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This letter proposes a two-dimensional displacement aighraknt
sensor based on two open-ended transmission lines, eatddloeth a
split ring resonator (SRR). In this arrangement, the deptfesonance-
induced notches in the reflection coefficients can be usecengesa
displacement of the loading SRRs in two orthogonal direstidSince
the operation principle of the sensor is based on the symrpedperties
of SRR-loaded transmission lines, the proposed sensorfiteefrom
immunity to variations in ambient conditions. More impatg, it is
shown that in contrast to previously published metamdteripired two-
dimensional displacement and alignment sensors, the pedpgensor can
be operated at a single fixed frequency. The concept andaiomiresults
are validated through measurement.

Introduction: In recent years, the application of metamaterial-inspired

resonators such as split ring resonators (SRRs) to senasrsitiracted
an increasing interest [1, 2, 3, 4]. This has arisen becadsthed
subwavelength dimensions, high quality factor resonandesansitivity of
the resonance characteristics of these elements to theiigathdimensions
and constituent materials. Various types of displacemewt @tation
sensors based on variation of resonance frequency, gfadttyr and notch
depth in the transmission spectrum of SRR-loaded trangmitaes (TLs)
have been proposed in the literature [1, 5, 6, 7, 8]. The quneas also
extended for the design of two-dimensional displacemeamgas [9, 10].

This letter proposes a two-dimensional displacement aighraknt
sensor based on the variation in the depth of resonant notble reflection
coefficients of two SRR-loaded microstrip lines. Since b8RRs and
microstrip lines are inherently compact structures, theppsed sensor
benefits form a small size. Furthermore, since the operatiotiple of
the sensor is based on the symmetry properties of the SR&setisor
is robust to ambient conditions such as changes in temperidtis also
shown that because the excitation from microstrip linesises an almost
constant loading effect on the SRRs, displacement is onhyfested in the
depth of notch, leaving the resonance frequency infdgs is an important
feature because it enables the sensor to work at a fixed fiegu&his
sensing mode allows to operate based on two reflection deefficrather
than using the transmission coefficient of the structureerehat least
two fixed frequencies are required for the operation of twoeshsional
displacement sensors [9, 10].

Two-Dimensional Displacement and Alignment Sensltustrations of
the top and side views of the proposed sensor are depicteijsn Ha)
and (b). The structure is composed of two substrates. On dti@rb
substrate, two open-ended microstrip lines alerandy axis are excited
at Port 2 and Port 1, respectively. Each TL is loaded with aR Skhich
is patterned on the top substrate. As shown in the side vighedstructure
in Fig. 1(b), the second substrate is separated from thesfits$trate by
an air gap, and can be movedarandy directions. At the initial position,
the symmetry plane of each of the SRRs is aligned with the sstmym
plane of the corresponding TLs. Thus, due to the symmetiyetructure
the SRRs are not excited by the TLs, and full reflection is nlesk at
both ports. However, if the alignment is broken by a dispaest inz
and/ory direction(s), the SRR(s) will be excited and notch(es) ajflpear
in the corresponding reflection coefficient(s). Furtheplisement inz
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Fig. 1 (a) Top view and (b) side view (b) of the proposed two-dinuerasi
displacement and alignment sensor.
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Fig. 2 Simulated|S11| (or |S22|) of the structure for different values of
displacementAzx (or Ay) from 0.1 mm to 0.8 mm in steps of 0.1 mm. Note
that due to the symmetry of the structure, behavidiSet | with respect taAy

is identical to that 0f.S11| with respect taAz.

For electromagnetic simulations, two 0.81 mm thick Roge@4003
substrates ¢ = 3.38 and tand = 0.0022) with 35 pum thick copper
metalization are used. The dimensions of the(b@nicrostrip lines and
the square SRRs are as follows:= 1.84 mm,a = 7 mm,g = 0.5 mm,
¢ = 0.5 mm, andg, = 0.76 mm. Figure 2 shows the simulated reflection
coefficient of the proposed sensor at Port 1 for differentieslof Az
from 0.1 mm to 0.8 mm in steps of 0.1 mm. Since both SRRs have
identical dimensions, the simulatdds2| versus Ay has an identical
behavior. The figure clearly shows the variation of notch tilejm
[S11] (or |S22]) with displacement inz (or y) direction. An important
feature of the proposed sensor is that since the excitatam the TLs
imposes an almost constant—predominantly electrical-éian effect
on the SRRs, a displacement only affects the depth of notaowt
altering the resonance frequency. This is in contrast toptteiously
proposed displacement sensors in which, due to crossipedacoupling
and loading effects, a displacement affected both depthot¢hnand
resonance frequency [5, 6, 8, 11].

In order to investigate the mutual effect of displacement:iand y
directions on the functionality of the sensor, Fig. 3 shohe simulated
|S11] versus displacement i direction, at a fixed frequency =
4.253 GHz, while displacement iry direction is changed from 0 mm
to 0.8 mm in steps of 0.2 mm. Obviously, due to the symmetryhef t
structure, an identical behavior is expected for the efééchz on |Saz|
versusAy. The figure shows that sensing relatively large valued efis

and/ory directions results in a stronger coupling between the Tls arslightly affected by displacementindirection, howeverAy has almost no
the SRRs, in turn resulting in deeper notch(es) in the re¢ispeeflection  effect on sensing smaller valuesa: (< 0.4 mm). This is a crucial feature
coefficient(s) [S11| and |S22|) at the resonant frequency of the SRRsof the proposed structure for application as a two-dimeraialignment

Note that displacement in direction have no effect on the depth of notchsensor.

in |S22| and vice versa. Thus, misalignmentdinand y directions can

be independently sensed from the depth of notcheSin| and |Sa2|,

respectively. One advantage of this method is that both S&Rsbe
designed to operate at the same resonance frequency. Tihisastrast
to the previously proposed two-dimensional displacemensars base
on transmission characteristics of a through TL, where SRé¥sled to
have distinct resonance frequencies [9, 10].

Experimental Resultstn order to validate the concept and the simulation

results, a prototype of the sensor has been fabricated arcunes.
d Figure 4 depicts the photograph of the fabricated protqtyéch includes
two microstrip lines fabricated on the first substrate, wltile SRRs are
etched on the movable top substrate. As in the simulatioongeRRO4003
material is used for both substrates. The dimensions of @hechted
microstrip lines and SRRs correspond to the dimensionseo§itimulated
structure.
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4.253 GHz, for different values afy from 0 mm to 0.8 mm in steps of 0.2 mm Fig- 6 A comparison between measured and simulaféd| and | S22| at the
Due to the symmetry of the proposed sensor, an identicalgbsat describes fixed frequencyf = 4.253 GHz versusAz, for Ay = 0 mm. Due to the

dependency to displacement in x direction|f§52 | versusAy.

Fig. 4 Photograph of a fabricated prototype of the sensor. The ticvastrip

lines are printed on the fixed substrate (left), and the SR&E&hricated on the
movable substrate (right). Rogers RO4003 material is usetdth substrates.

symmetry of the proposed sensor, an identical comparisoralid between
measured and simulatdd'1| and | Sa2| versusAy.

curves validates the simulation results, and confirms ttezatipn of the
sensor at a fixed frequency.

Conclusion: A two-dimensional displacement and alignment sensor based
on the reflection characteristics of two open-ended midmBhes loaded
with two SRRs has been presented. The proposed sensor isacomp
and its operation is robust to ambient conditions such asggs®in the
temperature, as it is operated based on break of symmetyrdycequires
measurement at a single fixed frequency. This is an impoftattre that
bypasses the need for a frequency sweeping measuremeeinsgath

as a network analyzer. The good agreement between the ruanand
experimental results validates the design principle.
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actuators allowing to move the top substrate in three doest The
first pair of micrometer actuators are used to precisely sidjne air
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of micrometer actuators are used to control displacements and y
directions from 0 mm to 0.8 mm in steps of 0.1 mm, while the obite

coefficients at Port 1 and Port 2 are measured. Figure 5 depiet
measured reflection coefficient of the sensor at Port 1 féeréifit values
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