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Design of Highly Selective Metamaterials
for Sensing Platforms

Kyungjun Song and Pinaki Mazumder, Fellow, IEEE

Abstract— This paper presents a methodology to construct
novel label-free sensing platforms using carefully engineered
materials (metamaterials) that have dimensions considerably
smaller than the operating wavelength, λ. This paper demon-
strates that highly selective sensing platforms can be achieved by
using metamaterials consisting of periodic arrays of capacitive
and inductive elements. Specifically, this paper gives the design of
the following four basic sensing parameters of sensing platforms:
1) resonant frequency ω0; 2) resonant frequency shift �ω0;
3) bandwidth B; and 4) transmission ratio T. Using this approach,
the bandwidth B and resonant frequency ω0 can easily be
modulated by using different combination sets of metallic patch
elements and metallic wire elements. Equivalent circuit analysis
and numerical methods have been applied to determine the
basic sensing design rules for constructing periodic arrays of
capacitive and inductive elements, and the efficiency of the
obtained label-free sensing architectures has been evaluated. The
overall contribution of this paper is to develop a methodology
for designing highly selective biosensors by optimizing the dimen-
sions of underlying circuit at the subwavelength scale.

Index Terms— Biosensors, frequency selective surfaces, label-
free sensing, metamaterial, plasmonics, selectivity, sensitivity.

I. INTRODUCTION

ARTIFICIALLY engineered metamaterials warrant inno-
vative research to develop novel design methodologies

by exploiting exotic electromagnetic (EM) physical behaviors
that are not normally found to occur in nature [1], [2]. For
instance, specific resonant elements can be used to gener-
ate extraordinary EM behaviors, thereby enabling the design
of novel devices for enhancing resonant behaviors. Most
metamaterials are based on split-ring resonators (SRRs) or
similar geometries in order to achieve extraordinary physical
behaviors for promising applications such as the fabrication
of negative refractive materials [3], superlenses [4], smart
power management applications [5], acoustic devices [6], and
cloaking devices [7], [8].
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More recently, increasing interest has been evinced in
developing sensing platforms based on SRR arrays [9], [10].
For example, Hu Tao et al. have successfully developed
label-free sensing platforms with SRR elements patterned on
paper [11]. The EM resonant behaviors produced from SRR
elements provide unique EM signatures in sensor applications.
Because the resonant frequency ω0 can be easily modulated
by the device structure rather than composition, sensing para-
meters such as the resonant frequency ω0 and bandwidth
B can be easily controlled and achieved by properly designed
subwavelength elements. Nonetheless, when compared with
the performance of conventional plasmonics devices, SRR-
metamaterial biosensors require further improvements in their
sensing capability particularly in the light of their current low
EM localization and low selectivity generated from the basic
physics of metamaterials.

In this study, we introduce novel approaches for the design
of label-free sensing platforms with miniaturized subwave-
length elements. These architectures are based on parallel
combinations of periodic arrays of metallic patch elements
and metallic wire elements. In particular, this building block
creates a highly compact resonator, in which the wavelength of
the resonant frequency is considerably larger than the period-
icity of the patterned elements. Recently, investigations of sim-
ple frequency selective surfaces (FSSs) have been carried out
both numerically and experimentally [12]–[15]. Even though
our label-free sensors operate in the microwave spectrum, the
basic design methodologies can be easily applied to terahertz
or infrared frequencies by scaling down the device size.

Our study demonstrates the working of miniaturized sensing
platforms with a highly selective spectrum. In particular,
we investigate four basic sensing parameters including the
resonant frequency ω0, resonant frequency shift �ω0, band-
width B , and transmission ratio T . The basic design rules of
metamaterial sensors based on parallel LC elements indicate
that large values of capacitance C and inductance L are
essential for the miniaturization of sensing devices because
of the large wavelength λ. In addition, large values of C and
small values of L are required to achieve sensing operation
in a narrowband spectrum when fundamental parallel LC
resonators are used. However, small C values are useful for
obtaining a large �ω0 for a given refractive index modula-
tion δn. Therefore, it is essential to optimize the capacitance C
and the inductance L to obtain the desired sensing platforms.
For example, in order to increase sensitivity, we design a
periodic array size of patch elements larger than the periodic
array of size of wire elements. On the other hand, in order
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Fig. 1. The label-free sensing capability depends on narrowband spectrum
B and a large resonant shift �ω0 for a given δn value.

to enhance selectivity, we design a periodic array of size of
patch elements smaller than the periodic array of size of wire
elements. In addition, for a highly selective resolution, we use
loop elements and complimentary loop elements instead of
wire elements and patch elements.

II. LIMITATIONS OF LABEL-FREE SENSORS BASED ON

SPLIT-RING RESONATOR ARRAYS

The detection of DNA and other molecules by sensing
platforms can be identified by the shift in the resonant fre-
quency �ω0 due to the alteration of capacitance by the added
chemical molecules. Ideal label-free sensors provide large
�ω0 values for a given δn value and a narrowband spectrum B,
as illustrated in Fig. 1. Thus, label-free sensing ability based on
metamaterials can be explained by four fundamental physical
factors: (1) Resonant frequency ω0 related to the miniaturiza-
tion of sensing architectures, (2) resonant frequency shift �ω0
at δn related to highly localized electric fields, (3) narrowband
spectrum with high Q factor, and (4) transmission T = PT /PI

related to the sensing device performance. In order to obtain
a sharp resonant spectrum with a strong localized EM con-
finement, it is essential to optimize the metamaterial sensor
architectures. In this study, we obtain the abovementioned
four basic design parameters using two fundamental methods:
equivalent circuit analysis and numerical simulation (such
as finite element simulation). An equivalent circuit analysis
provides an intuitive physical understanding of the design
parameters, and the finite element method (FEM) enables the
detailed calculation of circuit parameters such as resonant
frequency ω0, resonant frequency shift �ω0, bandwidth B ,
and transmission T .

Most current metamaterial sensing architectures are based
on SRRs, thereby enabling miniaturization of device elements
at a subwavelength scale. The basic physics of SRRs can be
determined by the equivalent capacitance C and inductance L,
where the capacitance C is determined by the gap length of the
SRR and the dielectric material used, and the inductance L is
calculated by the path current of SRRs. In order to determine
the basic design rules of sensing architectures based on SRRs,
we use equivalent circuit analysis because SRR resonators can
simply be represented by the series combination of capacitor
C and inductor L, as illustrated in Fig. 2(a) [16]–[18]. The
transmission T can be simply expressed by
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with Z = 1/jωC + jωL. Thus, the resonant frequency ω0,
quality factor Q, bandwidth B , and transmission T can be

Fig. 2. (a) Split-ring resonator (SRR) arrays can be simply regarded as
series arrays with capacitance C and inductance L . In this representation, the
conducting loss produced from metallic conductors is ignored. (b) Sensing
architectures consisting of a periodic array of SRR elements. (c) Sensing
architectures consisting of a periodic array of metallic wire elements.

calculated as
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High selectivity with a narrow spectral bandwidth can be
achieved by large L/C values. However, the inductance L and
capacitance C of SRR elements are proportional to the
radius R of the ring elements, thereby limiting the achieve-
ment of a very narrow spectral bandwidth; such SRR circuit
elements are shown in Fig. 2(b). As illustrated in Fig. 2(c),
instead of using an SRR array, we can use different peri-
odic structures with large L/C values, thereby achieving the
required narrowband spectrum. However, these architectures
are highly limited in terms of the miniaturization of elements
because small ω0 result for a given δn value due to negligible
EM resonant coupling.

III. BASIC SENSING ARCHITECTURES BASED

ON METAMATERIALS

In this study, we focus on the use of metamaterial architec-
tures to demonstrate highly miniaturized sensor architectures.
The basic sensing designs are based on parallel LC resonators
consisting of periodic arrays of capacitive and inductive ele-
ments as shown in Fig. 3(a). The metallic patch elements
can be considered as capacitive elements behaving like low-
pass filters. The metallic wire elements can be regarded as
inductive elements acting like high-pass filters. In contrast to
SRR structures, there are more design variables available to
tailor bandwidth B and resonant frequency ω0 because we can
easily design the L and C values independently. The basic
topology of the unit cell of the basic sensors is determined
by the periodic size of the capacitive elements (D1), the
periodic size of the inductive elements (D2), the gap between
patch elements (g), the width of wire elements (w), thickness
of patch elements (t1), thickness of wire elements (t2), and
thickness of the substrate (t) as illustrated in Fig. 3(b).

In order to verify the basic sensing mechanism based on the
capacitance variation in the metallic patches upon attaching
biomolecules and chemical molecules, we consider the mole-
cular binding event within the subwavelength gaps of patch
elements, as shown in Fig. 3(c). In particular, Fig. 4 shows the
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Fig. 3. (a) Sensing platforms consisting of periodic arrays of capacitive and
inductive elements. (b) The basic topology of a unit cell can be described
by the periodic distance D1 of a patch element, the periodic distance
D2 of a wire element, gap g between a patch element, width w of a wire
element, thickness t1 of a patch element, thickness t2 of a wire element,
and thickness t of the substrate. (c) Side view of unit cell without and with
molecular binding.

Fig. 4. Transmission ratios of sensing architecture obtained for different
values of refractive index n. (a) Transmission ratios obtained at various refrac-
tive indices n within subwavelength capacitive elements. (b) Transmission
coefficients obtained at various refractive indices n within subwavelength
inductive elements.

transmission T = PT/PI induced by different refractive indices
n within the subwavelength metallic gap g. The transmission
coefficients can be obtained by using an FEM based on
linked boundary conditions [19]. The normal incident TM
wave (θ = 0, ϕ = 0), shown in the inset of Fig. 4(b), is
used to calculate the transmission coefficients of the sensor
devices with the following design parameters: D1 = 5 mm,
D2 = 5 mm, t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm,
g = 0.2 mm, and dielectric substrate with n = 3.4 (as
illustrated in Fig. 3(b)). The transmission T of the sensing
architectures can be calculated as the ratio of the transmitted
and incident power. As shown in Fig. 4(a), the required value
of �ω0 can easily be achieved by using different refractive
indices n. However, the transmission behavior due to the
inductance L induced by different surrounding substrates is
almost negligible, as observed in Fig. 4(b). Therefore, we only

Fig. 5. Equivalent circuit model of parallel LC resonators as illustrated
in Fig. 3(a). The parameter trepresents the thickness of the substrate. The
parameter Z0 denotes the wave impedance in air, and Z1 = Z0/n indicates
the wave impedance in the dielectric material.

consider the metamaterial sensing architectures by modulating
the capacitance C within the subwavelength metallic gap
between patch elements.

IV. BANDWIDTH DESIGN BY DIFFERENT COMBINATIONS

OF PERIODIC ELEMENTS

In order to explain the sensing parameters based on meta-
materials, we use the equivalent circuit analysis illustrated in
Fig. 5. The equivalent circuit model can be expressed as a
parallel LC circuit whose values are determined by a short
transmission line t and wave impedance Z1 = Z0/

√
ε. The

ABCD matrix for this case can be written as:
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with ZU = 1
/

jωC for the metallic patch elements and
ZL = jωL for the metallic wire elements. For a very small
thickness value t � λ, βt ∼ 0, and thus, the ABCD matrix
can be expressed as:
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Consequently, the transmission T can be calculated as:
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From this equation, the resonant frequency ω0 can be
expressed as:

ω0 ∼ 1√
C L

(6)
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Fig. 6. (a) Parallel combination of inductive and capacitive elements, both
having same period. (b) Parallel combination of inductive and capacitive
elements with a small C/L. (c) Parallel combination of inductive elements
and period of inductive elements with a large C/L. (d) A broadband spectrum
can be achieved using a small period for capacitive elements and a large period
for inductive elements. (e) A narrowband spectrum can be obtained using a
small period for inductive elements and large period for inductive elements.

Consequently, the quality factor Q and bandwidth B can be
written as:

Q ∼ Z0

2
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L
and B ∼ 2
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√

L

C
(7)

As mentioned in previous section, a high quality factor Q
can be obtained in SRR arrays with large values of L/C
because of the presence of series LC resonators. However,
from Eqn. (7), we observe that a high quality factor Q of
parallel LC circuits based on wire and patch elements can be
achieved by a large C/L. The transmission T at ω = ω0 can
be also approximately calculated as:
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In addition, Eqn. (8) indicates that low transmission can be
achieved using a large C/L and high transmission can be
obtained using a small C/L.

The approximate L values of the metallic wire elements and
C values of the metallic patch elements are given as [12]:
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π
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)
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As observed from Eqn. (9), the capacitance C and inductance
L are almost proportional to the periodic size of the patch
elements D1 and the periodic size of the wire elements D2,
respectively. Thus, we can easily modulate sensing parame-
ters such as the resonant frequency ω0, bandwidth B , and
transmission T by using different design sets of periodicities
for the subwavelength capacitive and inductive elements. For
example, bandwidth B and transmission T can be easily
modulated by designing various combination sets of periodic
arrays of metallic wires and metallic patches as shown, in
Figs. 6(a)–(c).

Next, the variation in bandwidth B and transmission T
can be understood via graphical analysis, as illustrated in

Fig. 7. Transmission ratios of sensing architectures obtained using incident
frequency with different angles θ = 0, π /12, and π /6, respectively. (a) Sensor
device design parameters: D1 = 5 mm, D2 = 5 mm, t = 0.5 mm, t1 = 0.2 mm,
t2 = 0.2 mm, g = 0.2 mm, and refractive index of dielectric substrate
n = 3.4. (b) Sensor device design parameters: D1 = 2.5 mm, D2 = 5 mm,
t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm, g = 0.2 mm, and refractive index of
dielectric substrate n = 3.4. (c) Sensor device design parameters: D1 = 5 mm,
D2 = 2.5 mm, t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm, g = 0. 2 mm, and
refractive index of dielectric substrate n = 3.4.

Figs. 6(d) and (e). The normal bandwidth can be achieved
by structures consisting of a periodic array of patch and wire
elements, both having the same period. In order to increase
bandwidth, we design a periodic array size of patch elements
smaller than the periodic array size of the wire elements.
Consequently, the cutoff frequency of the low-pass filter moves
to the high frequency region, thereby achieving the required
broadband spectrum along with a high transmission ratio, as
shown in Fig. 6(d). On the other hand, in order to decrease
bandwidth, we can reduce the array size of the metallic wire
elements when compared with that of the periodic array of
the patch elements. In this case, the cutoff frequency of the
high-pass filter moves to the high frequency region, thereby
leading to a narrow spectral response and low transmission
ratio, as shown in Fig. 6(e). However, both cases provide
a short wavelength λ in a given unit cell when compared
with the normal FSS architecture, thus limiting the scale of
miniaturization.

In order to verify the control of bandwidth and transmission
using different combination sets of capacitive and inductive
elements, the transmission coefficients of three combination
sets of capacitive and inductive elements are calculated and
compared, as shown in Fig. 7. In order to examine the effect
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TABLE I

PHYISICAL SENSING PARAMETERS FOR DEVICES SHOWN IN FIG. 7

Resonant
Frequency

(ω0)

Unit cell
at ω

Bandwidth
(ωH − ωL/ω0)

Transmission
Ratio

(PT/PI)

Type I 6.9 GHz D ∼ 0.110λ
Normal
0.463 0.9

Type II 10.4
GHz D ∼ 0.175λ

Broadband
0.579 0.90

Type III 8.9 GHz D ∼ 0.150λ
Narrowband

0.247
0.65

of incident angle θ , we calculate the transmission coefficients
for value of θ = 0, π /12, and π /6, respectively. It is observed
that the transmission responses T and resonant frequency ω0
are not strongly dependent on the angle of incident frequency.
The basic physical sensing parameters for the three types of
architectures are summarized in Table I. The 3-dB bandwidth,
which is considered as the frequency regime within the spec-
tral range, is above half its maximum value. To estimate the
bandwidth, we use the simple equation B = (ωH − ωL)/ω0
where ωH denotes the high band edge and ωL indicates the
low band edge. As illustrated in Fig. 7(a), the sensing archi-
tectures with capacitive and inductive elements, both having
the same period, correspond to a normal bandwidth with a
resonant frequency ω0 ∼ 6.9 GHz, thereby corresponding to
D ∼ 0.110λ, bandwidth B ∼ 0.463, and transmission ratio
T ∼ 0.9. However, sensing architectures with a large L/C
show a broadband spectrum B ∼ 0.579, thereby corresponding
to D ∼ 0.175λ and transmission T ∼ 0.9, as shown in
Fig. 7(b). Finally, sensing architectures with a small L/C show
a narrowband spectrum B ∼ 0.2471 with resonant frequency
ω0 ∼ 8.9 GHz and transmission T ∼ 0.65.

V. SENSITIVITY DESIGN BASED ON PATCH

ELEMENTS AND WIRE ELMENTS

In this section, in order to examine the sensitivity of sensing
architectures, we investigate the variation in �ω0 by modu-
lating the capacitance C of the capacitive elements induced
by different chemical concentrations present on the metallic
patch elements. The resonant frequency ω0 can be expressed

as ω0 ∼
√

1
/

LC . To estimate the change in the resonance
frequency �ω0 based on C + �C, ω0 can be expressed as

ω0 ∼
√

1
/

L (C + �C). The variation �C can be obtained by
modulating the refractive index δn within the subwavelength
gap between a periodic array of patch elements. The ration
�ω0/ω0 can be expressed as:

�ω0

ω0
=

⎡

⎣1 − 1
√

1 + �C
C

⎤

⎦ (10)

It is essential to increase the ratio �C/C in order to enhance
the value of �ω0/ω0. First, we can decrease the subwavelength
gap g between the patch elements to increase �C because �C
is inversely proportional to the subwavelength gap between the
patch elements. The transmitted ratios of metamaterials with
subwavelength gaps of g = 0.4 mm and g = 0.2 mm are

Fig. 8. Transmission ratios for three different sensing architectures
obtained using normal incident frequency without and with molecular binding
(n = 1.5). (a) Sensor device design parameters: D1 = 5 mm, D2 = 5 mm,
t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm, g = 0.4 mm, and refractive index of
substrate n = 3.4. (b) Sensor device design parameters: D1 = 5 mm, D2 =
5 mm, t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm, g = 0.2 mm, and refractive
index of substrate n = 3.4. (c) Sensor device design parameters: D1 = 5 mm,
D2 = 5 mm, t = 0.5 mm, t1 = 0.8 mm, t2 = 0.2 mm, g = 0.2 mm, and
refractive index of substrate n = 3.4.

calculated and shown in Figs. 8(a) and (b). The architecture
with a small gap of g = 0.2 mm between the patch elements
provides a low resonant frequency and narrow bandwidth when
compared with those for the architecture with a wide gap of
g = 0.4 mm between the patch elements.

Second, we change the capacitance C by increasing the
thickness of the capacitive elements. This approach enables
increase in C and �C . Fig. 8(c) shows the transmission coef-
ficient of the sensing architecture with thickness t1 = 0.8 mm.
It is observed that the resonant frequency ω0 at n = 1 is
5.25 GHz, thereby corresponding to miniaturized elements
with a periodic distance D ∼ 0.088λ. The required narrowband
B and a large �ω0 can also be achieved by using capacitive
elements with large thickness (t1 = 0.8 mm).

On the other hand, in order to enhance the sensitivity of
the sensing architectures, we can obtain a large value of
�ω0 for a given δn/n by reducing the size of the capacitive
elements in a given unit cell, as illustrated in Fig. 9. This
is because the ratio �C/C can be enhanced by decreasing
the capacitance C (Eqn. (9)). Fig. 9 shows the calculated
transmission response of the sensing architectures with a
periodic array of capacitive elements with D1 = 2.5 mm and
a periodic array of inductive elements with D2 = 5 mm. This
architecture provides a resonant frequency ω0 ∼ 7.7 GHz at
n = 1, thereby corresponding to miniaturized elements with
a unit cell dimension of D2 ∼ 0.128λ and �ω0 ∼ 2 GHz at
δn = 0.5. Even though a large �ω0 value at small δn can
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Fig. 9. Transmission ratios of sensing architecture at normal incident
frequency without molecule binding (n = 1) and with molecule binding
(n = 1.5). Sensor device design parameters: D1 = 2.5 mm, D2 = 5 mm,
t = 0.5 mm, t1 = 0.8 mm, t2 = 0.2 mm, g = 0.2 mm, and refractive index
of substrate n = 3.4.

Fig. 10. (a) Equivalent circuit models of periodic arrays of patch and wire
elements. (b) Equivalent circuit models of periodic arrays of loop and wire
elements. Loop elements can be interpreted as series LC resonators.

be obtained by using small capacitive elements, the resulting
broadband response is not desirable for miniaturized sensor
applications.

VI. SELECIVITY DESIGN USING LOOP

ELEMENTS AND WIRE ELMENTS

Thus far, we have focused on the use of metallic patch
elements to provide capacitive elements in the equivalent LC
resonators. However, the required narrowband spectrum and
the miniaturization of the elements of sensor devices can be
achieved by using metallic loop elements instead of metallic
patch elements [14], [15]. From the equivalent circuit analysis,
it is noted that loop elements provide a capacitive element C
and an additional inductive element Ls, thereby corresponding
to an equivalent series LC resonator. Fig. 10 shows the basic
equivalent circuit model of sensing architectures with wire
elements and loop elements. To study transmission behavior
due to inductance Ls generated by the loop elements, we
use the ABCD transmission matrix. The ABCD transmission
matrix can be written as:

[

A B
C D

]

∼
[

1 0
1

ZU
1

] [

1 j Z1βt
jY1βt 1

] [
1 0
1

ZL
1

]

(11)

with ZU = 1/jωC+ jωLs (loop elements) and ZL = jωL (wire
elements). From this equation, the resonant frequency ω0 can
be calculated as

ω0 ∼ 1√
C(L + Ls)

(12)

Fig. 11. Transmission ratios for three different sensing architectures obtained
with angles of incident frequency θ = 0, π /12, and π /6. (a) Patch and wire
elements with design parameters D1 = 5 mm, D2 = 2.5 mm, t = 0.5 mm,
t1 = 0.2 mm, t2 = 0.2 mm, g = 0.2 mm, and refractive index of
substrate n = 3.4. (b) Loop and wire elements with design parameters
D1 = 5 mm, D2 = 2.5 mm, t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm,
g = 0.2 mm, and refractive index of substrate n = 3.4. The width of the
loop is w2 = 0.9 mm. (c) Loop and wire elements with design parameters
D1 = 5 mm, D2 = 2.5 mm, t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm,
g = 0.2 mm, and refractive index of substrate n = 3.4. The width of the loop
element is w2 = 0.2 mm.

Fig. 12. (a) Equivalent circuit models of patch elements and wire elements.
(b) Equivalent circuit models of patch elements and complementary loop
elements. Complementary loop elements can be regarded as parallel LC
resonators.

From Eqn. (12), a highly miniaturized architecture can be
obtained by the inclusion of Ls. In addition, a narrow spectral
response can be also achieved as

B ∼ 2L

Z0

√

1

C(L + Ls)
(13)

In order to examine the sensing parameters influenced by
Ls, we compare with transmission behavior of loop elements
with different widths, as shown in Fig. 11. For instance, the
sensing architecture based on loop elements with a large width
of w2 = 0.9 mm yields a resonant frequency ω0 ∼ 7.9 GHz
and bandwidth B ∼ 0.177. In order to increase sensing
performance in terms of size and bandwidth, loop elements
with a short width of w2 = 0.2 mm can yield a low resonant
frequency ω0 ∼ 6.6 GHz and a narrow bandwidth B ∼ 0.125.
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Fig. 13. Transmission ratios for different sensing architectures obtained with
normal incident frequency. (a) Patch and wire elements with design parameters
D1 = 5 mm, D2 = 2.5 mm, t = 0.5 mm, t1 = 0.2 mm, t2 = 0.2 mm,
g = 0.2 mm, and refractive index of substrate n = 3.4. Design parameters of
additional patch elements : A = 1.9 mm. (b) Patch and wire elements with
design parameters D1 = 5 mm, D2 = 5 mm, t = 0.5 mm, t1 = 0.2 mm,
t2 = 0.2 mm, g = 0.2 mm, and refractive index of substrate n = 3.4. Design
parameters of additional patch elements : A = 4.4 mm.

VII. SELECIVITY DESIGN USING PATCH ELEMENTS VAND

COMPLIMENTARY LOOP ELEMENTS

A narrow spectral bandwidth for the sensing architectures
can be also achieved by the inclusion of patch elements within
the metallic wires, as shown in Fig. 12. These architectures are
termed complementary loop metamaterials. The complemen-
tary loop elements can be expressed in terms of the equivalent
parallel LC resonators, as shown in Fig. 12(b). Thus, the
impedance ZL of the complementary loop elements can be
written as:

Z L = jωL

1 − ω2 LCs
(14)

The resonant frequency ω0 can be approximately calculated
using the ABCD matrix as

ω0 ∼
√

1

L (C + Cs)
(15)

The bandwidth B is approximately given by

B ∼ 2

Z0

√

L

C + Cs
(16)

Fig. 13 shows how the value of the additional capacitance
Cs generated by the complementary loops influences the
transmission behaviors of the sensing architectures. Thus,
we consider different patch sizes with A = 1.9 mm and
A = 4.4 mm within metallic wire elements as illustrated in
Fig. 13. As a result, the complementary loop elements based
on wire and patch elements for A = 1.9 mm provide a small

Fig. 14. Transmission ratios for three different sensing architectures obtained
at normal incident frequency without and with molecule binding (n = 1.5).
(a) Patch and wire elements with design parameters D1 = 5/3 mm,
D2 = 5 mm, t = 0.5 mm, t1 = 0.8 mm, t2 = 0.2 mm, g = 0.4 mm,
and refractive index of substrate n = 3.4. (b) Patch and wire elements with
design parameters D1 = 5/3 mm, D2 = 5 mm, t = 0.5 mm, t1 = 0.8 mm,
t2 = 0.2 mm, g = 0.4 mm, and refractive index of substrate n = 3.4. Design
parameters of additional patch elements: A = 4.4 mm.

Fig. 15. Sensor platforms consisting of periodic arrays of loop and wire
elements.

capacitance value of Cs � C , thereby negating the effects of
ω0 and B (Fig. 13(a)). However, if we increase the size of the
additional patch elements to A = 4.4 mm, the transmission
behavior affected by Cs is more evident because C ∼ C in
Eqns. (15) and (16). Thus, the use of a sensing architecture
with complementary loop elements provides a small resonant
frequency ω0 ∼ 5.1 GHz and narrowband spectrum B ∼ 0.277,
as shown in Fig. 13(b).

VIII. DESIGN OF METAMATERIAL SENSORS USING

COMPLEMENTARY LOOP ELEMENTS AND LOOP ELEMENTS

In this section, we consider sensing architectures based on
loop elements and complementary loop elements. As men-
tioned in the previous section, thicker capacitive elements
(t1 = 0.8 mm) can be used to generate a narrowband spectrum
and a low resonant frequency. Fig. 14 shows design architec-
tures with wire elements and complementary loop elements.
In order to examine the transmission behavior modified by Cs,
we use a periodic array of capacitive elements with a periodic
distance D1 = 5/3 mm within a unit cell to provide a large
�ω0. As expected, the complementary loop elements provide
a narrower band spectrum compared with that produced by
wire elements. However, the capacitance increase due to the
use of the complementary loop elements provides a smaller
�ω0 when compared with obtained with wire elements.
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Fig. 16. Transmission ratios for three different sensing architectures obtained
with normal incident frequency without (n = 1) and with molecule binding
(n = 1.5). (a) Loop and wire elements with design parameters D1 = 2.5 mm,
D2 = 5 mm, t = 0.5 mm, t1 = 0.8 mm, t2 = 0.2 mm, g = 0.2 mm, and
refractive index of substrate n = 3.4. (b) Loop and wire elements with design
parameters D1 = 5 mm, D2 = 5 mm, t = 0.5 mm, t1 = 0.8 mm, t2 = 0.2 mm,
g = 0.2 mm, and refractive index of substrate n = 3.4. The width of loop
elements is w2 = 0.2 mm. (c) Loop and wire elements with design parameters
D1 = 5 mm, D2 = 2.5 mm, t = 0.5 mm, t1 = 0.8 mm, t2 = 0.2 mm,
g = 0.2 mm, and refractive index of substrate n = 3.4. The width of loop
elements is w2 = 0.2 mm.

TABLE II

PHYSICAL SENSING PARAMETERS FOR DEVICE

ARCHITECTURES SHOWN IN FIG. 16

Resonant
Frequency

(ω0)

Unit
Cell

at ω0

Resonant
Fre-

quency
Shift

(�ω0)

Bandwidth
(ωH − ωL/ω0)

Transmission
Ratio

(PT/PI)

Type I 7.1 0.116λ 1.9 GHz
Broadband

0.528 0.88

Type II 4.1 0.070λ 0.9 GHz
Narrowband

0.28 0.86

Type III 5.25 0.088λ 1.1 GHz
Narrowband

0.122 0.50

Finally, we investigate sensing architectures based on loop
elements and wire elements, as shown in Fig. 15. For example,
we insert a dielectric substrate (n = 3.4) within the loop
elements. In principle, highly selective sensing architectures
can be achieved by modulating the refractive index n at the
subwavelength metallic gaps between the loop elements.

Fig. 16 shows the calculated transmission ratios of sensing
architectures based on subwavelength loop elements. The basic
sensing properties for the three types of loop elements are
summarized in Table II. It is to be noted that each of the sens-
ing architectures provides a unique performance advantage in
terms of �ω0, device size, and spectral response. For instance,
Type I provides a large �ωo ∼ 1.9 GHz at δn ∼ 0.5 with
broadband spectrum B ∼ 0.528 and transmission T ∼ 0.88,
However, type II corresponds to highly miniaturized elements
with D ∼ 0.070λ with a small narrowband spectrum value of
B ∼ 0.28, a small value of �ωo ∼ 0.9 GHz at δn ∼ 0.5
and transmission T ∼ 0.86. Finally, in terms of enhanced
selectivity, type III corresponds to a highly narrow spectral
bandwidth B ∼ 0.122 with D ∼ 0.088λ and a low transmission
T ∼ 0.50.

IX. CONCLUSION

In summary, the paper introduces a design methodology
for simple wireless sensing platforms based on parallel-LC
building blocks using periodic arrays of capacitive and induc-
tive elements. Specifically, the paper discusses the design
methods of various sensing architectures based on patch, wire,
loop, and complementary loop elements instead of split-ring
resonators (SRRs). With the use of these architectures, one can
easily design a sensor of specified selectivity and sensitivity.
Even though signal to noise ratio (SNR) is decreased by
opaque materials with finite conductivities, these approaches
can be applied to a new type of label-free sensing platforms
for biomolecular and chemical-molecule sensing applications.
Furthermore, the merit of these architectures is that it leads
to the miniaturization of circuit elements at a subwavelength
scale and provides a very narrowband and the proposed design
methods can be applied to other frequency ranges such as
the terahertz or infrared spectrum by appropriately scaling the
dimensions of the periodic LC elements. Therefore, scalability
of the proposed design to customize the applications in dif-
ferent frequency bands is a major advantage of the proposed
design methodology.
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