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Because of its qualitative importance in several aspects, especially biomedical ones, the
characterization of solid materials has recently attracted the interest of scholars. The detection of such a
material based on its dielectric constant with reliable precision represents the main desired objective. In
this paper, a miniature sized microwave biosensor is presented for solid materials characterization. The
proposed biosensor is formed by two identical and periodic split ring metamaterial resonators (SRRs) fed
by a microstrip line adapted to its two extremities. The method proposed for the design of our biosensor is
based on the exploitation of the electromagnetic qualities of each SRR representing the unit cell of the
overall structure. The size of the SRR is optimized for electrical dimensions of 0.2514, X 0.22514, X 0.0314,
where 1, is the free space wavelength calculated at the lowest operating frequency of 4.72 GHz. the
characterization of solid materials is based on the detection of its dielectric constants through direct
contact with the proposed biosensor. For our study, we have used four different substrates to have the
different sensitivities. The simulations carried out on the overall structure (biosensor and dielectric
substrate) based on the HFSS numerical simulator showed good sensing performance of our biosensor. A
low full width at half maximum (FWHM = 0.004), A high quality factor (Q = 103.28) and a high figure of
merit (FOM = 428.61). These features can make our biosensor more reliable for solids materials sensing.
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1. INTRODUCTION different frequency bands. Biosensors that are based on
metamaterial resonators [6] are generally operated
according to the principle of disturbance of
electromagnetic fields [7]. Direct contact of the

materials under test (MUT) with the biosensor can

Identifying the physical and biological
characteristics of materials has become necessary
nowadays for uses in several fields. Generally

speaking, the detection of samples and species amounts
to the search for methods and techniques to determine
the dielectric constant (permittivity) of such a
structure. Common methods for detecting materials
support the use of sensors of all kinds. The use of
conventional sensors has revealed several shortcomings
such as their low sensitivities, their modest quality
factors, their relatively long analysis times and above
all their considerable sizes which are not suitable for
low-volume species. By delving into the type and
quality of sensors, most research has proven that the
design material itself is one of the most important
influencing factors [1]. In the last few years, sensors
designed based on metamaterials [2—5], commonly
called biosensors, have proven their effectiveness in
obtaining small planar detection structures intended
for the identification of electromagnetic properties in
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create a shift in resonance frequencies, which in one
way or another facilitates the calculation of dielectric
constants. In this context, the design of biosensors
based on SRRs has taken most of the interest in recent
studies. In [8], a dual-band biosensor was suggested for
sensing applications at THz frequencies. The proposed
device had a remarkable sensitivity of 304 GHz/RIU
and 912 GHz/RIU from 0.1 to 3 THz. An absorber
designed from folded metamaterial resonators is
proposed in [9] for C- and Ku- band detection
applications. The proposed absorber has been used as a
miniaturized size biosensor with a sensitivity of 4.62%.
Other types of biosensors of different shapes and sizes
have been reported in [10—13] for detection
applications in the Giga and Terahertz regions.

In this paper, a small metamaterial biosensor is
proposed for the characterization of solid materials. The
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sensing mechanism is based on the principle of
disturbance of electromagnetic fields in MUTs. When this
principle is justified, shifts in resonance frequencies are
easily obtained even for small sample sizes. On the other
hand, the electromagnetic coupling of the two SRRs
forming the biosensor with the microstrip line makes it
possible to have the desired sensitivities. The proposed
model allowed us to identify all MUTs with a high
sensitivity of 4.15% and a quality factor of 103.28.

2. MATERIALS AND METHODES
2.1 Biosensing Principle

The proposed biosensor model is based on the
principle of disturbance of the electromagnetic field by
direct contact with the material under test MUT. Our
biosensor is a planar structure (patch and substrate)
which is very sensitive in nature to small variations in
parameters. In addition, its miniature size makes it
able to identify all the physical characteristics of the
electromagnetic field propagating in the structure. This
filed is perpendicular to the direction of propagation
(field contained in the plane of the rings which is
(0XY)). Consequently, the MUT will be able to create a
strong disturbance of the transmission (S,;) of the
resonators which translates the propagation of the
electromagnetic wave (EM) through the biosensor. At
this time, a shift in the resonant frequencies is
observed. The frequency shifts in the overall structure
(biosensor and MUT) is given by equation (1) [14].

Afy _ I, (AeEoE, +AuHoHy)dv
Fro f, (BelBo|*+au|Ho v

@

On the disturbance volume v, Af; is the variation of
resonant frequency f., Ae and Au are the variations of
permittivity and permeability, respectively. ﬁo, ﬁo are
the electric and magnetic fields without samples
and El, ﬁl are the electric and magnetic fields in
presence of samples.

2.2 Biosensor Description

The cell representing the biosensor is constituted by
a copper patch printed on the upper face of the Rogers
RT/duroid 5880 substrate with a dielectric constant of
2.2 and a thickness of 1.5 mm. The geometric shape of
the patch of one SRR has several capacitive gaps to
reinforce the electromagnetic coupling of the biosensor.

The proposed planar biosensor is formed by two
metamaterial resonators SRRs have been feeded by
matched microstrip line with a width d = 1.8 mm. The
spacing between the two SRRs and the microstrip line
is e; = 0.8 mm. The main parameters of the biosensor
are characterized by equation (2).

L=2(a+S5)
W=2b+e+S,)+d 2
91 =92=93 =94 = 9s = Ye

The SRR metamaterial resonator representing the
biosensor is shown in Fig. 1.
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Fig. 1 - Geometric layout of the metamaterial basic cell

The overall configuration with two proposed SRRs
and the microstrip line is shown in Fig. 2.
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Fig. 2 — Proposed planar biosensor

The dimensions of the SRR of period P = 16 mm are
listed in Table 1.

Table 1 — Dimensions of various CU-SRR parameters

Parameter Value (mm)
a 12
b 8
c 5
w 0.5
e 0.5
91 0.5
S1 2
S, 4

3. RESULTS AND DISCUSSION
3.1 SRR Transmission

To obtain the spectral response of the proposed SRR,
we set the boundary conditions; the electromagnetic
wave is perpendicular to the planes of equations z = n.
The simulation arrangement is shown in Fig. 3.
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Fig. 3 — Simulation arrangement of the SRR cell

The transmission of the proposed SRR obtained by
the numerical calculations is represented in Fig. 4.
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Fig. 4 — Transmission of the proposed SRR

As shown in Fig. 4, the proposed SRR has a dual-
band stop-band behavior for two C-band resonances. For
the lower frequencies the resonance is 4.72 GHz and for
the higher frequencies the resonance is 7.23 GHz for
both transmissions of 16.75 and 11.53 dB, respectively.

3.2 Biosensor Performance Analysis

The main objective of the design of the biosensor
based on the two SRRs is to detect the dielectric
constant of the material under test MUT. The proposed
model consists of placing the MUT on top of the
biosensor, therefore direct contact with the substrate
and the patch. This contact allows the electromagnetic
field to be disrupted in the structure composed of the
biosensor and the MUT, which causes a shift in the
resonance frequencies without having to increase the
dimensions of the biosensor. With a coupling spacing
e; = 0.8 mm, the portions $§3 = 6 mm and S, = 2.3 mm,
the biosensor area is (36 x 24) mm2. The proposed
biosensing model (biosensor + MUT) is shown in Fig. 5.
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Fig. 5 — Biosensor model based on CU-SRRs

The resonance frequency depends on the

capacitance of the SSR metamaterial resonator
according to the expression [15].
1
= 3
fo v 2m(LsrrXCsRR) @)

When adding the MUT to biosensor, the overall
capacitance of the structure is modified, so the
resonance is shifted and calculated by the following
expression [15].

fi

1
V2nlLsgrx(Csrr+Crur)]

“)

For our study, we have chosen four materials with
different permittivities (values ranging from 2.55 to
3.5) and for the same thickness h’ = 3.5 mm. The
materials under test are Taconic TLX (g, = 2.55, tgd =
0.0019), Taconic TLE (g, = 2.95, tgd = 0.0028), Taconic
TLC (e, = 3.2, tgd = 0.003) and Taconic RF-35 (¢, = 3.5,
tgé = 0.0018). Each MUT is placed on the planes of
equations z = 1.535 mm. The transmission coefficients
of the overall model, for the two resonances are
represented in Fig. 6.
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Fig. 6 — Transmission of different MUT with Frequency shift

The sensitivity characteristics for both bands are
represented in Fig. 7.
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Fig. 7 — Sensitivity for: (a) Lower and, (b) Upper-band

According to the transmission coefficients of the
biosensor (when in direct contact with the MUT) shown
in Fig. 7, we observe a red shift of the resonance peaks
when the permittivity of the MUT increases. This
feature is justified by Eq (4) whose resonance is
inversely proportional to the dielectric constant and the
capacitor. The sensitivities extracted from these
characteristics are defined by equation (5) [16].

S(%) = f’z—f x 100 (5)

f1 is the frequency when the material is attached to
the biosensor and f; is the resonance frequency of the
SRR (4.72 GHz for the lower-band and 7.23 GHz for the
upper-band), respectively. Fig. 7 (a) and (b) show the
sensitivity of the biosensor for the lower and upper
bands. The parameters extracted from these two
graphical features are indicated in Table 2.

The parameters cited in Table 2 show that the
sensitivities at the upper resonant frequency are
significant compared to those corresponding to the
lower resonant frequency. In this upper band, the
biosensor has significant transmissions (more than 15
dB), which justifies the maximum sensitivity of around
4.15% (for a small permittivity variation Ae, = 1.3).

To validate the results obtained, the performance of
our biosensor can be checked by other characteristics
such as the quality factor (Q), the full width at half
maximum (FWHM) and the figure of merit (FOM).
These characteristics are given by [17].
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Table 2 — Sensing performances of the biosensor

MUT sensing Frequency shift
(MHz)
Lower- Upper-
band band
Rogers RT and Taconic TLX 60 210
Rogers RT and Taconic TLE 70 420
Rogers RT and Taconic TLC 190 630
Rogers RT and Taconic RF35 270 750
MUT sensing Sensitivity (%)
Lower- Upper-
band band
Rogers RT and Taconic TLX 0.82 1.87
Rogers RT and Taconic TLE 0.76 2.98
Rogers RT and Taconic TLC 1.83 3.96
Rogers RT and Taconic RF35 2.28 4.15
Q= Af+3d3
FWHM = 5 ©)
kF OM =SxQ

Here, Af denotes the +3 dB bandwidth calculated at
70.71% of the transmission and A is the wavelength
calculated at lower and upper-band. For the maximum
sensitivity of 4.15 obtained at the upper frequency of
7.23 GHz, the characteristics of the biosensor are, Q =
103.28, FWHM = 0.004 and FOM = 428.61.

Generally, a high performance biosensor has a high
quality factor, a small FWHM and a considerable FOM,
which is justified for our proposed biosensor.

4. CONCLUSIONS

To sum up, a compact biosensor with a high quality
factor is present in this paper for solid materials
sensing applications. The proposed biosensor is formed
by two SRRs metamaterial resonators coupled to a
microstrip line of length of the order of 36 mm. The
MUT permittivity detection model is based on the
principle of disturbance of electromagnetic fields by
direct contact. The compact size of the structure has
contributed significantly to the shift in resonant
frequencies. The four MUT chosen for the detection
have permittivities varied between 2.55 and 3.5. Direct
contact of the MUTs with the biosensor made it
possible to disrupt the electromagnetic field inside each
material under test. According to the obtained results,
our biosensor has remarkable sensing qualities such as
a high quality factor of 103.28, a sensitivity of around
4.15% even for small MUTs, a FWHM of low value and
a FOM of significant value of 428.61.
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3 BUCOKHUM KoediieHToM AKOCTI O/1a XapaKTePUCTUKU TBEPIUX MaTepiaiie
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Yepes cBOIO AKICHY Y 3HAYUMICTD y 6araTbox rayIya3sax, 0COOJIMBO O10MEIUYHIX, XapPaKTePUCTUKA TBEPIUX
MaTepiasiB HeIIOJABHO MPUBEPHYJA IHTEpeC BYEHHMX. Y I[N CTATTI MPeICTABJIEHO MIKPOXBHUJIBOBHIMA
bioceHCOp MIHIATIOPHOIO PO3MIpY JJIs BU3HAYEHHS XapPAKTePHCTUK TBEPOMX MATEPiaiB, AKUN yTBOPEHUM
IBOMA 1IeHTUYHUMU TA IEPIOIUYHUMH MeTaMAaTepPiaJIbHUMH Pe30HATopaMu 3 posaiiennM Kigbiem (SRR),
10 YKUBJIATHCA MIKPOCMYKKOBOIO JIIHIEIO, aJalTOBAHOI0 M0 OBOX il KiHIGB. MeTox, 3alpOomoOHOBAHUMN I
po3pobKm Hamoro 0ioceHcopa, 6asdyeThcss HA BUKOPHUCTAHHI €JIEKTPOMATHITHUX AKocTei koskHoro SRR, mio
PEeJICTABJISIE eJIeMEHTAPHY KOMIPKY 3arayibHoi cTpykTypu. Poamip SRR omrmmizoBamo miisi esleKTpUYHUX
poamipiB 0.251 A, x 0.2251 A, x 0.0314,, me Ao — HOBMKMHA XBHJII BIJIBHOIO IIPOCTOPY, PO3paxoBaHa Ha
HaWHMWKYINA pobouiit yactoTi 4,72 T, XapakrepucTuka TBepaux MaTeplasiB 3acCHOBAaHA Ha BUSBJIEHHI IX
1eJIeKTPUYHOI IIPOHHUKHOCTI dYepe3 MIpPSAMHM KOHTAKT 13 3amporoHoBaHUM OloceHcopom. [lis wHarmoro
JIOCIIIPKEHHsT MU BUKOPHCTOBYBAJIM YOTHPY PI3HI MITKJIAAKH, 1100 MaTy pisHy 4yTiauBicts. MomeaoBaHHs,
IpoBesieHe Ha 3arajbHIM CTPyKTypl (bloceHcopa Ta [II€JIEKTPHUYHOI IIIIKJIAJAKKM) Ha OCHOBlI YMCEIIBHOTO
cumysistopa HFSS, mokasamo xopoir XapakTepHCTHKM YyTJIMBOCTI HaImoro OioceHcopa. Husbka moBHA
mmpuHa Ha nosgoBuHI Makcumymy (FWHM = 0,004), Bucokmit koedirmient axocri (Q = 103,28) i Bucoka
mooporuicte (FOM = 428,61). Ili dyHKII MOMKyTh 3po0OMTH HAaIl O6l0CEHCOP OLIBIN HAMIUHUM 1A

BHU3HAYEHHA TBEPJIUX PEYOBHUH.

Kmiouosi cnosa: Biocencop, Jlienexrpuuna nmpoHukHicTh, Meramarepiai, Jlo6poraicts, SRR.
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