spectral acquisition time
limits the use of Raman spectroscopy. Ocular spectroscopy is
another non-invasive method for glucose monitoring [9]. This
method measures the glucose concentration in tears using
a contact lens. The lens is illuminated with a light source,
and the variation in the wavelength of the reflected light is
measured. However, this method has several limitations such
as biocompatibility, lifetime of the contact lens, discomfort,
and a time delay between the tear and blood glucose levels.

On the other hand, the microwave method utilizes the pen-
etrating capability of electromagnetic wave [10]–[16]. Among
microwave devices, microwave resonators are advantageous
for non-invasive detection because they store electromagnetic
energy in the near-field region, where there is a strong elec-
tromagnetic field within a short distance. Moreover, they are
reusable, portable, easy to fabricate and have low power con-
sumption. Because of these advantages, non-invasive glucose
sensors utilizing the microwave method have been proposed in
recent decades [17]–[21]. However, microwave-based sensors
are strongly affected by changes in temperature and other
physical parameters [22]. Because the variations in the elec-
trical properties of the blood glucose level as a function of the
concentration are extremely small, these variations are highly
obscured by small changes in other parameters, such as physi-
cal environmental parameters, including the ambient tempera-
ture and relative humidity. Thus, it is necessary to consider the
effects of the surrounding environmental conditions to realize
more practical and accurate detection. In an effort to alleviate
this problem, a temperature correction function was derived to
eliminate the detection error caused by ambient temperature
fluctuations in our previous study [23]. However, this method
calibrates out only the ambient temperature effect by utilizing
a temperature correction function obtained from the response
of the sensor. Thus, the effect of the ambient temperature
is not removed in real time. The ambient temperature can
also be corrected by precisely knowing the temperature at the
time of the measurement. In addition, the derived temperature
correction function has a limitation: it is only applicable to the
proposed certain resonator.

In this paper, changes in the dielectric constant due to
changes in the ambient temperature and relative humidity are
analyzed. In addition, a complementary split ring resonator
(CSRR) is designed to detect the glucose concentration; then,
a fluidic glucose sensor based on dual CSRRs and a switching
circuit is proposed to calibrate out the errors due to changes in
the environmental conditions in real time. Moreover, the per-
formance of the proposed sensor is verified by repeated mea-
surements. It is demonstrated that glucose concentrations can
be noninvasively and continuously detected by the proposed
sensor under practical environmental conditions.

II. SENSOR DESIGN

A. Motivation for the Proposed Sensor
The accuracy of glucose level detection by the microwave

technique is affected by environmental conditions [22]. It is

well known that the ambient temperature and relative humidity
affect the dielectric constant of liquid and air, and these
effects must be minimized because the detection of glucose
concentrations with a microwave resonator is based on the
detection of subtle changes in the dielectric constant of the
analytes. With this motivation, the effects of the ambient
temperature and relative humidity on DI water and air are
analyzed, and a fluidic glucose sensor that eliminates the
environmental effects is proposed in this paper.

1) Environmental Effects on DI Water: The frequency depen-
dence of the permittivity of water is given by the Debye model
as follows:

εwater = ε∞ + εs − ε∞
1 − j ( f/γD)

(1)

where εs is the static permittivity of DI water and ε∞ is
the optical permittivity at high frequency. γD is the elec-
trical relaxation frequency. As the temperature increases,
the hydrogen-bonded forces between H2O molecules follow an
exponential temperature law, and DI water has lower viscosity.
Thus, the parameters in (1) are modified as follows [24]:

ε∞ = 0.066 · εs (2)

and

γD = 20.1 ex p(7.88 · θ) (3)

where

θ = 1 − 300

T
(4)

T is the ambient temperature in Kelvin. As shown in (1)-(4),
the permittivity of DI water is affected by the ambient tem-
perature.

2) Environmental Effects on Air: The permittivity of air is
not frequency dependent, unlike that of DI water [25]. The
permittivity of air, including the environmental parameters,
is expressed as follows [26]:

εair = ε0 ·
[

1 + 211

T
·
(

P + 48 · Ps · RH

T

)
· 10−6

]
(5)

where ε0 is the permittivity of vacuum (8.854×10−12), RH is
the relative humidity as a percentage (%), and P and Ps are
the air pressure and saturated water vapor pressure in mmHg.
The permittivity of air is affected by the ambient temperature,
relative humidity and air pressure.

The ambient temperature affects both the permittivity of
water and that of air, whereas the relative humidity affects only
the permittivity of air. It is clear that the ambient temperature
more significantly affects the glucose concentration detection
than the relative humidity does.

B. Design of the Microwave Resonator
In recent decades, various glucose sensors in the microwave

regime have been reported [27]–[32]. However, they are
impractical because they are bulky and blood must be col-
lected for actual use. Thus, planar microwave glucose sensors
have been proposed [33]–[35]. A complementary split ring
resonator (CSRR), which is a planar-type microwave resonator,
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Fig. 1. Design and simulation of the complementary split ring resonator
(CSRR) (a) Double split ring of the designed CSRR. (a = 7.9 mm, b =
5.94 mm, c = 0.38 mm, and d = 0.2 mm). (b) Transmission coefficient of
the CSRR. (c) Electric field distribution.

is widely used for material characterization due to the strongly
formed electromagnetic field and high sensitivity [36]. In a
CSRR, the ground plane of the microstrip line is etched in
the form of double square rings with a gap. Resonance of the
CSRR occurs by the inductive and capacitive components of
the double split ring and the capacitance between the signal
line and the ground plane. Thus, the resonant frequency of the
CSRR is determined as follows [37]:

fr = 1

2π
√

Lr (C + Cr )
(6)

where Lr and Cr are the inductance and capacitance of the
double split ring, respectively. C is the capacitance between
the signal line and the ground plane. The double split ring of
the designed CSRR is shown in Fig. 1(a). The transmission
characteristic of the designed CSRR is -28 dB at 2.45 GHz,
which is in the ISM band, as shown in Fig. 1(b). Detec-
tion using microwave resonators basically utilizes changes
in their characteristics due to the interaction between the

Fig. 2. Configuration of proposed sensor. (a) Schematic. (b) Operation
of reference path. (c) Operation of sensing path.

electromagnetic field and the analytes. It is demonstrated that a
higher-intensity electromagnetic field improves the sensitivity.
Thus, based on the electric field distribution obtained by
simulation, as shown in Fig. 1(c), the effective sensing region
is determined to be the center of the double split ring, where
the electric field is the strongest.

C. Configuration of the Proposed Sensor
Based on the previous section, the elimination of envi-

ronmental effects is clearly necessary to detect the glucose
concentration using a microwave resonator. The configuration
of the proposed sensor for environmental effect elimination is
shown in Fig. 2(a). Two identical CSRRs are employed for
calibrating out the errors due to environmental effects. One of
the two CSRRs detects only environmental conditions, acting
as a reference resonator, while the other sensing resonator
detects both the environmental conditions and the glucose
concentration. It is assumed that identical CSRRs exhibit
identical frequency characteristics as a function of ambient
temperature and relative humidity variations. Note that these
two CSRRs are located sufficiently far from each other so
that there is no interference between them. Moreover, two
RF switches are connected to both ends of the resonators to
decrease the number of RF ports and improve the isolation
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between the two resonators. In addition, the cost of measure-
ment can be reduced by decreasing the number of ports. For
error correction in real time, the signal path is alternately
determined using two switches by simultaneously supplying
a bias every 0.5 sec. When a bias 1 is high and bias 2 is low,
the reference path is selected as shown in Fig. 2(b), and the
transmission coefficient of reference resonator is measured.
After 0.5 second, the bias 1 and bias 2 are changed to low
and high, respectively. Then the sensing path is selected as
shown in Fig. 2(c) and the transmission coefficient of sensing
resonator is measured. The environmental effect elimination
can be conducted by calculating the differences between the
transmission coefficients of reference and sensing resonators
every second. This process is repeated for the continuous
monitoring.

To characterize the performance of the proposed sensor,
the transmission coefficient is mathematically analyzed. The
assumed experimental conditions are that the fluidic channel
that contains the glucose solution passes over the resonator
while the ambient temperature, relative humidity and glucose
concentration are varied. Then, the amplitude and phase com-
ponents of the transmission coefficient of the CSRR with the
fluidic channel are modulated by the time-varying components
as follows:

S21,sensor = |Asensor | · e j ( � Asensor )

= ∣∣A f ixed
∣∣ · ∣∣1 + τvarying

∣∣ · e j ( � A f ixed +� τvarying )

= |AC S R R|·|1+τT (t)| · |1+τR H (t)| · ∣∣1+τglu(t)
∣∣

· e j ( � ACS RR +� τT (t)+� τRH (t)+� τglu (t)) (7)

where |Asensor | is the amplitude of the transmission coeffi-
cient, which is composed of a fixed signal and time-varying
signals. The fixed signal value is the transmission coefficient of
the CSRR with the fluidic channel that contains deionized (DI)
water (AC S R R). The time-varying signals contain information
on the ambient temperature (τT ), relative humidity (τR H ) and
glucose concentration (τglu). Because the amplitude and phase
variations due to the changes in the glucose level are very
small, they can be considered as a narrowband modulation,
and (5) can be simplified as follows [38]:

S21,sensor =|AC S R R|·|1+τT (t)|·|1 +τR H (t)|·∣∣1+τglu(t)
∣∣

· [1 + j ( � τglu)
] · e j ( � ACS RR +� τT (t)+� τRH (t)) (8)

From (6), note that the ambient temperature and relative
humidity lead to amplitude and phase modulations, whereas
the glucose concentration leads to only amplitude modulation.
τglu can be considered a constant, and the transmission coef-
ficient can be expressed as follows:

S21,sensor =|AC S R R|·|1+τT (t)|·|1+τR H (t)|·∣∣1+τglu(t)
∣∣

· e j ( � ACS RR +� τT (t)+� τRH (t)) (9)

When this result is applied to the reference resonator, which
detects only environmental conditions, it can be expressed as
follows:

S21,re f = |AC S R R| · |1 + τT (t)| · |1 + τR H (t)|
· e j ( � ACS RR +� τT (t)+� τRH (t)) (10)

Fig. 3. Photograph of the fabricated sensor. (a) Top view. (b) Bottom
view.

Fig. 4. Transmission coefficient of the reference resonator and sensing
resonator.

Then, the transmission coefficient due to the variation in the
glucose concentration can be calculated as follows:

S21,glucose = S21,sensor / S21,re f (11)

D. Fabrication of the Sensor and Experimental Setup
The proposed CSRR is fabricated by photolithography and

a chemical etching process, as shown in Fig. 3(a) and (b).
The substrate of the proposed sensor is Neltec NY9217(IM),
which has a dielectric constant of 2.17, a dielectric loss (tanδ)
of 0.0008, and a thickness of 0.8 mm. A fluidic channel of
PTFE (polytetrafluoroethylene) with a permittivity of 2.1 and
a loss tangent of 0.001 is prepared. The inner and outer
diameters are 1/32 in and 1/16 in, respectively. The fluidic
channel containing the glucose solution is loaded such that
it passes over the center of the double split ring, which was
determined to be the effective sensing region in the previous
section. Thus, the volume of the sample in the effective
sensing region is approximately 3.9 μ�. To verify the identical
characteristics of the two resonators, the transmission coef-
ficient is measured using a vector network analyzer with a
bias on the switches. The measured transmission coefficient
of each path is plotted in Fig. 4 when the fluidic channel is
loaded on the sensing region. Because of the high dielectric
constant and dielectric loss of the DI water in the fluidic
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Fig. 5. Experimental setup for the measurement.

channel, the resonant frequency is shifted to 2.42 GHz, and
the transmission coefficient changes to -16.8 dB.

The experimental setup is illustrated in Fig. 5. The fab-
ricated sensor is located in a temperature- and humidity-
controlled chamber for the environmental condition tests.
To measure the transmission coefficient of the proposed sensor,
the connectors at both ends of the sensor are linked to the
vector network analyzer (MS4647B). A bias is simultaneously
supplied to the two RF switches using a two-channel function
generator (33510B) to select a signal path. The outputs of
channel 1 and channel 2 of the function generator generate
square waveforms complementary to each other every second,
as shown in Fig. 5. This setup enables the reference resonator
and sensing resonator to be alternately activated every second,
and the environmental effects are calibrated out in real time.
The vector network analyzer is connected to a laptop for
data acquisition, and the function generator is connected for
waveform control in real time. Commercial temperature and
humidity sensors are used to acquire environmental data in
real time. The analytes are prepared with five different glucose
concentrations (0, 100, 200, 300, and 400 mg/dL) to consider
the possible blood glucose levels of the human body. Two
syringe pumps and fluidic channels are used to noninvasively
detect the analytes. The flow rates of the two syringe pumps
are set to 200 μ�/min. Because the sensing resonator of the
proposed sensor is designed to response to both environmental
conditions and glucose concentration changes, a fluidic chan-
nel filled with the analytes is loaded on top of the sensing
resonator. In contrast, the reference resonator is designed to
response to only environmental changes, so a reference fluidic
channel filled with DI water is loaded onto the reference
resonator. The ambient temperature inside the temperature-
and humidity-controlled chamber is set to increase from 293 K
to 313 K with a step of 5 K to consider room temperature and
body temperature, while the relative humidity is set to increase
from 30% to 90% with a step of 15%. The transmission
coefficient of the proposed sensor is continuously measured
at 2.42 GHz, which is the resonant frequency of the CSRR
loaded with the fluidic channel containing DI water.

III. EXPERIMENTAL RESULTS

To quantify the performance of the proposed sensor,
the transmission coefficient of the sensor is measured

Fig. 6. Variation in the transmission coefficient under constant temper-
ature and relative humidity conditions.

TABLE I
AMBIENT TEMPERATURE AND RELATIVE HUMIDITY SETTING FOR THE

ENVIRONMENTAL EFFECT ELIMINATION

under well-controlled conditions with an ambient temperature
of 303 K and a relative humidity of 60%. Furthermore, the glu-
cose concentration is increased every 2 minutes. The variation
in the transmission coefficient when the glucose concentration
varies from 0 to 400 mg/dL is measured as approximately
0.03 dB, as shown in Fig. 6. In addition, to quantify the effects
of the ambient temperature and relative humidity compared to
the glucose concentration, the transmission coefficient is mea-
sured over each condition range of the glucose concentration,
ambient temperature, and relative humidity. The variation in
the transmission coefficient due to the glucose concentration is
approximately 0.03 dB, that due to the ambient temperature
is approximately 2.5 dB, and that due to the relative humidity
is approximately 0.25 dB, as shown in Fig. 7(a) and (b). Based
on these results, the variation in the transmission coefficient
due to the glucose concentration changes is clearly an order
of magnitude smaller than those due to the ambient tempera-
ture and relative humidity changes. Therefore, environmental
effects must be eliminated to accurately detect glucose levels.
Note that the ambient temperature is more influential than the
relative humidity, as shown in Fig. 7(c).

To verify the environmental effect elimination ability in
real time, the glucose level is detected under arbitrarily varied
environmental conditions. The random settings of the ambient
temperature and relative humidity are shown in Table I. The
variation in the transmission coefficient when the environmen-
tal effects are not eliminated using only the sensing resonator
is shown in Fig. 8. In this figure, because the ambient temper-
ature has the strongest impact on the transmission coefficient
of the sensor, the change in the transmission coefficient has
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Fig. 7. 3D graph to verify the environmental effects. (a) Variation
in the transmission coefficient due to the glucose concentration and
ambient temperature. (b) Variation in the transmission coefficient due
to the glucose concentration and relative humidity. (c) Variation in the
transmission coefficient due to the ambient temperature and relative
humidity.

Fig. 8. Variation in the transmission coefficient of the sensing resonator
when the environmental effect is not eliminated.

an identical trend to the change in the ambient temperature
regardless of the increase in the glucose concentration. From
(11), the environmental effects in the dB scale can be elimi-
nated as follows:

	S21,glucose(d B) = 	S21,sensing(d B) − 	S21,re f (d B), (12)

Fig. 9. Results of environmental effect elimination. (a) Variation
in the transmission coefficient after environmental effect elimination.
(b) Statistical results of the proposed sensor.

TABLE II
MEAN VALUES OF THE STATISTICAL DATA DISTRIBUTION

where 	S21,glucose is the variation in the transmission coef-
ficient after environmental effect elimination and 	S21,re f is
the variation in the transmission coefficient of the reference
resonator. The variation in the transmission coefficient due
to only the glucose concentration after elimination of the
environmental effects is shown in Fig. 9(a). This figure clearly
demonstrates that the glucose concentration can be detected
with the proposed calibration methodology. Fig. 9(b) shows
the statistical results of repeated measurements with 360 sam-
ples. The bars outside the boxes show the maximum and
minimum values, and the bounds of the boxes indicate the
25 and 75 percentiles of the data distribution. The lines and
squares inside the boxes represent the median and mean values
of the data, respectively. The boxes do not overlap, and the
glucose concentration can be clearly discriminated from the
variation in the transmission coefficient. The mean values of
the statistical data distributions are summarized in Table II.
It is demonstrated in this work that the clinically meaningful
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glucose concentration can be noninvasively detected by mea-
suring the change in the transmission coefficient of the pro-
posed sensor system.

IV. CONCLUSION

In this paper, a novel fluidic glucose sensor with environ-
mental effect elimination based on two identical CSRRs and a
switching circuit is proposed for non-invasive measurement.
The two identical CSRRs consist of a reference resonator,
which detects environmental changes, and a sensing resonator,
which detects both environmental conditions and glucose con-
centration changes. It is verified that changes in environmental
factors, such as the ambient temperature and relative humidity,
much more strongly influence the transmission characteristics
than changes in the glucose concentration. For more prac-
tical and accurate detection, the environmental effects are
eliminated in real time by comparing the signals from the
two resonators. The variation in the transmission coefficient
of the proposed sensor is approximately 0.03 dB when the
glucose concentration is increased from 0 to 400 mg/dL, and
this performance is consistent with the measurement data
under constant environmental conditions. Thus, it is clearly
demonstrated that the proposed sensor can noninvasively and
continuously detect the glucose concentration under practi-
cal environmental conditions. Future works will focus on
advanced research such as enhancement of the sensitivity, state
of hydrogenation of the patients, and analysis of human tissue
and blood plasma. Moreover, enhancement of the selectivity
and in vivo testing of the advanced sensor will be performed.
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