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Abstract

For microwave glucose sensing without a vector network analyzer (VNA), one of the options is
to measure the reflection coefficient of a glucose sensor using a gain-phase detector. Gain-phase
detectors have a frequency threshold, and, in the case of AD8302, the threshold frequency is 2.7
GHz. In this work, focus has been placed on realizing a glucose sensing device compatible with
AD8302. Methodology: A sensing device with two resonant frequencies below the threshold
frequency of AD8302 was realized on a lossy FR4 substrate in a way to allow the measurements
to be cross-checked within a narrow frequency range. The realized sensor features the use of two
closely packed periodic arrays of closed metal rings in the energy transfer region. On the other
hand, a near-Littrow configuration was successfully used in the sensing region for detection of
ultra-low concentration of glucose in a liquid solution. The fabricated sensor has exhibited dual
resonances, with one resonance occurring at around 2.42 GHz and the other occurring at around
1.65 GHz. The minimum detectable glucose concentration of the proposed glucose sensor was
found to be 25 mg/dL. The sensitivities that have been achieved were 715 kHz/(mg/dL) at
around 2.42 GHz, and 805 kHz/(mg/dL) at around 1.65 GHz. Overall, a glucose sensing device
with a dual resonant frequency characteristic has been realized with a minimum detectable
glucose concentration at 25 mg/dL and a maximum sensitivity at 805 kHz/(mg/dL).

Keywords: Glucose; RF; Microwave; Instrumentation; Measurement; Sensor; Diamagnetism;
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I. Introduction

The history of minimally invasive glucose sensing started at around 2009. Back in 2009, the
world witnessed major advancements in glucose sensing, with Dexcom and Abbott introducing
their real-time Continuous Glucose Monitors (CGMs) to the global diabetic community. The
CGMs from Dexcom and Abbott are not qualified as non-invasive sensors because these devices
still require a small glucose sensor to be inserted under the skin to operate. Unlike the traditional
invasive lancet techniques, however, CGMs were minimally invasive and offered real-time
tracking of meals/insulin, thereby improving blood glucose control in Type 1 diabetic population.
For the first time in human history, these products marked a transition from the traditional finger-
prick method towards computerized CGM systems that has been proven helpful for the diabetic
community [18].

However, being a minimally invasive sensors, real-time CGMs have not significantly stirred up
any serious research interest in the global scientific community. Figure 1 shows the number of
IEEE journal papers that were published per year and that were categorized as glucose related by
the search engine in Ieeexplore. According to the data from IEEE, the number of yearly
published journal papers in the field of glucose sensing were no more than 100 from 2011 to
2020, suggesting that the global research productivity in glucose sensing used to be very stagnant
before 2020. The lack of research interests in glucose sensing before 2020 was in part attributed
to the shortage of societal needs, and in part attributed to the shortage of resources for this
research.

Figure 1. Number of IEEE Journal Papers in Glucose Sensing Per Year

Due to the outbreak of COVID-19, however, the research into glucose sensing started to receive
attention from the scientific community in 2019. During the year of 2021, the world experienced
an unprecedented lockdown, whilst the number of IEEE journal papers related to glucose sensing
noticeably spiked up to 156. Unlike the decade before 2020, the number of journal papers from



IEEE have been steadily increasing with no sign of stopping. There is no suggestion that the field
of glucose sensing is running of the research. Up until now, the majority of published
investigations mainly focused on non-invasive sensing via electromagnetic (EM) perturbation
that uses the interaction between EM waves (typically microwaves or radio frequency waves)
and glucose loaded sample to estimate the blood glucose concentration. This method leverages
the principle that glucose concentration changes the dielectric properties (permittivity) of a
medium but, up until now, most of the published experimental sensors have to operate in
conjunction with a vector network analyzer. In these investigations, however, the frequencies of
operation of the sensors were apparently not the major primary concern. On the other hand,
vector network analyzers (VNA) are not only expensive but also difficult to customize using
microcontrollers. VNA’s are not something that can be afforded by an average individual from a
diabetic population.

Nowadays, glucose sensing is becoming mainstream research in the global research community,
in part because of the recent global outbreak of coronavirus pandemics, and in part because of
the availability of devices capable of conducting highly complicated analog computation. These
devices are often considered to be cheaper, but more flexible, alternative to VNA. Examples of
these devices are the well-known gain phase detector from Analog Devices, AD8302. Unlike the
old days, many highly complicated tasks have been accomplished with the help of the gain phase
detectors. The work from Liu [2] and Pockevicius [3] were among these examples. However,
the use of AD8302 in the field of glucose sensing is currently still very rare. In Gelao’s work [1],
for example, a waveform generator (AD9954) together with a gain-phase detector (AD8302)
were used to implement an impedance measuring device working in a frequency range of 1MHz-
160MHz. The main problem of those gain-phase detectors is that most of these products have a
very low frequency threshold. In AD8302, for example, the maximum operating frequency is
2.7GHz. Regrettably, most of the experimental electromagnetic glucose sensors of this date
resonate at much higher frequencies. The examples listed in Table 1 are the exception.

Table 1: Electromagnetic Glucose Sensors that can straightforwardly operate in
conjunction with AD8302

Reference Topology Operating
Frequencies
(GHz)

Sensitivity
(MHz/mg/dL
and/or dB /mg/mL)

Sensor Size

5 Double Split-
ring Resonator

1.7, 4.4 24 MHz/mg/dL 35 × 50 mm2

6 Complementary
SRR

2.4 Not reported 20 × 34 mm2

7 Coupling
Resonant
Circuit
involving an
antenna, mixer

1.6 Not reported ~70 × 70 mm2



and RSSI

8 Bifilar
Resonator

0.640 130 MHz/mg/mL

& 4 dB /mg/mL

20 × 10 mm2

9 Microstrip U-
shape resonator

0-1 0.150
MHz/(mg/dL)

37 × 20 mm2

This work A near-Littrow
configuration
together with a
periodic array of
closed circular
metal rings.

2.38-2.48
GHz and
1.61-168
GHz

0.715
MHz/(mg/dL) at
the 2.42 GHz, and

0.805
MHz/(mg/dL) at
1.54 GHz

40 × 150 mm2

For a glucose sensor to be able to operate with any of the commercially available gain-phase
detectors, the resonant frequency of the sensing head should not exceed the threshold frequencies
of the gain-phase detectors. It was for this reason why the primary objective of this work was
realization of a glucose sensing device with resonant frequencies below the frequency threshold
of the commercially available gain-phase detector (e.g. AD8302), typically and preferably less
than 2.7 GHz.

In addition to fulfilling the main objective of this work, the following novelties have been
achieved:

1) The design of the realized sensor was primarily based on two closely packed periodic arrays
of closed metal rings.

2) A near-Littrow configuration has been successfully used in the sensing region for detection of
ultra low concentration of glucose in a liquid solution, with the minimum concentration down to
0 mg/dL.

3) The sensitivities that have been achieved were 0.715 MHz/(mg/dL) at the primary resonance,
and 0.805 MHz/(mg/dL) at the secondary resonance.

4) The proposed glucose sensor was found to be resonate at two different frequencies within a
narrow frequency range, thereby allowing the measurements to be cross-checked with minimal
hardware resources.

II. Methodology

Figure 2 depicts the details of the proposed glucose sensor. Figure 2a shows the electron scanned
image of the proposed sensor that has been photo-lithographically. The proposed sensor



comprises three distinct regions, namely the transition and tapered region, the energy transfer
region and the sensing region.

As shown in Figure 2d, the results of CST simulation and measurement suggests the proposed
sensor should be able to exhibit two independent resonances, with the primary resonance was
achievable at 2.5GHz and with the other at 1.66 GHz. The resonance at 1.66 GHz was believed
to be caused by the plasmonic resonance due to the reflection from the near Littrow
configuration. Due to the negative interference caused by the glucose water molecules on the
near-Littrow configuration, the Q-factor for the resonance at 1.66 GHz was expected to be lower
than the simulated results.

In the sections which follows, the tapered region, the energy transfer region and the sensing
region are individually discussed along with a discussion on sensitivity as well as the
experimental setup.

(a)

(b)



(c) (d)

Figure 2. Details of the Proposed Sensor. (a) The electron scanned image; (b) The simulated
electric field at 2.5 GHz; (c) The simulated far field, and (d) S-parameters vs. Frequency

A) Transition and Tapered Region

The tapered region was used for impedance matching from 50 ohm to a higher impedance. The
sensing area was 13 mm by 24 mm rectangle filled with parallel directors. There is no ground
plane from the backside.

B) Energy Transfer Region

As shown in the far field in Figure 2c, the proposed sensor was originally based on the idea of a
dual-beam antenna published in [22], with perhaps an exception that each of the beams was
formed by a periodic array of serially connected closed circular metal rings in the energy transfer
region. The array was not a transverse transmission medium, with no ground plane underneath.
Each of these periodic arrays of serially connected closed metal rings has its own resonant
frequency given by �� = �/ 2�� 1 + �� , where � is the phase velocity of light, � is the
average radius of the closed circular metal ring, �� is the permittivity of the FR4 substrate
suspending the circuit [20, 21]. Based on the geometric details given in the original design in Fig.
1a, the resonant frequency should be at least 5 GHz. Since the glucose sensing operation
occurred at 1.6-2.5 GHz frequency range, the array of the serially connected closed metal rings
should be thought as a non-dispersive transmission medium with a broadband under-unity
permeability [19]. When excited by a source of electromagnetic wave, each of the closed metal
rings self-generated a close loop eddy current. By Ampere’s law, each of eddy current loops
should generate a magnetic field in opposition to the external magnetic field from its neighboring



ring, thereby producing a diamagnetic response with the effectively permeability falling below 1.
The substrate material was FR4, which is a non-magnetic material. The loop eddy current in each
of the metal rings is largely a conductive eddy current which is relatively less dependent of the
substrate dielectric losses. Hence, the transmission line formed with serially connected closed-
rings often exhibit a better performance in terms of loss reduction compared to split rings. Unlike
those metamaterials based purely on split rings, the magnetic properties of the metamaterials
based on closed metal rings are relatively less sensitive to minor positional errors or size
disorders.

The diamagnetism of the arrays of closed rings does not violate the principle of causality because
the phase velocity inside the arrays should remain less than the speed of light. This fact has been
experimentally proven in [19] and [23].

C) Sensing Region

The sensing region was a region composed of metal grading densely spaced in sub-wavelength
scale. The grating was arranged in the form of one-dimensional parallel wire array for y-
polarized electric field plasma resonance, assuming that the y-direction is the direction of
propagation. The spacing between each neighboring wires, a, is assumed to be very much less
than the designated wavelength, i.e. C/2.7e9. The wire array was essentially a anisotropic
dielectric medium with plasma resonance [13]. The two beams in Figure 2c has been largely
polarized in majority to TM modes. As a result of this arrangement, the electric field passing
onto the wires gave rise to a conductive current, yielding a strong response similar to a plasma.

At frequencies below the plasma frequency, ωp, the axial component of the permittivity tensor of
the sensing region essentially became negative. Let’s assume that the two beams in Figure 2c
were pointing to the x-direction. With this assumption, the effective permittivity of the sensing
region can be expressed as a diagonal or near-diagonal tensor in the following manner:

εeff=
εxx 0 0
0 εyy 0
0 0 εzz

where εyy is the permittivity component parallel to the parallel wires. εyy is also frequency and
spatially dispersive and can be negative, thereby allowing the sensing region to function as an
artificial metamaterial. On the other hand, since εxx and εzz are the components perpendicular to
the wires, they should be close to the permittivity of the background material.

Since the two beams as illustrated in Figure 2c were incident at a large angle relative to the
normal of the parallel wires, a well known near-Littrow configuration has been formed. Under
this condition, the diffracted electromagnetic waves were able to back-propagate almost along
the incident paths, with the diffracted order coupling into the guided mode from the incident
beams. In optics, this approach has been commonly used to achieve high sensitivity for sensing
molecules of a low density [11].

During the process of glucose measurements, a glucose solution of approximately 1 micro-litre
in volume was applied to the centre of the sensing region using a micro-pipette. The presence of



the glucose solution altered the dielectric properties of the sensing region, thereby perturbing the
electromagnetic field interacting with the array of the parallel wires. As a result, a resonant
frequency shift was observed at both of the resonances. The presence of the proposed near-
Littrow configuration further reinforced the resonant effects.

D) Sensitivity Consideration

According to the simulated results in Figure 2d, the sensor should exhibit two resonances, with
the primary resonance at around 2.42 GHz and the secondary resonance at around 1.54 GHz. The
sensing region can be thought as a dielectric medium. In the absence of any glucose solution, the
relative permittivity of the sensing region can be expressed using the Drude model as:

εeff=1+
ωp,m2

ω(1+jγmω)
(1)

where ωp,m is the plasma frequency of the parallel grating, γm is the damping factor of the metal
in the parallel wire grating and ω is the operating frequency in radian. The plasma frequency of
parallel grating without any dielectric substrate attached, ωp,m , can be approximately obtained
with some modification to Pendry’s formula using:

��,�=c 1

2�� �� �
��

(2a)

where p is the grating period, � is the width of the wire and � is the adjustment factor that
accounts for the rectangular cross-sectional area of each of the wire. The surface plasma
frequency due to the grating/FR4 interface can be asymptotically obtained using

���= ��,�

1+���4
= �

(1+���4) 2�� �� �
��

(2b)

where ���4 is the relative permittivity of FR4. Because the metal thickness was 17 microns, the
exact area of the wire cross-section was 1mm by 17 microns, which was 1.7 × 10−8 �2 . Using
1mm as the radius, the cross-sectional area would have been 7.8540× 10−7�2. The adjustment
factor � should be the ratio of these two figures combined, which should be 46.2. Substituting
this adjustment factor to the expression given in equation (2b), we determined that the plasma
frequency of the water without any glucose should be approximately 2.4956 GHz.

In the presence of the glucose solution, however, the overall permittivity can be expressed
according to [14]:

εr=1+ω��
2

j=0

M
Sj S0

ωj2-ω2-jωγ
� +

jωsp
2

ω(γm-jω)

(3)



where γ is the damping factor of the glucose solution itself. Sj is the oscillator strength, which is
normally the number of free electrons per atom at jth resonance. The last term on the right side
of Equation (3) is the conductivity according to Equation (1). The second term on the right side
of Equation (3) is the harmonic model for non-conducting material, which, in this case, is the
glucose solution. In Equation (3), it is assumed that the surface plasma frequency for the second
term and the last term of the right side are the same. Let’s assume that the metal used in the
metal grating of the sensing region is perfectly conductive, which means γm=0. At frequencies
very closed to a resonant frequency, ωj, we have ω=ωj. Equation (3) can be reduced to:

εr=1+ω��
2 j

Sj S0
ωjγ

-
1
ωj2

(4)

Differentiating Equation (4) with respect to ωj, we get:

dεr
dωj

=
ω��

ωj

2

-j
Sj S0
γ

+
2
ωj

(5)

When the resonance is chosen to be at a microwave frequency, 2/ωj≈0. Hence, Equation (5) can
be further simplified to:

dεr
dωj

=
ωsp
ωj

2

-j
Sj S0
γ

(6)

After some algebraic rearrangement, Equation (6) can be rewritten as:

dεr
dωj

=
d(ε'+jε'')
dC

dC
dωj

=
ω��

ωj

2

-j
Sj S0
γ

(7)

where C is the concentration of the glucose solution on the surface of the sensing region. Under
an anomalous dispersion, the sensitivity can be expressed as a change of resonant frequency per
unit concentration, i.e. dωj

dC
. The sensitivity is always a real number. Therefore, the sensitivity can

be readily obtained by separating the real part and the imaginary part from Equation (7).

By separating the real part and the imaginary part of Equation (7), and with some algebraic re-
arrangement on Equation (7), the overall sensitivity of the sensing region becomes

dωj
dC =

S0
S

γ
ωj
ω��

2 d
dC

(ε'')



(8)

Where S, S0, γ, ω��, C respectively stand for the oscillator strength at resonant frequency (ωj), the
oscillator strength at the highest resonance, the loss factor, the plasma frequency and the glucose
concentration.

The sensitivity of a glucose sensing is undoubtedly an important figure of merit. While the near-
Littrow configuration is important for achieving a high sensing sensitivity, it is also important to
look at the other observations as revealed by Equation (8). These observations are summarized as
follows:

I) In equation (8), the sensitivity is also proportional to the damping factor ( γ ) of the glucose
solution or the substrate, meaning that the sensitivity is inversely proportional to Q-factor [12].
This Q-factor can be directly estimated by ratio of (ωj

∆ω
) over the frequencies in the neighborhood

of the resonant frequency in the S11 plot.

II) Of these other factors, one of most obvious one was the plasma frequency or surface plasma
frequency. Equation (8) suggests that the sensitivity is proportional to the square of ωj ωsp .
For achieving a higher sensitivity, the plasma frequency, ω�� ,should be minimized, whilst the
resonant frequency, ωj, should be maximized. According to Equation (2b), the plasma frequency
can be lowered by either increasing the periodical spacing between neighboring wires in the
metal grating, � , or by decreasing the width of each of the metal strip in the sensing area. Since
decreasing the metal strip in the sensing region is often associated with higher damping factor,
the plasma frequency can be more cost-effectively lowered by increasing the spacing between
each neighboring wires.

III) Equation (8) also reveals that not all the resonances are equal. The resonant frequency is
always lower than or equal to the surface plasma frequency. Assuming that there exists more
than one resonant frequency in the system, Equation (8) suggests that the resonances at lower
frequencies tend to yield a lower sensing sensitivity.

E) Experimental Setup

Figure 3 shows the material resources used for our glucose measurements. Figure 3a shows the
proposed sensor photolithographically fabricated in an FR4 substrate of 1mm thick. Figure 3b
shows the glucose crystals as well as the weight scale that have been used for preparing the
glucose solution.

Altogether, as shown in Figure 3d, we have prepared 9 sample solutions of different glucose
concentrations. The lowest one was a pure water. During the measurement phase, each of the
glucose sample solutions was applied to the sensing region using a micro-pipette as shown in
Figure 3c. The volume of the liquid dispensable from the micro-pipette was adjusted to precisely
1 micro litre. All the chemicals and instruments used in this work are of clinical grade.



During the experiments, the measurements were cross-checked using a VNA and an
experimental circuit as depicted in Figure 3e. As illustrated in Figure 3e, the experimental
circuit has used a broadband hybrid directional coupler to separate the incident power, a, and the
reflected power, b, associated with the glucose sensor. The signal source used in this work was
ADF4351, which was equipped with a built-in low phase noise Voltage Control Oscillator (VCO)
with the primary RF output frequency ranging from 2.2 GHz to 4.4 GHz and a built-in
programmable frequency divider: 1/-2/-4/-8/-16/-32/-64. At each frequency within a permitted
specific frequency range, ADF4351 generated a power of 4a. One-forth of the generated power
from ADF4351 was expected to reach the glucose sensor, and another fixed portion of the same
was delivered to the gain-phase detector as RFina. The AD8302 board was a gain-phase
detector used to conduct analog computation of 10 log10(RFIna/RFInb) at each frequency within
the designated frequency band. Figure 3f shows the experimental circuit wired according to
Figure 3e.

(a)

(b) (c)



(d)

(e)



(f)

Figure 3. Experimentation Setup. (a) Proposed sensor fabricated in FR4; (b) Weight scale
and glucose crystals used in the measurements; (c) Micro-pipette (d) Glucose samples; (e)
Schematic diagram showing the measurement circuit involving AD8302; (f) Photo of the

measurement circuit

III. Results and Discussion

Figure 4a shows the measured results of this work. In consistent with the simulated results
depicted in Figure 2d, the measured results in Figure 4a have exhibited two resonant frequencies.
The primary resonance has precisely occurred at around 2.42 GHz, as opposed to the value
calculated using equation (2b) at 2.4956 GHz. As the simulation predicted, the secondary
resonance has indeed occurred at around 1.54 GHz.

According to Figures 4b and 4c, all the sample concentrations have generated noticeable shifts in
both of the resonant frequencies. More importantly, unlikely other published counter-parts, the



lowest glucose concentration that was noticeably detectable was found to be 25 mg/dL, thanks to
the near-Littrow configuration in the sensing region of the proposed sensor.

A near-linear correlation between the glucose concentration and the resonance frequency was
noticeably observed at both resonant frequencies, according to Figures 4d and 4e. In Figure 4d, it
was observed the resonant frequency shift correlated with the glucose concentration almost
linearly from 25 mg/dL up to 150 mg/dL. At 2.42 GHz, the range of this near-linear correlation
between the resonant frequency and the glucose concentration has considerably exceeded the
clinical diabetic range (see Figure 4d).

On the other hand, the resonant frequency shift at around 1.54 GHz did not correlate with the
glucose concentration linearly. A near-linear correlation was moderately observable between 50
mg/dL and 125 mg/dL.

What is more important is the sensing sensitivity. This sensitivity can be obtained by calculating
∆fo ∆C , where fo is the resonant frequency measured in GHz and C stands for the glucose
concentration measured in mg/dL. The sensitivity can be readily estimated by measuring the
maximum slopes of the graphs in Figures 4b and 4c. By estimation, the sensitivities specific to
the resonances at 1.54 GHz and 2.42 GHz were respectively 800 kHz/(mg/dL) and 714
kHz/(mg/dL).

By direct observation on the graph in Figure 4a, the measured Q-factor at 1.54 GHz is lower.
Consistent with our theoretical prediction, the measured sensitivity at 1.54 GHz was indeed
higher for low glucose concentrations. In contrast with the measurements, however, the
simulated Q-factor at 1.54 GHz turned out to be higher that of the resonance at around 2.42 GHz
in CST simulation. This problem is very common in electromagnetic simulation. As yet, there
has not been any conclusive resolution, although it has been suggested that eigenmode solvers
often provids closer values to measurements compared to driven methods for high-Q structures
[26].

However, as explained in the previous section, the sensitivity depends on not just the damping
factor but also the ratio of ωj ω�� . It makes no sense to judge the sensitivity by looking at the
Q-factor alone.

The return loss, which was also the S11 as measured in Figure 3a, was found to be lowest at 2.42
GHz. Contrary to a filter design, where lower return loss in the pass band is an indication of
better performance, a higher S11 in a glucose sensing device is in most cases associated with a
higher Q-factor. According to Equation (8), however, a lower Q-factor tends to yield a better
sensitivity. In addition, not all the low return losses can be measurable by a gain-phase detector
(e.g. AD8302) if the power reflected from a sensing device falls below -30dBm.

With the proposed measurement setup, most of the measurement processes were indeed
automated with dramatic decrease in visualization errors which would otherwise be found with
an vector network analyzer. However, the accuracy of the output display depends on the
frequency resolution. During the verification stage, however, one of the major issues was the
quantization noise contributed by the N-divider in the ADF4351 frequency synthesizer. We were



able to achieve around 7.8 kHz resolution, but not lower than this resolution. In ADF4351, the
resolution is defined as PDF/MOD, where PDF stands for phase detection frequency and MOD
stands for modulus. Unfortunately, the largest value of MOD that can be set in ADF4351 is 4095,
which means that the minimum PDF that should be set is at least 10 MHz. With this in mind,
another RF synthesizer with a better resolution should be used if higher resolution is required.

The proposed sensor employs dual resonances so that measurements can be independently cross-
checked within a single experiment. Not only does this method ensure a greater accuracy and
reliability, but it has been adopted in many applications. In standard electron density
measurements, for example, a two-resonance probe is often used to measure electron density in
low-pressure plasmas by simultaneously utilizing both plasma resonance and quarter-wavelength
resonator resonance, with the results from these two types of resonances being compared for
validation. In addition to the standard electron density measurements, there are many
investigations that have successfully adopted dual mode measurement techniques [15-17]. In
[17], for example, this technique has been very successfully used in a glucose sensing device,
where the magnitude change and the resonance frequency shift were independently used to
determine the concentration of a glucose-water solution, with an achievement of a higher
accuracy and reliability within one single measurement. Another example was found in [16],
where two light frequencies (pump and probe) were used to probe transitions between molecular
energy levels, especially highly excited ones, often with sub-Doppler resolution, thereby
facilitating assignment of quantum states and verification of theoretical models for applications
like atmospheric studies. In [15], which is another example, the two excited modes were used to
occupy the same volume of quartz, thereby allowing the resonator to sense two measurands
simultaneously, with the end results proven to be more accurate.

(a)



(b)

(c)

Figure 4. Measured Results. (a) Measured S-parameters; (b) A plot of resonant frequency
against glucose concentration for the secondary resonance (i.e. at around 1.54 GHz); (c) A
plot of resonant frequency against glucose concentration for the resonance at around 2.42
GHz; (d) Linear correlation between the resonant frequency and the glucose concentration

for the resonance at around 1.54 GHz.



IV. Conclusions

In consistent with the simulated results, a sensing device with resonant frequencies below the
threshold frequency of AD8302 has been successfully designed and realized on a lossy FR4
substrate, with one resonance occurring at around 2.42 GHz and the other occurring at arround
1.54 GHz. The realized sensor features the use of two closely packed periodic arrays of closed
metal rings in the energy transfer region. A near-Littrow configuration has been successfully
used in the sensing region for detection of ultra low concentration of glucose in a liquid solution,
with the minimum detectable glucose concentration down to 25 mg/dL. The sensitivities that
have been achieved were 715 kHz/(mg/dL) at the 2.42 GHz, and 805 kHz/(mg/dL) at 1.54 GHz.
Dual resonances allow measurements of glucose concentration to be independently cross-
checked and verified by providing two independent measurement frequencies within a single
experiment, ensuring thereby greater accuracy and reliability.
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