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Abstract

This paper proposes a two-dimensional alignment and displacement sensor
based on movable broadside-coupled split ring resonators (BC-SRRs). As a
basis for this sensor, a one-dimensional displacement sensor based on a mi-
crostrip line loaded with BC-SRRs is presented firstly. It is shown that com-
pared to previously published displacement sensors, based on SRR-loaded
coplanar waveguides, the proposed one-dimensional sensor benefits from a
much wider dynamic range. Secondly, it is shown that with modifications in
the geometry of the BC-SRRs, the proposed one-dimensional sensor can be
modified and extended by adding a second element to create a high-dynamic
range two-dimensional displacement sensor. Since the proposed sensors op-
erate based on a split in the resonance frequency, rather than the resonance
depth, they benefit from a high immunity to environmental noise. Further-
more, since the sensors’ principle of operation is based on the deviation from
symmetry, they are more robust to ambient conditions such as changes in
the temperature, and thus they can be used as alignment sensors as well.
A prototype of the proposed two-dimensional sensor is fabricated and the
concept and simulation results are validated through experiment.
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1. Introduction

The concept of metamaterials was originally proposed for the realization
of artificially engineered bulk materials with positive, near zero, or negative
effective permittivity and/or permeability [1, 2, 3]. However, due to their
sub-wavelength dimensions, metamaterial fundamental elements such as split
ring resonators (SRRs), have also found applications in the design of compact
one- and two-dimensional planar circuits such as filters [4, 5, 6, 7, 8, 9, 10],
couplers [11, 12, 13, 14, 15], and antennas [16, 17, 18], or to improve the
performance of these components [19, 20]. It has been also shown that due
to the high quality factor, subwavelength dimensions, and the localized sensi-
tivity of the resonance to the constituent materials and physical dimensions,
SRRs can be used in the design of high sensitivity and high resolution sen-
sors [21, 22, 23, 24, 25, 26, 27, 28], or to enhance the sensitivity of the
conventional sensors [29].

Recently, one- and two-dimensional displacement sensors based on sym-
metry properties of SRR-loaded coplanar waveguide (CPW) have been pro-
posed [21, 27, 24]. In these sensors a displacement was characterized by mea-
suring the depth of the notch in the transmission coefficient of the loaded
CPW. Other displacement sensors based on the shift of resonance frequency
are reported in [30, 31]. The main advantage of the sensors based on sym-
metry properties over those based on the shift of resonance frequency is
that external (ambient) conditions may affect the resonators’ resonance fre-
quency but not the transparency of the loaded lines with perfectly aligned
resonators. Thus, the sensors based on symmetry properties of SRR-loaded
CPW are more robust and specially suited for alignment purposes. However,
they have a fundamental dynamic range limitation, set by the width of the
CPW signal strip.

This paper proposes a two-dimensional displacement sensor based on a
microstrip line loaded with modified broadside-coupled SRRs (BC-SRRs). In
contrast to the above-mentioned displacement sensors [21, 27, 24], in which a
fundamental dynamic range limit was dictated by the CPW’s lateral dimen-
sion, the proposed sensor has virtually no dynamic range limit. Moreover,
since the operation principle is based on symmetry properties of the struc-
ture, it is more robust to ambient conditions and can be also used as a
two-dimensional alignment sensor.

In contrast to other techniques for measuring displacement, such as laser-
based displacement sensors, etc, our proposed technique is especially suitable
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for measuring relative displacement between two two-dimensional surfaces,
and of special interest for detecting any misalignment between such surfaces.

2. One-Dimensional Displacement Sensor Based on Broadside Cou-

pled Split Ring Resonators

Figures 1(a) and (b) illustrate the side and top view of the one-dimensional
displacement sensor [31], which is composed of a microstrip line loaded with
a pair of BC-SRRs. Each BC-SRR is composed of two U-shaped split-rings
printed on different layers, on top of each other and open in opposite direc-
tions. Note that in this structure one of the rings is printed on the same
layer as the microstrip line, so it is fixed, while the second ring is on the top
layer of a second substrate, which can be displaced along the direction of the
microstrip line, as shown by the red arrows in the figure. The aim of the
sensor is to measure this displacement.

The BC-SRR can be modeled as a parallel LC resonator [32], in which
the equivalent capacitance corresponds to the capacitance of the overlapping
metallic area of the two U-shaped rings, and the equivalent inductance cor-
responds to the rectangular loop formed by the two U-shaped rings. The
BC-SRR’s resonance frequency is related to its equivalent capacitance and
inductance by f = 1/2π

√

LC . In the configuration shown in the figure, an
increase in the displacement ∆x of the upper ring results in a decrease in
the equivalent capacitance and an increase in the equivalent inductance of
the BC-SRR. However, as shown in the simulation results of Fig. 1 (c) and
analyzed in Appendix, the change in the equivalent capacitance is dominant,
which results in a shift of resonance frequency to higher frequencies. The
shift in the resonance frequency can therefore be used to sense the amount
of displacement in x direction. Note that the dynamic range of the sensor
has virtually no intrinsic geometric limitation and can be increased by using
longer BC-SRRs. Dimensions of the simulated structure are listed in the
caption of Fig. 1.

Figures 2(a) and (b) illustrate the side and top views of a novel one-
dimensional sensor, in which the BC-SRRs are rotated such that a lateral
displacement increases the equivalent capacitance of one of the BC-SRRs,
while it decreases the equivalent capacitance of the other BC-SRR. Also,
the equivalent inductance of one of the resonators is decreased, while that
of the other resonator is increased. Therefore, as shown with the blue solid
line in Fig. 2(c), at the initial position, i.e. for ∆y = 0 mm, when the
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Figure 1: (a) Side view and (b) top view of the displacement sensor based on BC-SRRs.
Rogers RO4003 substrates with relative permittivity of 3.38 and copper metallization
with thickness of 35µm are used. The thickness of the bottom and top substrates are
1.524 mm and 0.203 mm, respectively. The width of the microstrip line is w = 3.3mm
which corresponds to a 50Ω characteristic impedance. Other dimensions of the structure
are a = 10.2 mm, b = 12.4 mm, c = 0.4 mm, and s = 0.2 mm. (c) Simulated transmission
coefficients of the structure for different values of displacement from ∆x = 0 mm to
∆x = 5 mm in steps of 1 mm.

symmetry plane of the top substrate is aligned with the symmetry plane of
the microstrip line, both resonators are identical, and only one notch in the
transmission coefficient of the loaded TL appears at fy0. However, when the
symmetry is broken by a lateral displacement of the upper substrate, one of
the BC-SRRs becomes smaller than the other one, resulting in the splitting of
the resonance in two notches fy0 and fy1 in the transmission spectrum of the

TL. Thus, the frequency difference between the two notches ∆fy
def
= fy1− fy0

can be used to sense the lateral displacement.
Simulation results show that compared to the previously published dis-

placement sensors [33, 27], where an intrinsic dynamic range limitation of
about 1 mm was dictated by the CPW’s lateral dimensions, the proposed
sensor has a much larger dynamic range of 3 mm. Note that this work
is a proof-of-concept, upon which the dynamic range in the proposed sen-
sors can be enhanced by enlarging the resonant elements in the direction of
displacement. By doing this, the variable capacitance between intersecting
(i.e. face-to-face) metallic elements of the resonator can provide a wider dy-
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Figure 2: (a) Side view and (b) top view of the modified one-dimensional displacement
sensor. Rogers RO4003 substrates with relative permittivity of 3.38 and 35µm thick
copper metallization are used. The thickness of the bottom and top substrates are 1.524
mm and 0.203 mm, respectively. The width of the microstrip line is w = 3.3mm which
corresponds to a 50Ω characteristic impedance. Dimensions of the BC-SRRs are as follows:
a = 13.2 mm, b = 12.4 mm, c = 0.4 mm, s = 0.2 mm, and e = 3 mm. (c) Simulated
transmission coefficients of the structure for different displacements ∆y = 0 mm to ∆y =
5 mm in steps of 1 mm.

namic range. Also, since the proposed sensor operates based on a split in
the resonance frequency rather than the resonance depth, it benefits from a
higher immunity to environmental noise [33]. Furthermore, since the opera-
tion principle of the sensor is based on the break in symmetry arising from
the displacement, the sensor is robust to variable ambient conditions such as
changes in the temperature, and can be also used as alignment sensor [24, 27].

3. Two-Dimensional Displacement Sensor

With some geometrical modifications, the proposed one-dimensional sen-
sor can be extended to a dual-element configuration operating as a two-
dimensional alignment and displacement sensor. To this end, as shown in
Fig. 3, one possible strategy is to introduce a right angle bend in the mi-
crostrip line, and etch a pair of BC-SRRs with orthogonal orientation in
each section. The pairs of BC-SRRs need to have different dimensions to
resonate at sufficiently different frequencies such that a displacement in x
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direction can be distinguished from that in y direction. Furthermore, the
geometry of the resonators needs to be modified so that the resonant fre-
quency is altered by the displacement in one direction only. To this end,
the upper rings are replaced with straight strips. In this configuration, pro-
vided the strips are long enough, the pair of the modified resonators that are
coupled to the horizontal section of the microstrip line is only sensitive to a
displacement in y direction, while the pair of the modified BC-SRRs coupled
to the vertical section of the line is only responsive to a displacement in x
direction. In a practical system, in order to avoid abrasion of metallic layers
and substrates, and consequently to increase the repeatability of alignment
and displacement sensing, metallic layers are printed face-to-face, and an air
gap is added between the top and bottom substrates, as shown in the side
view of Fig. 3(a). In order to increase the coupling between the modified
BC-SRRs and the microstrip line, the middle section of the U-shaped rings
are narrowed [34].

Figure 4(a) and (b) depict the simulated response of the proposed two-
dimensional sensor to displacements in x and y directions, respectively. Both
sets of simulations are conducted by using parameters of Rogers RO4003

material with relative permittivity ǫr = 3.38 and thickness of 0.81 mm for
the bottom and top substrates. The two substrates are separated with a
0.25 mm air gap. The structure’s dimensions are listed in the caption of
Fig. 3. Figure 4(a) depicts the simulated transmission coefficients of the
proposed two-dimensional sensor for different values of displacement in x
direction from 0 mm to 3 mm in steps of 1 mm when no displacement in
y direction is applied, i.e. ∆y = 0 mm. At initial position, when both
pairs of the modified BC-SRRs are aligned with the symmetry plane of the
corresponding sections of the microstrip line, only two notches at fx0 and
fy0 appear in the transmission spectrum of the line (blue solid line). The
resonance at frequencies fx0 and fy0 are associated with Pair 1 and Pair 2,
respectively. However, as shown in the figure, a displacement in x direction
results in the splitting of the resonance of the Pair 1 in two notches at fx0

and fx1. The difference between the two frequencies, i.e. ∆fx
def
= fx1 − fx0,

is increased with an increase in displacement in x direction, thus it can be
used for sensing the value of ∆x. Similarly, Fig. 4(b) shows the simulated
transmission coefficients of the proposed sensor for variation of ∆y from 0 mm
to 3 mm in steps of 1 mm while the Pair 1 is aligned with the symmetry plane
of the vertical section of the microstrip line, i.e. ∆x = 0 mm. The figure
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Figure 3: (a) Side view and (b) top view of the proposed two-dimensional displacement
sensor. Rogers RO4003 material with relative permittivity ǫr = 3.38 and thickness of
0.81 mm is used for the bottom and top substrates. The two substrates are separated
with a air gap ga = 0.25 mm. The microstrip line has a width w = 1.85 mm, which
corresponds to a 50 Ω line. The dimensions of the resonators are as follows: a = 12.2 mm,
b1 = 15.5 mm, b2 = 10.5 mm, c1 = 2.5 mm, c2 = 1.2 mm, s = 0.2 mm, and at initial
position e = 4.8 mm.
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Figure 4: Simulated transmission coefficients of the proposed sensor (a) for different values
of displacement in x direction from 0 mm to 3 mm in steps of 1 mm, while ∆y = 0 mm,
and (b) for different values of displacement in y direction from 0 mm to 3 mm in steps of
1 mm, while ∆x = 0 mm.

clearly shows that ∆fy
def
= fy1 − fy0 increases with ∆y, thus it can be used

for sensing a displacement in y direction.
With the structure of Fig. 3, the limitation in dynamic range is dictated

by the distance where the straight strips and U-shaped resonators do not
overlap. Since e = 4.8 mm at the initial position and considering the width
of the metallic strips, the measurable displacement in this case cannot exceed
roughly 4 mm. For this reason we have consider displacements up to 3 mm.

4. Experimental Results

In order to validate the concept and the simulation results of the previous
section, the designed two-dimensional sensor has been fabricated and mea-
sured. Dimensions of the prototype corresponds to the simulated structure
of the previous section, as given in the caption of Fig. 3. Photographs of
the top and bottom substrates of the fabricated prototype are depicted in
Figs. 5(a) and (b). Fig. 6 shows a photograph of the measurement setup,
which is composed of a pair of micrometer actuators for adjusting the air
space between the two substrates, as well as two pairs of micrometer actua-
tors for accurate displacement in x and y directions. In this configuration the
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(a) (b)

Figure 5: Photographs of the fabricated prototype (a) top and (b) bottom substrates.

gap uniformity is in principle guaranteed because the considered substrates
are of sufficient rigidity in our experiments. In an arbitrary general appli-
cation, where rigidity may be insufficient it will be a matter of appropriate
choice of substrate material to suit the task.

Since the purpose of this paper is to provide an initial proof-of-principle
a vector network analyzer, which is not a low-cost instrument, is used for
the measurement of the transmission coefficient of the sensor. However, in
a practical application, a voltage-controlled oscillator can be used to excite
the sensor. By sweeping the frequency in the region of interest, by means of
an envelope detector cascaded at the output port, the frequencies where the
notch (for alignment) or notches (for misalignment) appear can be detected.

Figure 7(a) depicts the measured transmission coefficients of the sensor
for different values of ∆x = 1 mm, 2 mm, and 3 mm, while the sensor
has a fixed displacement of 2 mm in y direction. The figure shows that
while frequency difference ∆fx is increased form 105 MHz to 267 MHz, ∆fy
does not change. Similarly, Fig. 7(b), shows the measured results for a fixed
displacement of 0.5 mm in x direction, resulting in fixed notches at fx0 =
2.5 GHz and fx1 = 2.6 GHz, while ∆y is changed from 1 mm to 3 mm in
steps of 1 mm, which can be sensed from the increase in ∆fy from 95 MHz
to 210 MHz. The experiment shows that each pair of the modified BC-SRRs
are exclusively responsive to a displacement either in x or y direction. Thus,
the proposed structure can be efficiently used as a two-dimensional alignment
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Top Substrate

Bottom Substrate

Micrometer

Actuators

Figure 6: Measurement setup, which is composed of three sets of micrometer actuators
for accurate adjustment of the air gap between the substrates as well as displacement in
x and y directions.

and displacement sensor. In Figs. 8(a) and (b) the measured ∆fx and ∆fy
versus displacement in x and y directions, respectively, are compared with
those of the simulation results. The satisfactory agreement between the
results validates the concept and the simulations. The figure also shows the
linearity of the proposed sensor.

Note that, the air gap distance can modify the resonance of the notch,
but if there is alignment, only one notch is expected. Thus, for alignment
purposes the sensor benefits from robustness to environmental changes. Nev-
ertheless, tolerances in the gap distance may also influence the results. This
is actually (along with the fabrication and measurement setup tolerances) the
reason for the discrepancy between measurements and simulations in the re-
sults of Fig. 8. However, as clearly shown in Fig. 8, the trend of the measured
frequency difference is very well matched with the simulated results. This can
be quantitatively verified through Pearson’s correlation coefficient between
simulated and measured data [35]. The correlation coefficient is better than
0.99 for displacement in both x and y directions, which quantitatively verifies
the good agreement between the simulated and measured data. Hence, cali-
bration of the sensor can be used in order to remove the effect of fabrication
tolerances and the gap distance. Furthermore, since the displacement and
alignment sensing in the proposed sensor is based on displacement of the top
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Figure 7: Measured transmission coefficients (a) for three different values of displacement
in x direction, while ∆y = 2 mm, and (b) for three different values of displacement in y

direction, while ∆x = 0.5 mm.
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Figure 8: Comparison between measured and simulated spurious resonance frequency
versus displacement: (a) ∆fx versus ∆x, and (b) ∆fy versus ∆y.
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substrate without any friction over the bottom substrate, the sensor’s func-
tionality benefits from a high repeatability. It is also worth mentioning that
one of the main motivations for such a sensor is that it can be easily inte-
grated with MEMS technology, where highly accurate multilayer fabrication
technology guarantees the desired gap distance with very good tolerance.

5. Conclusions

This work has presented one- and two-dimensional displacement sensors
based on microstrip lines loaded with broadside-coupled split-ring resonators.
The principle of operation of the proposed sensors is based on the split-
ting of the resonance frequencies caused by a displacement-induced break
of symmetry. It has been shown that compared to the previously pub-
lished metamaterial-inspired displacement sensors, the proposed sensors ben-
efit from virtually unlimited dynamic range in displacement. Furthermore,
since the operation principle of the sensors is based on a split in the res-
onance frequency, rather than variation in the depth of notch, the sensors
are generally immune to the environmental noise. Moreover, because the
proposed sensors operate based on the breaking of symmetry, they are also
robust to ambient conditions such as changes in the temperature, and can
be also used as one- or two-dimensional alignment sensors. The concept and
simulation results have been validated through good agreement between the
simulated and the experimentally measured response of the a manufactured
two-dimensional sensor.

6. Appendix

Considering the structure of Fig. 1, the resonators are described by an
LC resonant tank coupled to the host transmission line. In a first-order
approximation, the resonator exhibits an equivalent inductance given by the
whole perimeter of the particle (including both rings), because this is the
electric current path. Thus, the equivalent inductance of the particle can be
obtained from

L = (2a+ 2b)L′ + 2xL′ = 2(a+ b+ x)L′, (1)

where L′ is the per-unit length inductance of the resonator, a and b are
indicated in Fig. 1, and x is the displacement to be sensed. Notice that an
increase in x increases the equivalent inductance. The equivalent capacitance
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of the resonator is due to the broadside capacitance of the face-to-face regions
of the individual rings. According to Fig. 1, this capacitance can be written
as

C = 1/2 [(a− x)C ′] , (2)

where C ′ is the per unit length broadside capacitance. Notice that an increase
in x decreases the equivalent capacitance of the resonator. The resonance
frequency can thus be expressed as

f =
1

2π
√

LC
=

1

2π
√

L′C ′

√

(a+ b+ x)(a− x)
, (3)

The derivative of the radicand of the denominator, R(x) = (a+b+x)(a−x),
with respect to x is

dR(x)

dx
= −(a + b+ x) + (a− x) = −b− 2x. (4)

This derivative is negative at x = 0 and in its vicinity. Hence, the denom-
inator is a decreasing function with x, and thus the resonance frequency is
an increasing function.
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