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Abstract: In this article, a planar metamaterial sensor designed at terahertz (THz) frequencies is
utilized to sense glucose concentration levels that cover hypoglycemia, normal, and hyperglycemia
conditions that vary from 54 to 342 mg/dL. The sensor was developed using a symmetric comple-
mentary split rectangular resonator at an oblique incidence angle. The resonance frequency shift was
used as a measure of the changes in the glucose level of the samples. The increase in the glucose
concentration level exhibited clear and noticeable redshifts in the resonance frequency. For instance,
a 67.5 GHz redshift has been observed for a concentration level of 54 mg/dL and increased up to
122 GHz for the 342 mg/dL concentration level. Moreover, a high sensitivity level of 75,700 nm/RIU
was observed for this design. In the future, the proposed THz sensors may have potential applications
in diagnosing hypocalcemia and hyperglycemia cases.

Keywords: glucose sensing; terahertz technology; complementary split rectangular resonators;
Babinet’s principle; biosensing

1. Introduction

Recently, diabetes has become one of the main reasons behind the death of millions of
people around the world [1,2]. In 2019, the World Health Organization and the interna-
tional diabetes federation reported that diabetes cases reached 463 million worldwide [3,4].
When there is not enough insulin produced by the pancreas or the insulin is not delivered
to the cells, the situation is classified as type 1 and type 2 diabetes, respectively. While a
glucose level in the blood between 70 and 120 mg/dL when fasting is considered normal, less,
or more than this range, the person has hypoglycemia and hyperglycemia, respectively [5–7].
Therefore, monitoring the glucose level is crucial to prevent a lot of well-known conse-
quences of abnormal glucose levels in the blood [8]. It can be observed using invasive,
minimally invasive, and non-invasive devices [9–14].

Recently, many research activities have been carried out to propose different kinds
of noninvasive devices, where the measurements can be performed without pain or the
need of needles and, most importantly, can be continuous [5,6,15,16]. Among a plethora of
different techniques proposed for glucose level measurements, optical methods at different
wavelengths have shown high potential for future continuous glucose monitoring (CGM)
devices [9]. More specifically, terahertz (THz) technology has attracted a lot of attention
recently due to the very low photon energy at THz frequencies, and the fact that many
biomolecules have very clear fingerprints within the THz band [17–20]. More interestingly,
sensing various samples and analytes can be carried out in a label-free fashion [19,21–23].

However, there is a hurdle to achieving the potential of label-free sensing at THz
frequencies due to the large difference between the relatively large light excitation wave-
length and the small quantity of the samples. To address this challenge, biosensors that
are sensitive enough for a given analyte with a certain dielectric constant have to be de-
signed that use a small quantity of the analytes and, at the same time, have a very high
level of field confinement in order to increase the light–matter interaction. Fortunately, a
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number of configurations have been proposed in recent years [22,24]. Planar metamaterials
or metasurfaces comprised of arrays of identical split rectangular resonators have been
considered as potential candidates for such sensing applications [24–27]. When the sensor
surface is coated with the analyte, a redshift of the resonance frequency and a change in
the resonance depth occur due to the alteration of the dielectric environment. This shift
and depth, which corresponds with the refractive index of the analyte, can be utilized to
identify the analyte type. A few designs at terahertz frequencies have been proposed to
measure the glucose level [28–30].

For these sensors to operate effectively, a very high-quality (Q-) factor that corre-
lates with a sharp transition in the frequency response must be achieved to allow the
identification of small modifications in the dielectric environment. The Q-factor has been
traditionally correlated with sensor sensitivity [31–35]. The conventional metasurfaces
experience a drawback of quite a low Q-factor due to its strong free-space coupling cor-
related with high radiation losses [25]. To address this problem, various configurations
and structures have been developed to minimize the radiation losses [24,26,33]. Several
approaches have been suggested to achieve a high Q-factor using asymmetric Fano reso-
nance [36,37], electromagnetic-induced transparency resonance [38–41], and many other
strategies [31,42–49]. In most, if not all, of these structures, the unit cell dimensions must
be carefully altered compared to the symmetric structures that in turn lead to low perfor-
mance when there is a small change in the dimensions due to the fabrication process that is
normally unavoidable. Interestingly, simple mesh cells have been utilized under oblique
incidence for THz sensing applications [50–52]. Interestingly, a magnetic response has been
shown in 2004 using metasurfaces consisting of double split-ring resonators (SRRs) with
a single slit in each ring under oblique incidence excitation [53]. Moreover, the effective
properties of such a configuration have been studied as well [54]. Furthermore, various
asymmetric resonators and supercells consisting of dissimilar SRRs have been investigated
under oblique illumination [43,55–57]. Remarkably, a very high Q-factor resonance has
been observed under oblique incidence angles that illuminated an array of metalized
crosses [58]. However, none of these studies investigated symmetric SRRs with two slits
under oblique illumination. Hence, the question remains, can we design a symmetric
split rectangular resonator structure excited under oblique incidence that can be easily
fabricated and feature a high-quality factor and sensitivity?

Therefore, in this paper, a terahertz metasurface with a symmetric complementary split
rectangular resonator (CSRR) with respect to the excitation field is proposed. The structure
can be easily fabricated due to its simple configuration. To investigate the sharpness of
the induced resonance, the transmission and reflection frequency response of the structure
under different incidence angles is discussed in detail. More importantly, the response to
different glucose concentrations has been presented by sweeping the glucose concentration
level from 54 to 342 mg/dL, which covers the range from the hypoglycemia case to the
hypercalcemia case. Moreover, we study the sensitivity of the sensor by sweeping the
coated layer refractive index. Furthermore, we discuss the effect of the metal conductivity
on the sharpness of the frequency response

2. Sensor Design and Simulation Methods

Figure 1 shows the 3D and 2D configurations of the unit cell in parts (a) and (b),
respectively. It consists of a complementary split rectangular resonator metalized on a
dielectric substrate. To get this design, Babinet’s principle has been employed, and therefore
the metallic layer here is shown in a yellow color [59–61]. The unidentified sample is coated
onto the metalized side and covers the whole area. The geometrical dimensions of the
CSRR are shown in Figure 1b with the relevant geometrical dimensions: an outer side
length of lo = 140 µm, an inner side length of li = 100 µm, a microstrip line width of w = 20
µm, and a periodicity of p = 200 µm. The substrate is chosen to be a cyclic olefin copolymer
with a thickness of 25 µm and a refractive index of 1.53 [27]. Finally, the gold metalized
layer thickness is 200 nm. It is worth mentioning that the values of the dielectric constant
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(εr) of the sample layer have been adopted from Ref. [28], which were taken from Ref. [30],
that is based on the characterization of real blood samples. Table 1 shows the exact values
of the dielectric constant that were used in the simulations. At each glucose level, three
values of the dielectric constant at 0.3, 0.4, and 0.5 THz were entered in the CST package in
order to model the dielectric dispersion and fit that with a maximum order of 10 and an
error limit of 1%.
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ary conditions have been chosen and the excitation of a plane wave with different inci-
dence angles has been applied to mimic the actual scenario. The electric field is horizon-
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top and bottom slots, as illustrated in the inset of Figure 1. Therefore, we should expect 
the excitation of symmetric dipole resonance under normal incidence. In this paper, the 

Figure 1. Geometrical schematic of the resonator: (a) 3D representation showing the analyte top coat-
ing layer with the incidence angle (θ) and (b) 2D of the symmetric complementary split rectangular
resonators with the related dimensions, respectively. The inset illustrates the field polarization.

Table 1. The dielectric constant of the sample layer.

Glucose Level (mg/dL) εr at 0.3 THz εr at 0.4 THz εr at 0.5 THz

54 4.00 4.25 4.50
111.6 4.80 4.70 4.90
198 5.00 4.95 5.10

268.2 5.90 5.80 5.90
342 8.50 8.60 8.80

The simulations were carried out by utilizing the simulation software Computer
Simulation Technology (CST) Microwave Studio (version 2021, https://www.3ds.com/
products-services/simulia/products/cst-studio-suite/ (accessed on 20 September 2021)).
It is based on a finite integration technique to solve Maxwell equations in the frequency
domain. Hence, it is a suitable approach to study structures that feature sharp frequency
responses. Hence, the frequency domain solver of the package was used. Periodic boundary
conditions have been chosen and the excitation of a plane wave with different incidence
angles has been applied to mimic the actual scenario. The electric field is horizontally
oriented parallel to the two microstrip lines that are structured in the middle of the top
and bottom slots, as illustrated in the inset of Figure 1. Therefore, we should expect
the excitation of symmetric dipole resonance under normal incidence. In this paper, the
following question is going to be answered: What will happen when this kind of resonator,
that is symmetric with respect to the excitation field, is excited in oblique incidence THz
waves?

3. Results and Discussion

Figure 2 shows the reflection and transmission amplitude spectra for the above struc-
ture for a sweep of incident angles (θ) between 0◦ and 75◦ with a step of 15◦. As expected,
when the THz waves excite the symmetric structure under normal incidence (θ = 0◦), only

https://www.3ds.com/products-services/simulia/products/cst-studio-suite/
https://www.3ds.com/products-services/simulia/products/cst-studio-suite/
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the dipole resonance mode at 0.645 THz is excited (not shown within the frequency range
in Figure 2).
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More interestingly, the excitation of a clear asymmetric resonance is observed around
0.506 THz with a very sharp transition when the incident angle is increased in both
the reflection and transmission spectra. Increasing the incidence angle leads to a broad
bandwidth and a larger depth of the resonance. For example, when θ = 15◦, the spectral
response features a bandwidth of 8.18 GHz. Hence, the quality factor that is defined as the
ratio of the resonance frequency and the bandwidth is almost 61.9. As the incidence angle
increases, the resonance line width and the resonance depth increase as well. To examine
the performance of this structure for biosensing, an incident angle of 30◦ has been chosen
for all the results presented in the rest of the paper. To facilitate reliable measurements, a
different value of the incidence angle might be chosen based on the dynamic range of the
available THz spectrometer and the scan time window that can be measured.

Next, we investigate the performance of the proposed design when a layer of glucose
analyte with a different concentration level between 54 and 342 mg/dL and a thickness of
5 µm is coated on top of the metasurface. The reflection spectra are shown in Figure 3a,
where a clear redshift is observed as the concentration of the glucose level is increased as a
result of the modification in the dielectric environment of the resonators. The redshift in
the frequency response is 67.5, 74, 77, 88, and 122 GHz for the glucose concentration levels
of 54, 111.6, 198, 268.2, and 342 g/dL, respectively. It is noted that there is a significant
redshift even with a small concentration level of 54 mg/dL. This means that this sensor
can be utilized to measure small glucose concentration levels in the hypocalcemia range
that are considered very dangerous for diabetic people. Moreover, there is a clear increase
in the shift when the glucose concentration level is further increased. It is evident from
these results that the rather simple design of a symmetric complementary split rectangular
resonator has the potential to be used for glucose concentration levels within the important
ranges of hypocalcemia and hypercalcemia.
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sweep of glucose concentration levels between 54 and 342 mg/dL; (b) The corresponding resonance
frequency shift versus the glucose level concentration.

In order to get an insight into the physical mechanism of the resonance excitation,
we carried out further simulations to monitor the spatial electric and magnetic nearfield
distributions as well as the surface current distribution at the dipole frequency of about
0.645 THz and the asymmetric resonance frequency at 0.506 THz when the incident angle
was at 0◦, 15◦, and 30◦, as shown in Figure 4. The first half (rows 1–3) of the figure shows
the results for the dipole mode. At an incidence angle of 0◦, there is a small but quite clear
excitation of the electric field in the vertical slots of the CSRR, while the magnetic field
is excited around the two (“gaps”) microstrip lines of the CSRR. The current distribution
is seen as a mirror image around the symmetry line of the resonator with respect to the
excitation field, i.e., the horizontal midline of the CSRR. This confirms the in-phase nature
of the dipole mode, and hence it is well coupled to free space that leads to its low Q-factor.
Increasing the incidence angle from 0◦ to 15◦ and then to 30◦ showed very little change in
the field distributions as well as in the surface current distribution.

The second half of the figure (rows 4–6) presents the results for the asymmetric mode.
When the incidence angle is 0◦, the strength of the fields and the surface current is quite
small. Interestingly, the spatial distribution of both the electric and magnetic fields shows a
remarkable increase in its strength as soon as the incident angle is increased to 15◦. The
electric field shown in Figure 4m is confined more on the right slot compared to the left
slot of the resonator. Moreover, the magnetic field presented in Figure 4n is confined in the
right-hand side of the upper and lower arms close to the two microstrip lines connecting
the left and right slots. This asymmetry in the field distribution leads to the excitation of
the asymmetric resonance. Most importantly, the surface current distribution at this angle,
shown in Figure 4o, reveals not only a much larger strength than its counterpart of the
dipole mode shown in Figure 4f, but also an out-of-phase behavior. The latter explains the
sharpness of the asymmetric resonance and its high Q-factor that was evident in the spectra
in Figure 2. Likewise, increasing the incidence angle to 30◦ showed a further increase in
the strength of all distributions. It is worth mentioning that the visualization of the fields
helps in choosing the best locations where the analyte can be applied. More specifically, it
is rather useful to coat the areas with high field confinement for better interaction between
the THz field and the matter. This aspect was a topic of a recent paper [23].
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Next, conventional analysis of sensing evaluation has been carried out. A virtual
analyte of the same thickness used earlier in the paper of 5 µm has been utilized and
the refractive index of this analyte has been swept from 1.0 to 2.0 with a step of 0.2.
Figure 5a shows the reflection amplitude spectra of the results. The redshift of the resonance
frequency has also been calculated and is presented in Figure 5b. The linear fitting of
the redshifts showed a slope of 32.3 GHz per refractive index unit (RIU). Using such
a parameter as the only measure of the sensor performance is not rigorous as will be
explained next. Nevertheless, it is routinely calculated for different configurations as a
measure of sensor performance.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 

Next, conventional analysis of sensing evaluation has been carried out. A virtual an-
alyte of the same thickness used earlier in the paper of 5 μm has been utilized and the 
refractive index of this analyte has been swept from 1.0 to 2.0 with a step of 0.2. Figure 5a 
shows the reflection amplitude spectra of the results. The redshift of the resonance fre-
quency has also been calculated and is presented in Figure 5b. The linear fitting of the 
redshifts showed a slope of 32.3 GHz per refractive index unit (RIU). Using such a param-
eter as the only measure of the sensor performance is not rigorous as will be explained 
next. Nevertheless, it is routinely calculated for different configurations as a measure of 
sensor performance. 

 
Figure 5. (a) Reflection amplitude spectra of the symmetric CSRRs when coated with a 5 μm thick 
analyte by changing its refractive index value between 1.2 and 2.0, and the corresponding (b) fre-
quency redshift. 

Moreover, one of the well-known evaluation techniques is to calculate the wave-
length sensitivity using [23,45]: 𝑆 = ฬ𝑑𝜆 𝑑𝑛ฬ = 𝑐଴𝑓௥ଶ × 𝑑𝑓𝑑𝑛 (1)

where “c0” is the speed of light in free space, df is the resonance frequency shift, fr is the 
resonance frequency, and dn is different in the refractive index. This approach is rather 
comprehensive, since the resonance frequency is considered in the equation. A high sen-
sitivity of 75,700 nm/RIU has been reached for the metasurface design at an incidence an-
gle of 30°. Moreover, a figure of merit (FOM) has been utilized to evaluate the performance 
of the sensors with different techniques and configurations [26]. Moreover, the same term 
has been utilized to evaluate the trade-off between the sharpness of the resonators and the 
transmission intensity of the resonance [41,46]. Furthermore, the author has proposed re-
cently to use the amplitude difference between the frequency response when the analyte 
is applied and its counterpart of the bare metasurface instead of the frequency shift, espe-
cially for very thin samples with a thickness of 2 μm or less [62]. Hence, there is no uni-
versal definition of FOM. Nevertheless, this matter has been extensively discussed in a 
well-written review paper by Beruete and Jáuregui-López [26]. The authors proposed a 
definition that takes into account many parameters, including the (i) resonance frequency 
shift, (ii) the refractive index unit, (iii) the analyte thickness of ha, and (iv) the full width at 
half maximum (FWHM): 𝐹𝑂𝑀 = 𝑑𝑓𝑑𝑛. ℎ௔. 𝐹𝑊𝐻𝑀 (2)
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Moreover, one of the well-known evaluation techniques is to calculate the wavelength
sensitivity using [23,45]:

S =

∣∣∣∣dλ

dn

∣∣∣∣ = c0

f 2
r
× d f

dn
(1)

where “c0” is the speed of light in free space, df is the resonance frequency shift, fr is
the resonance frequency, and dn is different in the refractive index. This approach is
rather comprehensive, since the resonance frequency is considered in the equation. A
high sensitivity of 75,700 nm/RIU has been reached for the metasurface design at an
incidence angle of 30◦. Moreover, a figure of merit (FOM) has been utilized to evaluate the
performance of the sensors with different techniques and configurations [26]. Moreover,
the same term has been utilized to evaluate the trade-off between the sharpness of the
resonators and the transmission intensity of the resonance [41,46]. Furthermore, the author
has proposed recently to use the amplitude difference between the frequency response
when the analyte is applied and its counterpart of the bare metasurface instead of the
frequency shift, especially for very thin samples with a thickness of 2 µm or less [62]. Hence,
there is no universal definition of FOM. Nevertheless, this matter has been extensively
discussed in a well-written review paper by Beruete and Jáuregui-López [26]. The authors
proposed a definition that takes into account many parameters, including the (i) resonance
frequency shift, (ii) the refractive index unit, (iii) the analyte thickness of ha, and (iv) the
full width at half maximum (FWHM):

FOM =
d f

dn · ha · FWHM
(2)
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As an observable frequency shift (df ) is not enough to discern a possible overlapping
between two analytes with close values of refractive index, the FWHM was considered
in this equation to have resonances with narrow peaks or dips in order to achieve that.
However, the frequency shift is not constant for different resonance frequencies. For the
same sample thickness and refractive index, the frequency shift increases as the resonance
frequency is increased. Therefore, (v) the resonance frequency should be included in
Equation (2) to take this fact into account. Another factor that could be important to
consider is (vi) the transmission intensity, as large intensity makes it easy to measure for a
given dynamic range of the THz spectrometer and vice versa. Moreover, (vii) the thickness
of the substrate and (viii) its refractive index affects the resonance frequency shift [45,63].
Furthermore, (ix) the total amount of the analyte is also another factor that needs to be
considered, as extracted biomolecular analytes are normally come with a small amount.
Luckily, it has been shown that specific areas of the sensors can be covered in order to
get quite comparable results to the case of covering the whole area [23]. Hence, a more
reasonable approach to calculate the FOM is to include such a parameter. Finally, (x) the
fabrication complexity of the sensor is another factor that might be considered. For instance,
a certain weight could be given that correlates with the difficulty level of the fabrication
process. Therefore, there will be a bias in the comparison unless most, if not all, of the
above ten parameters are taken properly into account. It is a very important topic that
could be the subject of a project or a paper by itself and is beyond the scope of this paper.

Though the ohmic losses at terahertz frequencies are quite small and they should,
in principle, not modify the frequency response, it has been shown that the conductivity
of the resonators has a significant role, especially when the frequency response exhibits
a sharp transition [46]. Hence, it is quite important to investigate such an effect on the
proposed design in this paper. The same structure shown in Figure 1 has been simulated
again at the same incidence angle of 30◦ but employing a perfect electric conductor (PEC)
instead of gold, and the results are shown in Figure 6. The slope of the transition from
the dip to the peak of the reflection amplitude response is 6.3%/GHz and 63.4%/GHz for
both gold and PEC cases, respectively. It is evident from these results that conductivity has
a strong influence. It plays a critical role in determining the sharpness of the frequency
response and the depth of the resonance. Further simulations have been carried out (not
shown here) at a smaller value of the incidence angle that equals 5◦. The corresponding
slope was found to reach a very high value of 1750%/GHz for the PEC case and there was
no sign of any resonance when gold was used at the same angle. The latter result means
that the confined field in the resonator leads to losses in the conducting layer that prevent
the resonance from being observable in the far field. Therefore, superconductors might be
a good choice in case quite a small incidence angle is sought to be utilized for extremely
sharp frequency responses.
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Finally, it is worth mentioning that the asymmetric resonance discussed in this paper
can be excited only when using two “gaps”, i.e., the two microstrip lines in the top and
bottom slots. Figure 7 shows the reflection spectra of three different configurations in order
to illustrate the importance of the two microstrip lines in this design. The three structures
shown in the figure as insets with their corresponding spectra have been simulated under
the normal incidence and oblique incidence angle of 30◦. While there is almost no change
in the spectrum for the rectangular structure in part (a), one can observe a quite broad
resonance with a small depth when one microstrip line was added in the middle of the top
slot. Interestingly, as was shown above, once the second microstrip line was added in the
middle of the bottom slot, a very sharp asymmetric resonance was excited. The excitation
with the oblique incidence induces the asymmetric resonance due to the asymmetry in the
excitation of the two slots of the CSRR shown in Figure 4, which can be easily achieved
with the two “gaps” structure.
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4. Conclusions

In summary, a biosensor for glucose levels has been designed based on a symmetric
complementary split rectangular resonator. The key to exciting a very sharp frequency re-
sponse was the use of oblique THz wave excitation. The biosensor showed a clear frequency
redshift of the resonance frequency as soon as the sample layer with a concentration of
54 mg/dL was applied to the sensor. A thorough analysis of the field distribution has been
carried out that can help in understanding the physical mechanism of the structure, as well
as in identifying the best areas to cover the structure with the analyte. Moreover, sensitivity
analysis showed a very good level of 75,700 nm/RIU. Utilizing a different incidence angle
other than 30◦ may prove advantageous, especially a smaller one to increase the FOM,
but the dynamic range of the THz spectrometer should be considered in order to make
sure that the measurements will be performed successfully. Though it is very tempting to
use a few parameters to compare the performance of different sensors, such an approach
may lead to unfair judgment. Therefore, various parameters that could contribute to the
calculations of the figure of merit have been thoroughly discussed. Further simulations
of the same structure with the PEC metallic layer revealed that much sharper frequency
response is possible, especially for a small incidence angle of only 5◦. This finding could
help in building rather simple biosensors with high performance that are easy to fabricate
and not prone to fabrication imperfections.
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