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Abstract—In this paper, a novel, highly accurate, non-invasive
glucose-monitoring sensor that is based on a flexible broadband
reject filter is presented. The filter topology comprises a tapered
feed line at a top layer that excites four open loop resonators on
the bottom layer. The broadband reject response is achieved by
relying on a modified log-periodic distribution of the open loop
resonators. The embedded resonators are reduced in size and are
designed to exhibit an enhanced sensitivity to track the variations
of the glucose level across the 1.25–2.65 GHz frequency span. The
proposed flexible filter is tested within in-vitro, ex-vivo and in-vivo
setups. A high correlation between the scattering parameters of
the proposed sensor and the variations in glucose levels is attained.
Regression models are developed using experimental data obtained
from healthy patients that are subjected to glucose tolerance tests.
Results demonstrate less than 4% mean absolute relative differ-
ence between the reference and estimated glucose levels, and the
predicted glucose levels lie 100% within the clinically acceptable
zones as shown by the Clarke Error Grid analysis.

Index Terms—Broadband reject filter, Clarke error grid, clinical
trials, dielectric characterization, non-invasive glucose monitoring
sensor.

I. INTRODUCTION

DURING the past few decades, changes in lifestyle and nu-
trition made diabetes one of the most prominent diseases

among chronic conditions. In 2019, the number of patients diag-
nosed with diabetes exceeded 425 million worldwide, resulting
in more than 4 million deaths. This exponentially growing
number is expected to reach 629 million by 2045 [1]. In fact,
diabetes as a pandemic is one of the most common metabolic
diseases. There are two main types of diabetes: type 1 and type
2, with type 1 being the most serious condition [2]. Although
the underlying causes of these two categories are different, their
consequences are dangerous and much alike [3]. To maintain
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a proper treatment, accurate determination of blood glucose
levels (BGL) is a necessity. Currently, BGL is measured using a
glucometer that is invasive and relies on finger pricking several
times a day. On the long term, this increases the risk of infection
and may damage the underlying tissue. More importantly, this
measurement technique does not provide continuous monitor-
ing, which can result in missing serious hypo/hyper-glycemic
incidents [4].

In the past decade, researchers have investigated several new
blood glucose level measurement techniques. These fall within
one of two categories: minimally invasive and non-invasive [5].
Minimally invasive methods, such as the glucose-oxidase based
electrochemical sensors, are painful and uncomfortable, suffer
from delay artifacts and cause high socio-economic burdens [6].

As for the non-invasive techniques, some of these methods are
not suitable for continuous monitoring as they require samples of
saliva [7], urine [8], tears [9] and breath [10]. Other approaches
such as, reverse iontophoresis [11], [12], bio-impedance spec-
troscopy [13], infrared spectroscopy [14], and ultrasound [15]
were also investigated. So far, however, the existing solutions
have failed to replace the glucometer as they lack the desired
accuracy and stability, or they suffer from a large time lag [16],
[17]. More recently, alternative solutions using electromagnetic
based techniques are being developed as means to provide con-
tinuous and non-invasive monitoring of BGLs with enhanced ac-
curacy [18]–[22]. Several microwave design approaches such as
waveguides, dielectric probes and antennas [23]–[26] have been
proposed in the literature. Other methods consist of employing
planar filters and resonators. For these structures, extraction of
the electrical properties of blood is achieved by placing the mate-
rial under test (MUT) in close proximity to the resonators. Such
placement changes the scattering parameters of the resonators
in comparison to their free-space response. Hence, it leads to the
extraction of the electrical properties of the loading MUT [27].
This measurement method provides a low-cost, compact-size
and non-destructive tool for dielectric constant characterization,
and it is suitable for non-contact measurements over the desired
frequency range [27]. Other approaches such as waveguides,
coaxial probes and electrodes may not be suitable for glucose
sensing since they are either bulky, expensive or can disturb the
MUTs [27]. In [28], [29] the proposed devices sense variations
in glucose concentrations as shifts in the resonant frequency.
The considered resonators exhibit promising results in terms of
sensitivity and linear dependency towards glucose levels over a
narrow range of frequencies.
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In this paper, a flexible broadband reject filter design based on
a modified log-periodic set of distributed complementary open
loop resonators (OLRs) is proposed for sensing glucose levels
across a broadband frequency range extending from 1.25 GHz
to 2.65 GHz. A rigid band reject filter initially briefly presented
in [30], characterizes dielectric material by relying on the filter’s
response at multiple frequencies. The wideband feature exhib-
ited by the proposed flexible sensor increases the sensitivity and
decreases the prediction error.

The novelty of the work presented in this paper is based on
proposing a first of its kind miniaturized and flexible broadband
RF-based sensor designed specifically for glucose monitoring.
The broadband behavior enhances prediction accuracy by in-
creasing the available set of critical features, which decreases
the prediction error of blood glucose levels. Another advantage
of the broadband response is its ability to provide a wide range
of penetration depths ranging from 18 mm (higher frequencies)
to 30 mm (lower frequencies). This is an important aspect that
makes the filter more suitable and easily adaptable for varying
users’ physiological needs such as age and gender. Conse-
quently, different set of frequencies may be selected for different
users. To achieve the broadband response, four complementary
modified OLRs are logarithmically scaled in relation to each
other at the bottom layer of the structure [31], and a tapered
feeding line is implemented on the top layer to further accentuate
the sensor’s broadband rejection response [32]. The OLRs are
meandered [33] and perturbed [34] to exhibit an enhanced elec-
tric field distribution, which increases the sensitivity to glucose
variations.

Statistical regression methods have been instrumental tools
for electromagnetic applications [35]. We employed regression
models that are developed using experimental data obtained
from in-vitro and ex-vivo setups, and from healthy patients,
subject to glucose tolerance tests. The proposed sensor displays
a mean absolute relative difference between the reference and
estimated glucose levels that is less than 4%. The predicted glu-
cose levels also lie 100% within the clinically acceptable zones
of the Clarke Error Grid. This is the first of a kind broadband
reject flexible filter with enhanced electric field distribution for
exceptional glucose level variations sensitivity.

II. PROPOSED SENSOR

The proposed broadband reject filter, shown in Fig. 1, is a
double-sided microstrip structure consisting of a feeding line
(top layer), and a sensing area (bottom layer) that are separated
by a dielectric layer. The filter is designed and simulated using
Ansys Electronics Desktop [36]. The substrate is a flexible
0.25 mm-thick Rogers 3003 with a dielectric constant of 3
and a loss tangent equals to 0.001. The top layer comprises an
exponentially tapered feed line that couples the magnetic flux
density to the resonators underneath. The transmission line is
adjusted based on tapering techniques [32] in order to enhance
the broadband operation of the filter. The impedance ZL/2 and
the line’s characteristic impedanceZ0 in (1) are associated with
the widths WL/2, and W0 as defined in Fig. 1. The position-
dependent impedance Z(x) in (1) is obtained based on “a”, which

Fig. 1. (a) Feeding line. (b) Sensing area of the proposed filter. (c) Zoomed in
schematic of largest OLR (right). Drawings are not to scale.

TABLE I
PARAMETER VALUES OF THE PROPOSED SENSOR

is the tapering coefficient defined in (2) [32].

Z (x) = ZL/2 × ea|x| , x ∈
[
−L

2
.
L

2

]
(1)

a =
1

L/2
× ln

(
Z0

ZL/2

)
, ZL/2 = 50 Ω and Z0 = 100 Ω (2)

The bottom layer, which constitutes the sensing side of the
proposed filter, is a defected ground plane composed of four
complementary OLRs. The dimensions and spacing of the in-
corporated OLRs follow a modified logarithmic periodic dis-
tribution as presented in (3); τ is a scaling factor that affects
the desired bandwidth B for the four OLRs [31]. The electrical
length of the largest OLR is taken to be one-half the guided wave-
length (λmax) that corresponds to the lowest desired frequency
of operation as shown in (4), where up is the phase velocity. We
set τ = 0.88 and determine the dimensions of the proposed filter
configuration according to (3) and (4) [31]. The dimensions of
the proposed design are presented in Table I.

Wn+1

Wn
=

Ln+1

Ln
=

Sn+1

Sn
=

1

τ
(3)

Lmax =
λmax

2
=

up
2f

(4)

The human body is modeled as a lossy medium, characterized
by the effective complex permittivity εeff = ε0εr(1− j tan δ)
where the real part signifies the stored electric field energy and
the imaginary part accounts for medium losses. For the proposed
sensor to be sensitive to BGL variations, it must be sensitive
toεeff . The placement of the sensor near the MUT perturbs its
field strength and distribution versus frequency. The higher the
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Fig. 2. Normalized electric field intensity distributed over the bottom layer of
a (a) regular and (b) modified complementary OLR.

Fig. 3. (a) Top layer and (b) bottom layer of the fabricated prototype of the
proposed design on Rogers 3003 substrate.

Fig. 4. Free space magnitude response of the proposed sensor.

E field intensity, the greater is the sensitivity [37]. To upsurge
the distribution of the fields, the resonators are etched from the
ground plane. This complementary configuration spreads the
induced fields across the bottom side, and hence provides a
higher interaction area with the loading MUT. Moreover, by
perturbing the resonators and meandering two sides of the res-
onators as shown in Fig. 2, the magnitudes of the induced fields
tend to increase, thus leading to enhanced sensitivity levels [30].
Furthermore, the implementation of these series L-C meandered
lines produces a 35% reduction in the size of the OLRs.

III. EXPERIMENTAL SETUPS

To validate the performance of the proposed filter, a 3 ×
6.5 cm2 prototype is fabricated as illustrated in Fig. 3 based on
the dimensions provided in Table I. The prototype is first mea-
sured in free space using the Keysight Fieldfox N9914A RF an-
alyzer [38], where a good agreement between the simulated and
measured S-parameters is obtained as shown in Fig. 4. A clear
broadband reject response is demonstrated in the 1.25–2.65 GHz
frequency range. Furthermore, the operation of the flexible filter
is validated by monitoring its response under different bending
setups. The proposed sensor presents consistent performance for
different bent states. This is verified in Fig. 5, where we note low
variation (∼0.2 dB) in the measured S-parameter response upon

Fig. 5. Measured reflection and transmission magnitude for different cylin-
ders’ radii. Direction of bending is as shown in the figure.

Fig. 6. (a) Experimental setup of serum measurements. (b) Setup of the in-vivo
measurements: proposed sensor placed on the lower arm of the patient and
connected via two cables to the VNA.

bending. This proves the sensor’s suitability for operation under
bent conditions, thereby enabling its utilization as a wearable
sensing apparel.

To validate the ability of the proposed sensor in carrying out
continuous and non-invasive glucose monitoring measurements,
the realized prototype is tested in-vitro, ex- vivo and in-vivo
setups. For each illustrated setup, the changes in the sensor’s
measured S-parameters are tracked and mapped to glucose level
variations using machine learning algorithms as discussed in
Section IV.

A. In-Vitro Experiments: Serum Measurements

The first measurement setup is initiated by relying on serum
as a MUT; serum is a known liquid that mimics the critical
composition of the blood [39]. A serum-filled foam container
is positioned on top of the bottom layer of the sensor as shown
in Fig. 6(a). Small increments of glucose powder, which result
in a 10 mg/dL glucose variation, are added to the serum on
a ten-minutes-interval basis and the sensor’s S-parameters are
conveniently measured within each interval. As a first test, base-
line measurements are executed. This is conducted by measuring
the sensors’ S-parameters in the absence of the foam container,
then by placing an empty container on the bottom layer of
the sensor (sensing area), and finally by filling the container
with serum. This test is performed to ensure that the sensor
under study maintains its free space responses, with and without
the empty foam container. A shift in frequency occurs only
when the serum is added. This behavior is noted for both the
magnitude and phase of the sensor’s S-parameters. Following
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Fig. 7. S21 magnitude response for different BG concentrations.

Fig. 8. Correlation between the sensor’s response and glucose concentrations
at different frequencies for in-vitro measurements data.

that, the filter’s response is recorded for 37 observation points
corresponding to different glucose levels ranging from 29 mg/dl
to 531 mg/dL covering the whole hypo- to hyperglycemic range.
Fig. 7 displays the transmission coefficient response of the
proposed sensor for different glucose concentrations. We also
note a strong correlation between the glucose levels measured
using the glucometer and the filter’s response. The strength of
the correlation is quantified using Pearson’s linear correlation
coefficient (PCC) R =

Cxy

σxσy
[40], where Cxy represents the

covariance between the filter’s S-parameters (X) and the refer-
ence GLs (Y), and σx and σy denote the standard deviations of
X and Y, respectively. Similarly to [41]–[43], high correlation
values are recorded. However, this correlation is not restricted
to one narrow band, but rather observed over a wide range of
frequencies as seen in Fig. 8 for 37 different glucose levels.

B. Movement, Position, Temperature and Chemical
Interference Tests:

In this section we study the effects of environmental (tem-
perature), systematic (position and movement) and chemical
(potential interference) variables on the filters’ response and
sensitivity to glucose detection.

1) Effect of Position and Movement Experiment: The pro-
posed filter is intended to be fixed inside an armband, which
will enhance the sensor’s adaptability to body movements. Ad-
ditionally, during experiments, the filter is separated from the
skin surface by a flexible foam allowing the filter to move with
the human body. To test the sensor’s response to movement,
two different sets of measurements are performed. In the first
measurement setup of Fig. 9(a), the filter is fixed on the arm
inside an armband and is tested over arm movement with two
different angles. The filter maintained a stable performance for
the two arm configurations, as shown in Fig. 9(a), with minimal

Fig. 9. The effect of (a) moving the arm and (b) changing the position of the
flexible filter on the S-parameters response.

Fig. 10. Correlation between the sensor’s response and different types of sugar.

difference between the filter’s S-parameters response. Measure-
ments with the filter positioned at two different locations on the
arm are also presented in Fig. 9(b) showing that the change of
the filter position did not affect the S-parameters.

2) Chemical Interference Tests: A selectivity experiment is
also performed during which 50 mg/dl of fructose, mannitol
and glucose is successively added to the serum solution. In this
experiment, the filter is positioned exactly as described for the
in-vitro setup. The results prove more selectivity toward glucose
than other types of sugar including fructose and mannitol as
shown in Fig. 10.

3) Temperature Effect Experiment: To study the effect of the
ambient temperature, the filter’s response is also monitored at
different temperature levels when loaded with a serum solution.
The temperature is changed from 19.8 to 23.7°C in a controlled
temperature room. A minimal effect of the temperature change
on the filter’s S-parameters is noted as shown in Fig. 11. Such
effect can be easily calibrated as discussed in [44].

C. Ex-Vivo Experiments: Animal Tissues

All animal procedures are conducted in accordance with the
United States Public Health Service’s Policy on Humane Care
and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at the American
University of Beirut. In this experiment, skin, fat and muscle
tissues are extracted from two healthy euthanized rats. Hair
is removed using depilatory cream before measurements. The
area of the sample is about 1.8 cm × 6 cm. The extracted
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Fig. 11. The effect of changing the room temperature on the flexible filter’s
S-parameters.

Fig. 12. Correlation between the response of the sensor and the glucose
concentrations based on the data collected from ex-vivo measurements.

tissues are fixed in a foam container, placed on top of the
sensor and beneath a 4 mm layer of serum. Glucose is added
to the serum layer resulting in 45 mg/dl incremental steps in
the glucose level, and the S-parameters are measured. During
this experiment, we recorded a total of 12 observation points to
shorten the experiment time and avoid tissue deterioration. The
linear correlation between the response of the sensor and the
glucose level is maintained as illustrated in Fig. 12 for a variety
of frequencies over the operating range.

D. In-Vivo Experiments: Clinical Measurements Design

For in-vivo testing, six healthy volunteers are recruited to
participate in a limited and controlled clinical trial. Subjects
are considered eligible if their age ranges between 18 and 70
years, are able to provide informed consent, have HbA1c levels
lower than 6.2%, and show no sign of dyslipidemia. There are
no restrictions on either race, sex or ethnicity. Substance abuse,
lactation, pregnancy, and being part of an interventional trial are
the exclusive criteria.

Approval from the Institutional Review Board [45] at the
American University of Beirut is sought before initiation of these
trials. Volunteers arrive to the clinical study unit in the morning
after fasting for at least 8 hours. Measurement of blood glucose
levels is initially performed using the standard techniques by
relying on an Accu-Check glucometer [46]. Afterwards, the
sensor under test is attached to the lower arm of the volunteer as
illustrated in Fig. 6(b). Subsequently, glucose is orally ingested
as a concentrated glucose drink that contains 75 g of glucose
dissolved in 200 mL of water. This induces a hyperglycemic
excursion to a BGL target of 185–220 mg/dL. These levels are
expected to drop to reasonably lower values within 2 hours.
Readings from the sensor are collected every 5 minutes, and
reference BGLs are measured at intervals of 15 minutes using the
glucometer [47]. Typically, few reference invasive glucose level

Fig. 13. Correlation between the response of the sensor and the glucose
concentrations based on the data collected from in-vivo measurements. The
smoothing is done solely for observation purposes.

points are collected per patient during a given OGTT per general
recommendation, as was the case in other works [48]–[50]. A
total of 23 observations per OGTT are recorded using our device,
one every five minutes. Out of these, 9 reference value points
are directly obtained using the glucometer. The remaining 14
reference glucose points are interpolated using cubic splines
[51]. During the process, patients are asked to stay tranquil and
with minimal physical movements. The room temperature is set
to 23±0.5°C. This oral glucose tolerance test (OGTT), spans a
period of 2 hours, and is performed twice for each subject on
two separate days.

The proposed sensor’s response demonstrates a clear corre-
lation with the reference BGLs. High PCC values are reported
at multiple frequencies for the same OGTTs. This is demon-
strated in Fig. 13 for the different patients. The red lines are
the invasively measured BGLs, and the dots are the S-parameter
values at a specific frequency. The blue line corresponds to the
smoothed S-parameters. This good correlation is achieved with
an average sensitivity of 0.01 dB/mg/dL and 0.09°/mg/dL over
different frequencies.

IV. FROM S-PARAMETERS TO GLUCOSE LEVELS: STATISTICAL

REGRESSION MODEL

For glucose estimation, we tested different regression tech-
niques to establish a dependence between the filter’s S-
parameters (input variables, X, �R) and reference glucose levels
(GL) (output variable, y � R:). Data processing and regression
modeling are carried out using MATLAB R2017a [52].

A. Data collection and Processing

Data collection and data processing were implemented fol-
lowing the pseudocode below, where X represents the normal-
ized feature vectors and Y denotes the reference glucose level
dependent variable.

For each OGTT for a given patient,
Data collection Phase (Preprocessing):
� Every 5 minutes collect from the sensor the ith observation

data points:
XS:pre(i, :) = {xj

S:pre(i, :)}with a total of 1206 features
in XS:pre, where i �= [1, 23] represents the observation
number, j �= [1, 6] represents each of S11, S21, S22, mag-
nitudes and phase respectively, and xj

S:pre comprises 201
features obtained over the frequency range [1–3] GHz,
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� Every 15 minutes, perform a standard measurement, to
collect the reference GL, collect: yref :meas(m)

Data Processing Phase:
� Y = {yref (i)}, where yref (i) represents the reference

glucose level obtained from yref :meas(m)and/or using cu-
bic splines [51] for the ith observation point ifyref :meas(m)
is missing at that time point to obtain a total of 23 ref GL
over the duration of the OGTT.

� Xs = {Xk
S} is the set of 126 feature vectors obtained by

sampling xj
S:pre at steps of 0.1 GHz for all j. Therefore,

Xk
S(i) is the value of feature k for observation i, where

k �= [1, 126], and i �= [1, 23].
� We normalize each feature vector, Xk

S , across all observa-
tions as follows:

Xk
norm (i) =

Xk
S (i)−min

(
Xk

S

)
max

(
Xk

S

)−min
(
Xk

S

)
� X = {Xk

norm}

B. Regression Modeling

To choose the most adequate regression technique, two im-
portant aspects of the collected data must be taken into con-
sideration. 1) The small size of the dataset due to the limited
number of reference glucose points, where we collected 23
points in each OGTT to limit the discomfort caused by the
patients’ fingers pricking; and 2) the high dimensionality of
the dataset where we have 1206 features for each observation
point. Based on previous literature [53]–[55], several regression
techniques including Locally Weighted Partial Least Squares
(LW-PLS) [53], Least Absolute Shrinkage, Selection Operator
(LASSO) [54] and Gaussian Processes (GP) [55], [56], are
evaluated. PLS is a regression methodology that deals with
dimensionality reduction problem. It creates new components
that explain the variability in the input variables while taking the
relation between the output and input variables into considera-
tion. In our application, minimizing the error of the low glucose
levels estimation is our top priority, hence we are interested in
minimizing the relative error, rather than the absolute error. For
this reason, we considered the locally weighted PLS (LW-PLS),
where PLS is utilized for local modeling relying mainly on the
similarity between the new query and the existing data points.
Whenever an estimation is needed for a new query, a local model
is created from samples located around the query. The definition
of the similarity between the query and the existing samples is
based on the weighted Euclidean distance.

LASSO is another linear regression method that performs L1

regularization and feature selection implicitly. This methodol-
ogy applies sparsity and therefore sets many input variables coef-
ficients to zero leaving only the ones, which have strong effect on
the estimation of GLs. Since the number of features (126) is still
large compared with the number of data points, feature selection
is important to avoid overfitting. LASSO algorithm and LW-PLS
implicitly perform critical feature/component ordering. We rely
on a 10-fold cross-validation to find the best number of critical
features [57].

Gaussian process regression (GPR) is a probabilistic nonlin-
ear kernel-based regression approach that has shown its ability to

provide high performance when applied on a small dataset [55],
[56]. GPR assumes that the model function f(x) is distributed
as a Gaussian process thereby reflecting uncertainty towards
the function. The dataset variables are related one to the other
using a covariance function k(x, xq), also known as the kernel
function. It offers a similarity measure between the points. The
kernel function is usually defined by a set of hyperparameters
θ including the length-scale and signal variance. When a new
query requires estimation, the distant dataset points will have a
negligible effect on the estimation of the new query output. We
evaluate five different kernel functions: Exponential, squared
exponential, matern 32, matern 52 and rational quadratic [52].

Since GPR doesn’t perform implicitly feature selection, we
perform feature selection explicitly and the model with the set of
features and the kernel that minimizes a 10 fold cross validation
score is selected. Two feature selection techniques were tested.
The filter method [58] consists of sorting the features based
on their maximum correlation or relevance with respect to
the outcome and then performs CV to find the smallest best
set of features in the specified order. A more exhaustive yet
robust technique is the wrapper method [58]. The best set of
critical features is selected solely based on the regression model
outcome. At each step, the wrapper method identifies the next
best feature for a given kernel function.

For this analysis, each dataset is divided into two subsets:
training (2/3) and testing (1/3). The first data subset is used to
identify the model’s parameters and the second is used to test the
models over “unseen” data. This process is repeated 10 times in
order to cover most observations [59]. The output of the model
are the individual estimated glucose level points along with their
mean values from the different replications.

C. Performance Metrics

The model accuracy is validated using the mean absolute rel-
ative difference (MARD) in (5), commonly used in the diabetes
community; n is the number of sample points.

MARD = 100∗1
n

n∑
i=1

|BGLGlucometer − BGLEstimated|
|BGLGlucometer| (5)

To evaluate the clinical accuracy of the proposed filter design
estimates, Clarke Error Grid analysis is considered [60]. The
technique evaluates the clinical accuracy of the proposed design
measurements against those of the noninvasive blood glucose
meter. In this work, the reference measurements are considered
to be those obtained using the commercial glucometer. For the
Clarke Error Grid, reference values are displayed on the x-axis
and predicted values are presented on the y-axis. Points lying
on the diagonal signify a perfect match between reference and
predicted values. The grid is divided into five zones. Zones A
and B are clinically acceptable. Zones C, D and E are potentially
dangerous.

D. Results

Data collected from in-vitro measurements on serum is used
to compare the different regression techniques. We note that
the GPR-based model outperforms the other methods as seen

Authorized licensed use limited to: American University of Beirut. Downloaded on April 18,2024 at 08:23:34 UTC from IEEE Xplore.  Restrictions apply. 



BTEICH et al.: NON-INVASIVE FLEXIBLE GLUCOSE MONITORING SENSOR USING A BROADBAND REJECT FILTER 145

Fig. 14. Blood glucose levels profiles for four different OGTTs. Each plot
includes the reference (red line), estimated (dots), and average estimated (blue
line) glucose levels.

Fig. 15. (a) Individual MARD for all twelve OGTTs. (b) Clarke error grid
obtained for data predicted using GPR.

by the MARD values (i.e. LW-PLS: 11.26%; LASSO: 8.31%;
GPR: 5.12%). In what follows, we present the results of the
GPR model applied to the in-vivo measurements. The number
of selected features was on average found to be 12 features for
the OGTT experiments; 76% of the selected features were based
on S21 magnitude and phase parameters, and the other 24%
were selected from the remaining S parameters. Fig. 14 presents
the individual BGL profiles as function of time for both the
estimated as well as the reference BGLs. For each profile, we
note a rapid increase in glucose values from the fasting level to
a peak value, and then followed by a decrease in the glucose
levels. The solid lines represent the invasively measured BGLs,
and the dashed lines are the estimated values using GP. The dots
correspond to the predicted values using the aforementioned 10
randomly generated test and training data sets for a given OGTT.
It is apparent that the estimated glucose concentration, matches
well the reference glucose levels.

The MARD values for all the OGTTs are plotted in Fig. 15(a).
The recorded MARD values range between 0.45% and 3.65%,
and have an overall mean value of 1.97% for all the 12 OGTTs.
The generated Clarke grid obtained using the data collected from
the clinical trials is shown in Fig. 15(b). It is noted that 275
of 276 predicted data points (99.43%) lie in zone A, and one
point lies in zone B. This signifies that all the points are in the
clinically acceptable regions. A leave-one-out cross-validation
analysis also demonstrates a MARD of 1.09% and 100% data

points in zone A. These results show exceptional accuracy of
the proposed microwave sensor and accompanying model.

V. CONCLUSION

This paper presents a novel flexible broadband reject filter that
operates between 1.25 and 2.65 GHz. The flexibility and free-
space response of the filter is confirmed by testing its prototype’s
response for different bending angles, where measured results
agree well with simulated data. The behavior of the proposed
broadband reject filter as glucose sensing sensor is tested using
in-vitro, ex-vivo and in-vivo experiments. Excellent correlation
between the proposed sensor’s S-parameters and glucose level
variations is achieved. Gaussian process regression models are
developed using experimental data, and the predicted glucose
levels are found to be 100% in the clinically acceptable regions
of the Clarke Error Grid. This is to our knowledge the first of
a kind broadband reject flexible filter that exhibits exceptional
accuracy in tracking the variations of glucose level in the blood
as validated pre-clinically and clinically.

REFERENCES

[1] “About Diabetes,” Int. Diabetes Federation., published 2019, last updated
Feb. 2020. Accessed: Sep. 17, 2020. [Online]. Available: https://www.idf.
org/aboutdiabetes/what-is-diabetes/facts-figures.html

[2] “Diabetes the Basics,” Diabetes U.K., 2019, Accessed: 3 Jan. 2020.
[Online]. Available: http://www.diabetes.org.uk/Diabetes-the-basics/

[3] M. J. Fowler, “Microvascular and macrovascular complications of dia-
betes,” Clin. Diabetes, vol. 29, no. 3, pp. 116–122, Jul. 2011.

[4] R. A. Gabbay, “New developments in home glucose monitoring: minimiz-
ing the pain,” Can. J. Diabetes, vol. 27, no. 3, pp. 271–276, 2003.

[5] A. Nawaz, P. Øhlckers, S. Sælid, M. Jacobsen, and M. N. Akram, “Re-
view: Non-invasive continuous blood glucose measurement techniques,”
J. Bioinf. Diabetes, vol. 1, no. 3, pp. 1–27, Jul. 2016.

[6] G. Cappon, M. Vettoretti, G. Sparacino, and A. Facchinetti, “Continu-
ous glucose monitoring sensors for diabetes management: A review of
technologies and applications,” Diabetes Metabolism J., vol. 43, no. 4,
pp. 383–397, Aug. 2019.

[7] D. Bruen, C. Delaney, L. Florea, and D. Diamond, “Glucose sensing
for diabetes monitoring: Recent developments,” Sensors, vol. 17, no. 8,
Aug. 2017, Art. no. 1866.

[8] J. P. Comer, “Semiquantitative specific test paper for glucose in urine,”
Analytical Chemistry, vol. 28, no. 11, pp. 1748–1750, Nov. 1956.

[9] H. Yao, A. J. Shum, M. Cowan, I. Lähdesmäki, and B. A. Parviz, “A contact
lens with embedded sensor for monitoring tear glucose level,” Biosensors
Bioelectronics, vol. 26, no. 7, pp. 3290–3296, Mar. 2011.

[10] C. Todd, P. Salvetti, K. Naylor, and M. Albatat, “Towards non-invasive
extraction and determination of blood glucose levels,” Bioengineering,
vol. 4, no. 4, pp. 82–92, Sep. 2017.

[11] A. Siegel, R. H. Guy, and M. B. Delgado-Charro, “Noninvasive glucose
monitoring by reverse iontophoresis in vivo: Application of the inter-
nal standard concept,” Clin. Chemistry, vol. 50, no. 8, pp. 1383–1390,
Aug. 2004.

[12] L. Lipani et al., “Non-invasive, transdermal, path-selective and specific
glucose monitoring via a graphene-based platform,” Nature Nanotechnol.,
vol. 13, no. 6, pp. 504–511, Apr. 2018.

[13] A. Caduff et al., “Non-invasive glucose monitoring in patients with Type
1 diabetes: A Multisensor system combining sensors for dielectric and
optical characterisation of skin,” Biosensors Bioelectronics, vol. 24, no. 9,
pp. 2778–2784, May 2009.

[14] R. Kasahara, S. Kino, S. Soyama, and Y. Matsuura, “Noninvasive glucose
monitoring using mid-infrared absorption spectroscopy based on a few
wavenumbers,” Biomed. Opt. Express, vol. 9, no. 1, pp. 289–302, Jan. 2018.

[15] J. Kost, M. Pishko, R. A. Gabbay, R. Langer, and S. Mitragotri, “Transder-
mal monitoring of glucose and other analytes using ultrasound,” Nature
Med., vol. 6, no. 3, pp. 347–350, Mar. 2000.

Authorized licensed use limited to: American University of Beirut. Downloaded on April 18,2024 at 08:23:34 UTC from IEEE Xplore.  Restrictions apply. 

https://www.idf.org/aboutdiabetes/what-is-diabetes/facts-figures.html
http://www.diabetes.org.uk/Diabetes-the-basics/


146 IEEE JOURNAL OF ELECTROMAGNETICS, RF, AND MICROWAVES IN MEDICINE AND BIOLOGY, VOL. 5, NO. 2, JUNE 2021

[16] S. K. Vashist, “Non-invasive glucose monitoring technology in diabetes
management: A review,” Analytica Chimica Acta, vol. 750, pp. 16–27,
Oct. 2012.

[17] W. V. Gonzales, A. Mobashsher, and A. Abbosh, “The progress of glu-
cose monitoring—A review of invasive to minimally and non-invasive
techniques, devices and sensors,” Sensors, vol. 19, no. 4, pp. 800–845,
Feb. 2019.

[18] A. Caduff, E. Hirt, Y. Feldman, Z. Ali, and L. Heinemann, “First human ex-
periments with a novel non-invasive, non-optical continuous glucose mon-
itoring system,” Biosensors Bioelectronics, vol. 19, no. 3, pp. 209–217,
Nov. 2003.

[19] M. Hofmann, G. Fischer, R. Weigel, and D. Kissinger, “Microwave-
based noninvasive concentration measurements for biomedical applica-
tions,” IEEE Trans. Microw. Theory Techn.vol. 61, no. 5, pp. 2195–2204,
May 2013.

[20] S. Kiani, P. Rezaei, M. Karami, and R. A. Sadeghzadeh, “Band-stop
filter sensor based on SIW cavity for the non-invasive measuring of
blood glucose,” IET Wireless Sensor Syst., vol. 9, no. 1, pp. 1–5,
Feb. 2019.

[21] T. Yilmaz, R. Foster, and Y. Hao, “Radio-Frequency and Microwave
Techniques for Non-Invasive Measurement of Blood Glucose Levels,”
Diagnostics, vol. 9, no. 1, pp. 6–40, Mar. 2019.

[22] J. Hanna, J. Costantine, R. Kanj, A. Eid, Y. Tawk, and A. H. Ramadan,
“Electromagnetic based devices for non-invasive glucose monitoring,” in
Proc. IEEE Conf. Antenna Meas. Appl., 2018, pp. 1–4.

[23] J. Hanna, J. Costantine, R. Kanj, A. A. Eid, Y. Tawk, and A. H. Ramadan,
“A slot antenna for non-invasive detection of blood constituents concen-
trations,” in Proc. IEEE Int. Symp. Antennas Propag. USNC-URSI Radio
Sci. Meeting, Atlanta, GA, USA, 2019, pp. 1003–1004.

[24] S. Saha et al., “A glucose sensing system based on transmission measure-
ments at millimetre waves using micro strip patch antennas,” Scientific
Rep., vol. 7, no. 1, pp. 1–11, Dec. 2017, Art. no. 6855.

[25] P. H. Siegel, W. Dai, R. A. Kloner, M. Csete, and V. Pikov, “First
millimeter-wave animal in vivo measurements of L-Glucose and D-
Glucose: Further steps towards a non-invasive glucometer,” in Proc. 41st
Int. Conf. Infrared, Millimeter, Terahertz Waves (IRMMW-THz), 2016,
pp. 1–3.

[26] S. Nagae and A. Hirose, “Proposal of three-port dielectric waveguide
probes for human blood glucose monitoring,” in Proc. IEEE Int. Geosci.
Remote Sens. Symp., Yokohama, Japan, 2019, pp. 9188–9191.

[27] L. F. Chen, C. K. Ong, C. P. Neo, V. V. Varadan, and V. K. Varadan,
Microwave Electronics: Measurement and Materials Characterization,
1st ed. Chichester, U.K.: John Wiley & Sons, 2004.

[28] R. J. Buford, E. C. Green, and M. J. McClung, “A microwave frequency
sensor for non-invasive blood-glucose measurement,” in Proc. IEEE Sen-
sors Appl. Symp., 2008, pp. 4–7.

[29] R. Baghbani, M. A. Rad, and A. Pourziad, “Microwave sensor for non-
invasive glucose measurements design and implementation of a novel
linear,” IET Wireless Sensor Syst., vol. 5, no. 2, pp. 51–57, 2015.

[30] M. Bteich, J. Costantine, R. Kanj, Y. Tawk, A. H. Ramadan, and A. A.
Eid, “A log-periodic based broadband reject filter for dielectric constant
characterization,” in Proc. IEEE Int. Symp. Antennas Propag. USNC-URSI
Radio Sci. Meeting, Atlanta, GA, USA, 2019, pp. 1775–1776.

[31] C. A. Balanis, Antenna Theory: Analysis and Design. 4th ed. Hoboken,
NJ, USA: John Wiley and Sons, 2016.

[32] D. M. Pozar, Microwave Engineering, 4th ed. Hoboken, NJ, USA: John
Wiley and Sons, 2012.

[33] P. Jarry and J. Beneat, Design and Realization of Miniaturized Fractal
Microwave and RF Filters. Hoboken, NJ, USA: Wiley, 2009.

[34] K. Chang and L.-H. Hsieh, Microwave Ring Circuits and Related Struc-
tures. Hoboken, NJ, USA: John Wiley, 2004.

[35] Z. Bayraktar et al., “Guest editorial: special cluster on machine learning
applications in electromagnetics, antennas, and propagation,” IEEE An-
tennas Wireless Propag. Lett., vol. 18, no. 11, pp. 2220–2224, Nov. 2019.

[36] ANSYS Electronics Desktop 19.0 Suite, ANSYS, 2018, Accessed:
Apr. 14, 2020. [Online]. Available: https://www.ansys.com/products/
electronics

[37] M. S. Boybay and O. M. Ramahi, “Material characterization using com-
plementary split-ring resonators,” IEEE Trans. Instrum. Meas., vol. 61,
no. 11, pp. 3039–3046, Nov. 2012.

[38] FieldFox Handheld Analyzers, N9914A, Keysight Technologies, Jul.
14, 2020, Accessed: Sep. 17, 2020. [Online]. Available: https://www.
keysight.com/us/607en/assets/7018-03314/data-sheets/5990-9783.pdf

[39] The Editors of Encyclopaedia Britannica, “Serum,” Encyclopædia Bri-
tannica, Nov. 24, 2017. [Online]. Available: https://www.britannica.com/
science/serum Accessed: 14-Apr-2020

[40] R. M. Rangayyan, Biomedical Signal Analysis. Piscataway, NJ, USA:
IEEE Press, 2015.

[41] K. K. Adhikari et al., “Flexible screen printed biosensor with high-Q
microwave resonator for rapid and sensitive detection of glucose,” in Proc.
IEEE MTT-S Int. Microw. Workshop Ser. RF Wireless Technol. Biomed.
Healthcare Appl., 2014, pp. 1–3.

[42] H. Choi et al., “Design and in vitro interference test of microwave non-
invasive blood glucose monitoring sensor,” IEEE Trans. Microw. Theory
Techn., vol. 63, no. 10, pp. 3016–3025, Oct. 2015.

[43] H. Choi, S. Luzio, J. Beutler, and A. Porch, “Microwave noninvasive blood
glucose monitoring sensor: Human clinical trial results,” in Proc. IEEE
MTT-S Int. Microw. Symp., 2017, pp. 876–879.

[44] C. Jang, J.-K. Park, H.-J. Lee, G.-H. Yun, and J.-G. Yook, “Temperature-
corrected fluidic glucose sensor based on microwave resonator,” Sensors,
vol. 18, no. 11, 2018, Art. no. 3850.

[45] “Institutional Review Board (IRB),” Human Res. Protection Program
(HRPP), Aug. 2019, Accessed: Oct. 25, 2019. [Online]. Available: https:
//www.aub.edu.lb/irb/Pages/default.aspx

[46] Accu–Check Performa meter, Accu–Check, 2020, Accessed: Sep.
17, 2020. [Online]. Available: https://www.accu-chek.co.uk/meters/
performa

[47] U. Morbiducci, A. Tura, and M. Grigioni, “Genetic algorithms for parame-
ter estimation in mathematical modeling of glucose metabolism,” Comput.
Biol. Med., vol. 35, no. 10, pp. 862–874, Dec. 2005.

[48] J. D. Maynard, M. R. Rohrscheib, J. F. Way, C. M. Nguyen, and M. N.
Ediger, “Noninvasive type 2 diabetes screening,” Diabetes Care, vol. 30,
no. 5, pp. 1120–1124, May 2007.

[49] S. I. Sobel, P. J. Chomentowski, N. Vyas, D. Andre, and F. G. S. Toledo,
“Accuracy of a novel noninvasive multisensor technology to estimate
glucose in diabetic subjects during dynamic conditions,” J. Diabetes Sci.
Technol., vol. 8, no. 1, pp. 54–63, Jan. 2014.

[50] E. Hadar, R. Chen, Y. Toledano, K. Tenenbaum-Gavish, Y. Atzmon, and
M. Hod, “Noninvasive, continuous, real-time glucose measurements com-
pared to reference laboratory venous plasma glucose values,” J. Maternal-
Fetal Neonatal Med., vol. 32, no. 20, pp. 3393–3400, Apr. 2018.

[51] Y. Leal et al., “Real-time glucose estimation algorithm for continuous glu-
cose monitoring using autoregressive models,” J. Diabetes Sci. Technol.,
vol. 4, no. 2, pp. 391–403, Mar. 2010.

[52] MATLAB R2017a, Mathworks, 2017, Accessed: Apr. 14, 2020. [Online].
Available: https://www.mathworks.com/products/matlab.html

[53] A. Alin and C. Agostinelli, “Robust iteratively reweighted SIMPLS,” J.
Chemometrics, vol. 31, no. 3, pp. 1–9, Mar. 2017, Art. no. e2881.

[54] S. Lee, H. Lee, P. Abbeel, and A. Ng, “Efficient L1 regularized lo-
gistic regression,” in Proc. 21st Nat. Conf. Artif. Intell., 2006, vol. 21,
pp. 401–408.

[55] E. Schulz, M. Speekenbrink, and A. Krause, “A tutorial on Gaussian
process regression: Modelling, exploring, and exploiting functions,” J.
Math. Psychol., vol. 85, pp. 1–16, Aug. 2018.

[56] C. Kamath and Y. J. Fan, “Regression with small data sets: A case study
using code surrogates in additive manufacturing,” pp. 475–493, 2017.

[57] R. Kohavi, “A study of cross validation and bootstrap for accuracy esti-
mation and model selection,” in Proc. 14th Int. Joint Conf. Artif. Intell.,
1995, vol. 2, pp. 1137–1143.

[58] G. H. John, R. Kohavi, and K. Pfleger, “Irrelevant features and the subset
selection problem,” in Proc. 11th Int. Conf. Int. Conf. Mach. Learn., 1994,
pp. 121–129.

[59] D. L. Duke, “A telemedicine system for modeling and managing blood
glucose,” Ph.D. dissertation, Dept. Robotics, Carnegie Mellon Univ.,
Pittsburgh, PA, USA, 2010.

[60] W. L. Clarke, D. Cox, L. A. Gonder-Frederick, W. Carter, and S. L. Pohl,
“Evaluating clinical accuracy of systems for self-monitoring of blood
glucose,” Diabetes Care, vol. 10, no. 5, pp. 622–628, 1987.

Moussa Bteich received the B.Eng. degree from
Notre Dame University Louaize, Zouk Mosbeh,
Lebanon, in 2016 and the M.Eng. degree from Amer-
ican University of Beirut, Beirut, Lebanon, in 2019.
He is currently a Research Assistant with American
University of Beirut, in the applied electromagnet-
ics, antennas and RF systems laboratory. His main
research interests include electromagnetics, antennas,
and wearable sensors, in addition to passive and active
radio-frequency circuits.

Authorized licensed use limited to: American University of Beirut. Downloaded on April 18,2024 at 08:23:34 UTC from IEEE Xplore.  Restrictions apply. 

https://www.ansys.com/products/electronics
https://www.keysight.com/us/607en/assets/7018-03314/data-sheets/5990-9783.pdf
https://www.britannica.com/science/serum
https://www.aub.edu.lb/irb/Pages/default.aspx
https://www.accu-chek.co.uk/meters/performa
https://www.mathworks.com/products/matlab.html


BTEICH et al.: NON-INVASIVE FLEXIBLE GLUCOSE MONITORING SENSOR USING A BROADBAND REJECT FILTER 147

Jessica Hanna received the B.Sc. and M.Eng. de-
grees in biomedical instrumentation from the Holy
Spirit University of Kaslik, Jounieh, Lebanon, in 2013
and 2015, respectively. She is currently working to-
ward the Ph.D. degree with the Biomedical Engineer-
ing Program, American University of Beirut, Beirut,
Lebanon. Her main research interests include design
and fabrication of RF-based sensors for non-invasive,
continuous glucose monitoring, signal processing and
data analysis.

Joseph Costantine (Senior Member, IEEE) received
the bachelor’s degree from Lebanese University,
Beirut, Lebanon, the master’s degree from Ameri-
can University of Beirut, Beirut, Lebanon, and the
Ph.D. degree from The University of New Mexico,
Albuquerque, NM, USA, in 2009. He is currently an
Associate Professor with the Department of Electri-
cal and Computer Engineering, American University
of Beirut. He has seven Provisional and Full U.S.
patents. He has authored or coauthored two books,
one book chapter, and more than 150 journal and

conference papers. His research interests reside in reconfigurable antennas,
cognitive radio, RF energy harvesting systems, antennas and rectennas for
IoT devices, RF systems for biomedical devices, wireless characterization of
dielectric material and deployable antennas for small satellites. He has been
an Associate Editor for the IEEE ANTENNAS AND WIRELESS PROPAGATION

LETTERS since July 2018. He received many awards and honors throughout
his career including the 2008 IEEE Albuquerque chapter Outstanding Graduate
Award, the three year (2011–2013) Air Force summer faculty fellowship with
Kirtland’s Space Vehicles Directorate in NM, USA, the 2017 First Prize at
the Idea-thon of International Healthcare Industry Forum, the 2019 Excellence
in Teaching Award from American University of Beirut, and the 2018 and
2020 STC Science and Technology Innovation awards. In addition, he has been
selected by the World Economic Forum as one of the world’s leading young
scientists for the year 2020.

Rouwaida Kanj (Senior Member, IEEE) received
the M.S. and Ph.D. degrees in electrical engineering
from the University of Illinois at Urbana-Champaign,
Champaign, IL, USA, in 2000 and 2004, respec-
tively. She is currently an Associate Professor with
the American University of Beirut, Beirut, Lebanon.
From 2004 to 2012, she was a Research Staff Mem-
ber with IBM Austin Research Labs. Her research
work focuses on advanced algorithmic research and
development and smart analytics methodologies for
design for manufacturability reliability and yield with

emphasis on statistical analysis, optimization and rare fail event estimation for
microprocessor memory designs along with machine learning applications for
very large scale integration. This is in addition to her earlier work on noise
modeling and characterization of CMOS designs. She was the recipient of three
IBM Ph.D. Fellowships, is the author of more than 70 technical papers, 30 issued
US patents, and several pending patents. She received an Outstanding Technical
Achievement Award and six Invention Plateau awards from IBM. She received
the prestigious IEEE/ACM William J. Mccalla ICCAD Best Paper Award in
2009, and two IEEE ISQED Best Paper awards in 2006 and 2014.

Youssef Tawk received the B.Eng. degree (with high-
est distinction) from Notre Dame University Louaize,
Zouk Mosbeh, Lebanon, in 2006, the M.Eng. de-
gree from the American University of Beirut, Beirut,
Lebanon, in 2007, and the Ph.D. degree from the Uni-
versity of New Mexico, Albuquerque, NM, USA, in
2011. He is currently an Assistant Professor with the
ECE Department, American University of Beirut. His
research interests include reconfigurable RF systems
for microwave and mm-wave applications, cognitive
radio, optically controlled RF components, phased

arrays, and phase shifters based on smart RF materials. He is an Associate
Editor of the Wiley Microwave and Optical Technology Letters. He is the
co-author of two books and one book chapter, and co-inventor on seven US
patents. Throughout his education and career, he has received many awards
and honors such as the 2018 and 2014 Science and Technology Innovation
award for his patents on reconfigurable microwave filters and optically controlled
antenna systems in addition to the 2011 IEEE Albuquerque Chapter Outstanding
Graduate award. He has more than 140 IEEE journals and conference papers
many of which received finalist positions and honorable mentions in several
paper contests.

Ali H. Ramadan received the Ph.D. degree in elec-
trical and computer engineering from the American
University of Beirut, Beirut, Lebanon, in 2014. In
2010, he joined the Cognitive Radio Research Group,
Department of Electrical and Computer Engineering,
The University of New Mexico, Albuquerque, NM,
USA, where he was a Ph.D. Exchange Research
Scholar from 2010 to 2013. In 2014, he joined the
Department of Electrical and Computer Engineering,
American University of Beirut, as a Postdoctoral Fel-
low, where he held a Research Associate position, in

2017. He is currently an Assistant Professor with the Department of Electrical
Engineering, Fahad Bin Sultan University, Tabuk, Saudi Arabia. His current
research interests include wireless power transfer (WPT), bio-electromagnetics,
reconfigurable RF front-end transceivers for Internet of Things (IoT) applica-
tions, and phased antenna arrays.

Assaad A. Eid received the doctorate degree in
metabolism and endocrinology from the Faculty of
Medicine, Claude Bernard University, Lyon, France,
in 2006. After that he joined the Department of
Medicine/Nephrology, University of Texas Health
Science Center at San Antonio for his fellowship.
He is currently involved in cutting-edge basic, trans-
lational and clinical science research in the field of
diabetes and diabetic complications. In October 2010,
he was appointed as an Assistant Professor with the
Faculty of Medicine, American University of Beirut

(AUB-FM), and then was promoted to the rank of Associate Professor in 2015.
Furthermore, he is currently the founding Co-Director of the AUB diabetes and
the Director of the Faculty of Medicine Master programs. His work is funded by
several national and international research grants and his name appears on more
than 60 publications and book chapters as well as three patents. In recognition
to his contribution to research and training, he was elected as a member in
the Inter-Academy Medical Panel - Young Physician Leaders and as a Young
Affiliate Member of The World Academy of Sciences for the developing world
(TWAS). Besides, in 2017, he was appointed as a Visiting Professor with Paris
Descartes University, Paris, France and in 2018 he joined the Neuronetwork
for Emerging Medicine, University of Michigan at Ann Arbor as International
Associate.

Authorized licensed use limited to: American University of Beirut. Downloaded on April 18,2024 at 08:23:34 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


