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Abstract— Split-ring resonators (SRRs) are ideal structures for
the realization of compact high-sensitivity and high-resolution
sensors due to their high-quality factor resonance, compact size,
and high sensitivity to changes in the constituent materials and
physical dimensions. This paper presents a displacement sensor
based on a diamond-shaped tapered SRR coupled to a coplanar
waveguide. Two significant improvements over previous designs
are reported. Firstly, the proposed sensor has higher dynamic
range and linearity for displacement sensing. Secondly, compared
with previous designs, where the displacement changes both
the resonant frequency and depth of the transmission notch,
the proposed sensor has a fixed resonant frequency. This is an
important improvement since the sensor can be operated at a
single fixed frequency and bypass the need for a frequency-
sweeping microwave source and measurement system such as an
expensive network analyzer. It is shown that, while preserving
the compact size, the proposed sensor also benefits from a lower
operating frequency. The design principle and simulation results
are validated through measurement.

Index Terms— Displacement sensor, metamaterials, microwave
sensors.

I. INTRODUCTION

METAMATERIALS are artificially engineered materials

composed of electrically small particles that are able

to create a specified material’s effective permittivity and/or

permeability [1]. Recently, the concept of metamaterials has

attracted great interest due to the unusual properties of these

artificial materials in microwave, millimetre-wave and optical

frequency bands [2]. With the significant possibility of tailor-

ing their constitutive parameters, metamaterials have opened

new perspectives for many novel applications such as cloak-

ing [3], [4], directive antennas [5], transparent devices [6],

high-quality resonators [7], compact filters [8] or perfect

lenses [9].

It has been also shown that resonators such as the split-

ring resonator (SRR), inspired by metamaterials, can be
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used in the design of high sensitivity and high resolution

sensors [10]–[12]. In fact, the high quality factor resonance,

subwavelength dimensions, and the sensitivity of the resonance

to the constituent materials and physical dimensions of the

SRR make it an ideal structure for sensing applications [13].

Furthermore, it has been shown that the sensitivity of the

conventional sensors can be dramatically enhanced by using

metamaterial structures [2].

According to these unique properties, Zheludev [14] pointed

out that sensory devices open another promising area for the

future application of metamaterials. This is evidenced by the

increasing number of publications proposing the application

of metamaterial particles in various types of sensors such

as chemical sensing with enhanced sensitivity [15], biosens-

ing [16], enhanced molecular detection techniques based on

metamaterials [17], [18], metamaterial-based wireless strain

sensors [19], dielectric sensing [20] or structural defects detec-

tors based on metamaterial lenses [21].

This article presents a displacement sensor based on a

modified SRR coupled to a coplanar waveguide (CPW). The

motivation for such a sensor over traditional methods (e.g.

optical interferometry) is that it is low-cost, passive and hence

not sensitive to environmental variations such as temperature,

and easily integrable with, say, MEMS technology. The basic

principle of displacement sensing based on SRRs is first briefly

outlined in the next section. Two significant improvements

over previous designs are then proposed in Section III. Firstly,

a diamond-shaped SRR is introduced to increase the sen-

sor’s linearity and dynamic range of displacement sensing.

Secondly, compared to a previous design [22], where the

displacement changed both the resonant frequency and depth

of the bandstop notch, a tapered shape SRR is introduced

here to keep a fixed resonant frequency. This is an important

improvement since the sensor does not require a frequency

sweeping microwave source such as an expensive network

analyzer, but can be operated at a single frequency. It is

also demonstrated that, while retaining a compact size, the

proposed sensor benefits from a lower operating frequency.

A physical explanation involving the slot line mode is provided

in Section IV. The design principle is validated through mea-

surements in Section V, followed by the concluding remarks.

II. BASIC OF SRR-BASED DISPLACEMENT SENSOR

Further to applications in extended array in metamaterial

media, single SRRs can be used along with planar transmission

lines (TLs) in filter applications [23], [24]. An SRR coupled to

1530–437X/$31.00 © 2012 IEEE
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Fig. 1. Bottom view of a coplanar waveguide loaded with SRRs. (a) Typical configuration in filter applications, which involves a pair of double-ring SRRs
under the CPW slots. (b) One double-ring SRR aligned with CPW symmetry plane. (c) One double-ring SRR displaced by d from the symmetry plane of
the CPW. (Adapted from [22].)

a TL can inhibit the propagation of the electromagnetic wave

along the TL in the vicinity of the SRR resonant frequency.

This introduces a notch in the transmission spectrum that can

be interpreted as due to the negative effective permeability

of the structure [25]. Metamaterial TLs and their sensitivity to

slight environmental changes in their vicinity can be exploited

in various types of sensors such as thin-film sensors [13], [26].

In order to implement SRR-based sensors two main strate-

gies have been used, both based on alteration of the resonance

properties caused by the variable to be sensed: Firstly, sensing

can be based on changes of the resonant frequency of the SRR,

and secondly, it can use the variation of the quality factor of the

resonance [13]. Recently, displacement and rotation sensors

based on the variation in the depth of notch in the trans-

mission spectrum have been proposed by Naqui et al. [22].

The operation of these sensors relies on the loss of symmetry,

which is caused by a displacement or rotation of an SRR

coupled to a coplanar waveguide (CPW).

A typical configuration of SRR loaded CPW consists of

a pair of double ring SRRs etched on the back side of

the CPW’s substrate with the centre of double ring SRRs

symmetrically located underneath the two slots of the CPW.

The SRRs, which are magnetically coupled to the CPW, inhibit

the electromagnetic wave propagation along the CPW in a

narrow band in the vicinity of their resonant frequency [25].

As shown in Fig. 1.(a), in this case the magnetic fields passing

through the surfaces of the two symmetrical SRRs are contra-

directional.

In order to implement a displacement sensor, Naqui et al.

[22] used only a double ring rectangular SRR etched on

the back side of the CPW substrate, and centred below the

CPW line, instead of two SRRs aligned with the CPW’s

slots. In the initial position, shown in Fig. 1.(b), the SRR

is therefore perfectly aligned with the symmetry line of the

CPW transmission line. Under these conditions, since the total

magnetic flux passing through the surface of the SRR is the

vector summation of the fluxes coming from both CPW’s slots,

the total magnetic flux passing through the SRR surface is

zero. As a consequence, a symmetrically aligned SRR cannot

be excited at resonance, and consequently there is no spectral

notch in the structure’s transmission coefficient. However, if

the symmetry is broken by a lateral displacement d of the SRR,

as shown in Fig. 1.(c), a net magnetic flux through the surface

of the SRR appears. Thus, a transmission zero at the resonant

frequency of the SRR is expected. Since the depth of the

transmission notch depends on the deviation of the SRR from

the symmetry plane, the amount of the displacement d can be

sensed from the magnitude of such transmission zero [22].

III. DISPLACEMENT SENSOR BASED ON

DIAMOND-SHAPED SRR

In spite of the advantages of the proposed displacement

sensor in [22] such as high sensitivity for small values of

displacement, the sensor has some limitations, namely, a

limited dynamic range and a displacement-dependent shift in

the resonant frequency. The first part of this section proposes

a diamond-shaped SRR, which increases the dynamic range

and improves the linearity of the sensor, while the second

subsection addresses the shift in the resonant frequency.

A. Dynamic Range and Linearity1

The limited dynamic range and non-linearity of the displace-

ment sensor based on a rectangular SRR can be explained by

the geometry. At first, for small values of the displacement

of the rectangular-shaped SRR from the symmetry plane of

the CPW, there is an increase in the amount of the net

magnetic flux passing through the SRR surface. However,

while further increasing the displacement, the net magnetic

flux through the SRR surface reaches its maximum when the

SRRs horizontal side passes the CPW slot. Beyond this point,

as demonstrated by simulation and measurement results in

[22], the displacement sensor goes into saturation, and only

a minor increase in the notch magnitude can be observed. In

fact, as will be shown later in this section, the linear dynamic

range of the displacement sensor based on the rectangular-

shaped SRR is approximately in the order of the CPW slot’s

width, s.

In order to address the non-linearity and dynamic range

limitations, a diamond-shaped SRR, shown in Fig. 2, is

proposed. In this case, the magnetic flux through the SRR

surface becomes maximal when the SRR horizontal diagonal

is aligned with the CPW’s slot. Thus, in contrast to the rectan-

gular geometry, the angle between the sides of the diamond-

shaped SRR and the slots of the CPW makes the spatial

1Note that in this article “linearity” refers to the linearity of S21 in “dB”
versus the displacement of the SRR.
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Fig. 2. Bottom view of coplanar waveguide loaded with a diamond-shaped
SRR.

dynamic range of the diamond-shaped sensor dependent on the

width of the CPW’s signal strip (approximately half the width

of the signal strip). Therefore, a diamond-shaped SRR coupled

to a wide CPW can be used to increase the dynamic range

and linearity of the displacement sensor. It is worth recalling

that simultaneous increase of the width of the CPW’s signal

strip and its slots maintains the desired 50 � characteristic

impedance.

Fig. 2 depicts the bottom view of the proposed displacement

sensor, which is composed of a diamond-shaped SRR coupled

to a CPW with a relatively wide signal strip. For a specific

design performed using 3D electromagnetic simulations, a

0.127 mm thick Rogers RO3010 material with relative per-

mittivity of 10.2 and copper thickness of 17 µm is used as

the substrate. The CPW’s signal trace width w is 3.1 mm and

the slots’ width is s = 0.3 mm, which correspond to a 50 �

characteristic impedance. The horizontal and vertical diagonals

of the diamond-shaped SRR are a = 10 mm and b = 6 mm,

respectively. Finally, the width of the metal strips of the SRR

c as well as the SRR’s gap g are set to 0.2 mm.

It is worth mentioning that the sensitivity of the sensor

not only depends on the geometry of the SRR, but is also

affected by the coupling between the SRR and the CPW.

Thus, in order to have maximum coupling between SRR and

CPW, and consequently maximize the sensor’s sensitivity, a

thin substrate with 0.127 mm thickness and high relative

permittivity (ǫr = 10.2) is selected. However, using a thin

substrate results in weak inter-coupling between the inner and

outer rings of the SRR, and since there is a small difference

between the length of the inner and outer rings, the second

resonance is very close to the fundamental resonance of the

SRR. In order to avoid the effect of the second resonance a

single ring SRR, as shown in Fig. 2, is used instead of a double

ring SRR.

Fig. 3 depicts the simulated transmission coefficient of

the sensor based on the diamond-shaped SRR for the SRR

displacement d varying between 0 mm and 1 mm in steps

of 0.2 mm. As clearly observed from the figure, an increase

in the displacement of the SRR leads to an increase in the

notch magnitude, which can be used to sense the amount of

the lateral displacement.

Fig. 3. Simulated transmission coefficient of the displacement sensor based
on the diamond-shaped SRR (Fig. 2) for different values of displacement of
the SRR from d = 0 − 1.0 mm in steps of 0.2 mm.

Fig. 4. Comparison between the linearity and dynamic range of displace-
ment sensor based on rectangular-shaped double-ring SRR and those of the
displacement sensor based on the diamond-shaped SRR.

Fig. 4 compares the notch magnitude versus the lateral dis-

placement of the SRR in two different sensors, namely the dis-

placement sensor based on the rectangular SRR (black dashed

line) and the displacement sensor based on the diamond-

shaped SRR (red solid line). It is clear from the simulation

results that even though the sensor with the rectangular-shaped

SRR has a high sensitivity for small values of the lateral

displacement it suffers from limited dynamic range of about

0.6 mm. Furthermore, as mentioned earlier in this section, its

linear behaviour is limited to a small range of displacement,

approximately in the order of the CPW slot’s width, s =

0.2 mm. In contrast, the sensor based on the diamond-shaped

SRR benefits from a higher dynamic range of 1.2 mm and

superior linearity within its dynamic range.

In short, the simulation results show that using a diamond-

shaped SRR instead of rectangular-shaped SRR adds one
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Fig. 5. Bottom view of coplanar waveguide loaded with a tapered diamond-
shaped split ring resonator.

degree of freedom to trade off sensitivity for dynamic range

and linearity. In other words, the vertical diagonal of the

diamond-shaped SRR b along with the width of the CPW’s

signal strip can be adjusted in order to achieve a linear

displacement sensor with desired dynamic range or sensitivity.

B. Shift in Resonant Frequency

The second limitation of the displacement sensor based on

the rectangular SRR is that the displacement of the SRR not

only changes the notch depth but also the resonant frequency.

As can be seen in Fig. 3, this is also the limitation of

the diamond-shaped sensor proposed in the previous subsec-

tion. The displacement sensor design is further improved in

the following so that the resonant frequency remains fixed

allowing the amount of displacement to be measured based

on the notch magnitude in one fixed resonant frequency.

This is an important improvement since the sensor can then

be operated at a single frequency and bypass the need for

a sophisticated frequency sweeping microwave source and

measurement system.

It is worth recalling that in the quasistatic limit the SRR’s

fundamental resonant frequency can be approximated from the

SRR’s circuit model, which is a parallel LC resonator [27]. In

such circumstances, the equivalent inductance of the SRR can

be calculated from the inductance of a single ring with the

average dimensions of the SRR and the equivalent capacitance

can be calculated from the capacitance of the split [28].

However, in the case of the displacement sensor, the magnetic

flux passing through the SRR surface is not uniform. As shown

in Fig. 3, this results in a shift of the resonant frequency, which

depends on the amount of displacement.

Since the resonant frequency is dependent on the equivalent

inductance and capacitance of the SRR, it can be shown that

a decrease in the horizontal diagonal b of the SRR can be

used to reduce the equivalent inductance of the SRR. This will

minimize the effect of the non-uniformity of the magnetic flux

passing through the SRR surface, and consequently diminish

the shift in the resonant frequency. However, as stated above,

a decrease in the diagonals of the SRR degrades the dynamic

range and linearity of the sensor. Furthermore, decreasing the

equivalent inductance of the SRR by decreasing b pushes the

Fig. 6. Simulated transmission coefficient of the displacement sensor
based on the tapered diamond-shaped SRR (Fig. 5) for different values of
displacement of the SRR.

operating frequency of the sensor to high frequencies, which

is generally not desirable in sensory applications.

Alternatively, tapering and widening the SRR’s metallic

strip, as illustrated in Fig. 5, can be adjusted to precisely

compensate for the spatial non-uniformity of the magnetic flux

passing through the SRR surface and consequently the shift

in the resonant frequency is minimized. Furthermore, as will

be shown later in this section, this also reduces the operating

frequency of the displacement sensor by increasing the SRR’s

equivalent capacitance.

Fig. 5 depicts the bottom view of the proposed tapered

diamond-shaped SRR. For 3D electromagnetic simulation the

substrate properties (ǫr = 10.2, thickness of 0.127 mm), the

CPW dimensions (w = 3.1 mm, s = 0.3 mm) and the outer

diamond shape (a = 10 mm, b = 6 mm, and c = g = 0.2 mm)

remain unchanged. The only difference is in the width of the

SRR’s metallic strip on both sides of the SRR’s split, which

is optimized to be cc = 8 mm to achieve a fixed resonant

frequency.

Fig. 6 depicts the simulated transmission coefficients versus

frequency for the displacement sensor based on the proposed

tapered diamond-shaped SRR for different values of the lateral

displacement of the SRR from d = 0 mm to d = 1 mm with

steps of 0.2 mm. The figure, clearly illustrates that the shift in

the resonant frequency can be minimized through optimization

of the parameter cc. In that cases, all resonances occur at

1.17 GHz independently of the displacement.

As mentioned earlier in this section, an increase in cc also

increases the SRR’s equivalent capacitance. Thus, from the

comparison between the resonant frequency in Fig. 6, which is

1.17 GHz, and those in Fig. 3, which are higher than 1.75 GHz,

it can be seen that the proposed tapered shape of the SRR

pushes the resonant frequencies to lower frequencies without

increasing the overall size of the SRR. That means that, in

addition to having a fixed resonant frequency, the displacement

sensor based on the tapered diamond-shaped SRR also benefits

from a lower operating frequency.
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Fig. 7. Simulated response of the displacement sensor based on the tapered
diamond-shaped SRR corresponding to notch magnitude. Red dashed line: at
its minimum. Blue solid line: at the fixed frequency f = 1.17 GHz.

Fig. 8. Slotline mode can be suppressed by adding air-bridges along the
CPW structure on both sides of the SRR to connect two ground planes and
consequently equalize the voltages on two ground planes.

Fig. 7 depicts the simulated response of the tapered

diamond-shaped sensor presented in Fig. 5 versus the lateral

displacement of the SRR. The red line represents the notch

magnitude in the transmission coefficient of the structure

versus the lateral displacement of the SRR, and the blue line

depicts the transmission coefficient of the structure at the fixed

frequency f = 1.17 GHz. As clearly seen in the figure,

for the SRR displacement less than 1.1 mm the blue line

is aligned with the red line, indicating a dynamic range of

1.1 mm, when it is used at the fixed frequency of 1.17 GHz.

Furthermore, the sensor can achieve wider dynamic range of

1.5 mm if it is not used at a fixed frequency, i.e along with

a frequency sweeping measurement system such as a network

analyzer.

IV. SLOTLINE MODE

It is well known that any asymmetry and/or discontinuity in

a CPW can excite the slotline mode (odd mode) in the line. For

instance, the slotline mode is excited in a CPW at right-angle

bends or T-junctions [29], [30]. It is worth mentioning that

in all types of displacement sensors described in the previous

(a)

(b)

Fig. 9. Photograph of a sample of the fabricated sensors. (a) Top view of
the CPW. (b) SRR on the back side substrate, which is displaced by 0.9 mm
from the symmetry plane of the CPW.

sections, once the SRR is displaced from the symmetry plane

of the CPW, the slotline mode is excited due to the asymmetry

caused by the displaced SRR. As a result, the magnitude

of the transmission notch becomes dependent on the length

of the CPW. In all the presented simulations, the CPW’s

length is set to 30 mm and the CPW is directly connected

to SMA coaxial connectors. In these cases, the length of the

line becomes relevant as the slotline mode is suppressed by

the coaxial connectors at both ends of the CPW. Nevertheless,

in case where a longer length of CPW would be required,

the propagation of the slotline mode can be suppressed by

adding air-bridges along the CPW structure on both sides of

the SRR, as shown in Fig. 8, to connect two ground planes

and consequently equalize the voltages on two ground planes

of the CPW [31].

V. EXPERIMENTAL RESULTS

Experimental results are presented to validate the SRR shape

variation concept and electromagnetic simulation results of the

previous sections. Due to the high sensitivity of the proposed

sensor to small values of the SRR lateral displacement it is

technically complex to perform an experimental validation by

fabricating the structure with moving SRR. Thus, instead of

a moveable SRR, several devices with different values of the

SRR displacement are fabricated and measured as a proof-of-

concept.

Fig. 9 depicts the photograph of the top and bottom view of

one of the fabricated samples with d = 0.9 mm displacement

from the symmetry plane of CPW. The material used and

the dimensions of the prototype corresponds to the simulation

characteristic given in Section III.B.

Fig. 10 depicts the measured transmission coefficients of

the sensor based on the tapered SRR for several values of

the SRR’s displacement. The figure shows a fixed resonant

frequency at f = 1.13 GHz, which is in reasonable agree-

ment with the simulation results shown in Fig. 6. The small
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Fig. 10. Measured transmission coefficients of the sensor based on the
tapered diamond-shaped SRR for different values of the SRR’s displacement.
The measurements are not as well aligned as the simulation in Fig. 6
because of the device-to-device variations. This is a consequence of each
displacement requiring a separate device for this proof-of-concept. A movable
SRR fabricated in MEMS technology will not exhibit this problem.

Fig. 11. Comparison between the transmission coefficient of the tapered
diamond-shaped sensor versus the lateral displacement. Blue solid line: of
the SRR measured at fixed frequency f = 1.13 GHz. Red dashed line: of the
simulation results at fixed frequency f = 1.17 GHz.

difference between the measured and simulated resonant fre-

quency can be attributed to variations in the substrate relative

permittivity.

These results demonstrate that unlike in the case of the

sensor based on the uniform diamond-shaped SRR (and rectan-

gular SRR), the resonance in the sensor based on the tapered

SRR occurs as predicted at a fixed frequency f = 1.13 GHz.

This also validates the prediction that in addition to having a

fixed resonant frequency, while maintaining a compact size,

the displacement sensor based on the tapered diamond-shaped

SRR also benefits from a lower operating frequency.

In Fig. 11, the measured transmission coefficient of the

tapered diamond-shaped sensor versus the lateral displacement

Fig. 12. Measured transmission coefficient of a 1.1-mm displaced tapered
diamond-shaped sensor for different temperatures form 20 °C to 50 °C with
steps of 10 °C.

of the SRR at fixed frequency f = 1.13 GHz (blue solid

line) is compared with that of the simulation results at fixed

frequency f = 1.17 GHz (red dashed line). The graph shows

good agreement between measured and simulated results.

To investigate the effect of the thermal expansions of the

substrate and metallic layers the transmission coefficient of a

particular sample, specifically with 1.1 mm displacement, is

measured at different temperatures from 20 °C to 50 °C. The

measured results, depicted in Fig. 12, show that for a 30 °C

increase in the temperature, the measurement yields only a 1%

increase in the resonant frequency of the structure and less than

a 1 dB decrease in the depth of resonance. This demonstrates

that the sensor has a good thermal stability.

VI. CONCLUSION

This work has presented a displacement sensor based on

a diamond-shaped tapered SRR. The proposed shape modifi-

cations of the SRR have enabled us to improve the dynamic

range of the sensor from 0.6 mm to 1.1 mm, which corre-

sponds to an improvement of more than 80%. Also, compared

to the displacement sensor based on a rectangular-shaped

SRR, the proposed sensor has superior linearity. It is also

shown that the undesirable shift in the resonant frequency

in the characteristic of previous designs can be suppressed

with an optimized tapered diamond-shaped SRR. This is a

significant improvement since the sensor does not require

a frequency sweeping microwave source, but can be oper-

ated as inexpensive single frequency system. Compared to

the previously published displacement sensors, the proposed

sensor also benefits from a lower operating frequency, which

is generally desirable in sensing applications. Good agreement

between simulation and measurement results validates the

design principles.
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