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ABSTRACT In this article we report our first investigations of a new contactless localizing sensor based
on the propagation of slow waves in metamaterials. Using the properties of magnetoinductive waves in a
one dimensional metamaterial we are able to unambiguously locate a nearby object. This works because
when an object impinges on the near field of the metamaterial’s meta-atoms, it introduces a local defect
resulting in the reflections of magnetoinductive waves. Key performance metrics are investigated and the
ultimate horizontal range of the sensor is demonstrated to be directly linked to the metamaterials quality.
An algorithm is devised based on the standing waves modes. The effect of terminating the structure
with a matching impedance is discussed. Unambiguous localization of a single object is possible using a
low-complexity algorithm, when the object interacts strongly with the metamaterial structure.

INDEX TERMS Electromagnetic coupling, electromagnetic metamaterials, localization, sensor.

I. INTRODUCTION

ON-MECHANICAL human-machine interfaces has

been a key driver to the development of many
technologies over the last 20 years. So called ’touch
sensitive’ displays have, in particular become almost ubig-
uitous since their adoption for smartphone design [1], [2],
[3], [4]. The majority of these rely on variations in the
mutual capacitance between adjacent electrodes which are
arranged in a dense grid. The electrode grid is fabricated
using transparent conductors and placed above the dis-
play. Readout of the electrode grid is done by polling
them in pairs requiring many measurements and mak-
ing the readout electronics relatively complex [5]. Whilst
touch screens are very advanced they have several draw-
backs, one of which is their short range and insensitivity -
no capacitive touch screen works well through gloves for
instance.

Reducing the complexity [6] of the readout for touch
screens is a potentially rewarding research target, with the
ultimate goal being readout of position with a single mea-
surement. To this end we have begun investigating a number
of novel propagation media to enable one and two dimen-
sional localization via confined waves [7]. Using a suitable
algorithm we aim to determine the point of interaction

between an object and the surface exchanging physical
complexity for computational effort.

As a starting point we chose to use a well known meta-
surface formed from simple meta-atoms. Meta-atoms in
this context are electromagnetic objects designed to have a
particular resonant or non-resonant set of electric and mag-
netic susceptibilities whilst being much smaller in size than
the wavelength of the signals with which they interact -
for example a simple split ring resonator [8]. Meta-atoms
are generally combined to form metamaterials [9] of one
sort or another. A one or two dimensional arrangement
of meta-atoms is often referred to as a meta-surface [10].
Metasurfaces in which the meta-atoms exhibit some degree
of mutual coupling (either by electric or magnetic fields for
instance) will generally support some kind of wavelike sig-
nal propagation. Examples of this include slow waves like
those carried by magnetoinductive waveguides [11].

Because meta-atoms and metasurfaces interact with
the force-fields they are exposed in, they are sen-
sitive to their environment and many sensor applica-
tions are being developed. These include displacement
sensors [12], [13], [14], sensors for dielectric characteri-
zation [15], [16], [17], [18], strain gauges [19], [20],
and touched systems using a mixture of waveguides and
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Source

FIGURE 1. Magnetoinductive waveguide formed from magnetically coupled split
ring resonators supporting slow waves along its length. Waves can be launched from
the source connection, and a metal object (bolt) in close proximity creates a strong
defect at the 7" cell from the source. Inset is the LCR resonator circuit used to
describe the impact of induced defects.

meta-atoms [21]. Sensors and detection systems based on
MI waves have been studied in [22], [23], [24].

As a starting point for future work we have investigated a
simple one dimensional line of meta-atoms that are coupled
together by mutual inductance forming a magnetoinductive
waveguide (MIW) [11]. In this work we are exploring the
use of such MIW as ‘touch’ sensors detecting the presence
and location of a nearby metallic object in air. Such systems
may also be demonstrated in two dimensional surfaces in
the future.

Il. THEORETICAL BACKGROUND

A. MAGNETOINDUCTIVE WAVEGUIDES AS SENSORS
Fig. 1 shows the basic construction of our device which
uses a magnetoinductive waveguide (MIW) with an object
(for example a metal bolt) interacting with the meta-atoms
to create a defect. Here a source injects signals at the first
meta-atom which propagate down the line, scattering from
the defect along the way and forming a standing wave pat-
tern of circulating currents. Our earlier work explored the
properties of slow waves [11], [25] in these structures and
the potential for these structures to provide a data chan-
nel [26], or a medium for wireless power delivery [27]. We
have found that MIW structures are readily modelled using
circuit theory based on the Kirchoff equations. Absorbing
terminations added to the end of the MIW suppress the
reflections from the structure [28]. A broadband transducer
capable of low-loss coupling between the MIW and a real
load has been introduced [29]. In addition, waveguides, in
which electric and magnetic coupling both play a role, have
been developed [30], [31], [32].

MIW carry signals across a passband whose width is
mostly a function of the strength of the meta-atoms mutual
coupling. Signals injected (using a small loop antenna for
instance) that are within this passband will travel through the
MIW and reflect from an un-terminated end forming standing
waves. The outcome from the source point of view is a mod-
ulated input impedance or scattering parameter (S11). Using
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FIGURE 2. Simplified sketch representing the cells of the MIW, the source injecting
waves, the object to be localized interacting with its nearest neighbouring cell m and
the termination impedance Z7 of the last cell N.

a first neighbour approximation the bandwidth is defined by

1 1
Af:fo[w —TKl JT+ |x|] W

where k = 2M /L in which L is the self-inductance of the
rings and M is their mutual inductance. MIW can be made
with i) simple split rings, and ii) rings loaded with tun-
ing elements. In the case i) the resonators are sensitive to
changes in their electromagnetic environment, whilst for case
ii) the electric interactions are suppressed and they are mostly
susceptible only to magnetic or conductive changes.

B. METAMATERIAL LOCALIZATION - MIW
REFLECTANCE AND INPUT IMPEDANCE

Within the bandwidth defined by (1), waves propagate to the
end of the line according to the dispersion which is quite
non-linear

2X

where yd is the complex propagation coefficient per
period [11]. Z is the cell impedance (Z = R + joL — j/oC
for an LCR resonator as shown by the inset in Fig. 1,
R, L, C being the resistance, the self-inductance, and the
self-capacitance of the resonator), and X is the mutual
impedance between two adjacent resonators (X = joM for a
magnetic system like that shown in Fig. 1). In the following
we inject signals into a line of N cells, at the start of the
line (cell 1) and measure the input impedance. The object is
adjacent to cell m. A simple scheme for this is shown in the
cellular diagram of Fig. 2 where the object is represented
by an extra element that couples to the m™ cell of the line.

Waves reflect from the end of the MIW at cell N, because
there is no element after there to support them, with reflec-
tion coefficient pr equal to the ratio of incident Iy_; and
reflected Ry_1 current amplitudes. We define pr = pon—1
in terms of the amplitudes of waves at cell N — 1 where
they can be unambiguously defined. Without a load, and if
losses are low, this is near unity. If something modifies the
properties of the m” cell of an MIW by a big enough factor
(see Fig. 2), then magnetoinductive waves are reflected by
that cell as we previously derived [27]. In this earlier work
we were calculating the wireless power transfer to a resistive
load driven by a receiver brought into proximity with the

yd= acosh<_—z) 2)
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MIW. Now, our intention is to obtain the spectrum of the
input impedance Zj, presented by the MIW when a target
object perturbs the loop impedance Z = R + jowL — j/wC
of the m™ cell. By analysing this impedance we want to
determine the location of the perturbation and hence of the
target object.

Localizing the object for intermediate positions, i.e.,
between two adjacent cells, would require a more compre-
hensive model that takes into account the impact of the
conductive object on the mutual inductance M, which was
discussed in [33], [34], [35]. This is neglected in this arti-
cle, and satisfying results for discrete localization (when the
object is above centres of the cells) have been obtained.

Our method in brief relies on using the relationship
between the reflectance of a termination cell and the
impedance of that cell. Using the properties of MIW, we
can refer any terminating impedance back to any other point
on the line as described in detail in [27]. First one requires
the reflectance of the line termination pr

X? — (Z+Xe" Y (Z + Zr)
(Z +Xe v )(Z + Zr) — X?

where Zt is an extra impedance added to the last cell of the
line as a termination - generally zero in our case of a line of
identical cells. Based on (3), we can rearrange the equation
to get an expression of effective termination impedance that
would give an MIW reflectance of py_1

_ X2+ py-1) _
Z(1 4+ pn—1) + X(on—1€77? + e79)

We need to determine the reflectance ratio p,,—; measured
just before the defect cell m. This then requires a value for
the extra impedance Z7' in the modulated defect cell m. The
extra impedance is due to the nearby perturbing object, along
with the effective termination impedance due to the cells
between the defect and the end of the line. The reflectance
Om, at cell m, is given by

pr(Zr) = 3)

zy (4)

pm = pre 2Nmbrd )

The equivalent terminal impedance Z%”‘H atcell m+1, is
evaluated using (4), replacing py—1 by pn,. The defect cell
m has then an effective terminal impedance

Z? = Zdefect + Zeff (6)

where Zgefect 18 the change in impedance of the defect due to
the object, and Z.g, the impedance presented by cell m + 1
to cell m is [27]

Zett = —X* /(20 1+ 2) (7)

Therefore, the reflectance evaluated at cell m—1, p,,—1, can
be obtained by substituting Z(Tm) into Zt in (3), as we may
now treat the defect cell like a termination [27].

To evaluate the overall input impedance Z;, seen by the
source, the additional impedance at cell 1 due to the rest of
the line are calculated in a similar process (by referring p,,—|
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to the injection point and calculating the input impedance
Zin) using (3) - (5). The input reflectance is given by

Zi — Lref
p=_——
Zin + Zyet

where Z.r is the reference impedance.

In order to evaluate the defect reflectance from which to
model the impact of an object, we conduct a simple exper-
iment with a single loaded split ring resonator. Our devices
are made as Printed Circuit Boards (PCBs) carrying res-
onators which are squares 10 mm on a side with width 1 mm.
Each of these resonators is tuned by adding a 100 pF surface
mount capacitor, which among other impacts, reduced the
resonators overall sensitivity to its dielectric environment by
containing the majority of the electric field energy. Magnetic
fields are not so contained and permeate each cell’s local
environment making them sensitive to any objects able to
perturb those fields. In our models the resonators are simple
resonant circuits composed of an inductor (L), capacitor (C)
and resistor (R). The resistor models all the losses present
in the resonators including ohmic, dielectric and radiation
contributions [36] as drawn in Fig. 1.

The highly conducting metal object (steel M6 bolt head,
hexagonal, 10 mm diameter) is placed axially above the res-
onator and moved towards it from 12 mm separation to near
contact. The resonant frequency fy of the system is measured
along with its Q factor, shown in Fig. 3(a).

When the loaded resonator is approached by the metal
object, its resonant frequency fy rises whilst its Q factor
falls - denoting both a decrease in the L — C product and a
rise in the loss (R). This makes the model for the modulation
of the split ring by the object quite simple. With the metal
object (bolt), we decrease the inductance and raise the losses
in the form of eddy currents. The extracted R and L are
plotted in Fig. 3(b). It should be noted that although we
conducted the measurements using a bolt at varying heights
above a single resonator, similar detuning effects can be
obtained using bolts of varying sizes at a fixed height above
the resonator. Decreasing the size of the bolt head leads
to weaker interactions between the object and the resonator
below, i.e., creating smaller changes in the inductance and
less resistive losses in the resonator. As an example, a steel
bolt head of 7mm diameter, placed at 0.4 mm above the
resonator and with the centres aligned, results in Lgefect &
17.1nH and Rgefect ~ 0.29€2 in the measurements, which is
very close to what we measured with an M6 bolt at 1 mm
above the resonator.

The reflectance from the defect p,,—, calculated at cell
m— 1, for varying object height z is shown in Fig. 3(c). The
termination is included as Zt = Xexp(—y d) in series with
the self-impedance of the last cell to remove reflections from
the end [9]. Here m = 8§, but the defect can be anywhere
on the line except for the two ends. As z increases, the
interactions between the object and the defect cell become
weaker, leading to lower reflectance from the defect. When
z is above around 6 mm, Lgefect and Rgefect approach the
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FIGURE 3. Impact of a highly conducting object, the head of a metal bolt, as a
function of its height above one meta-atom which is a loaded PCB split ring. Measured
resonance characteristics, fy (blue plus signs), Q (orange circles), of the meta-atom in
(a) are convertible to equivalent circuit parameters, Lygect (red asterisks) and Ryere
(black circles), in (b). The solid curves in (a) and (b) are the fitted curves to the
measured data points. As z increases from 0 to 12mm, the resonance fy changes
from 130 to 113.4 MHz, quality factor Q from 20 to 90, the inductance of the element
Lgefect from 15 to 19.7 nH and resistance Ryggect from 0.5 to 0.16 2. The end values
for these parameters are the unperturbed values for the element. (c) is the calculated
variation of |p;;_1 |, the net reflectance from the defect evaluated at cell m — 1, with
the elevation z of the metal object. The end of the 16-element array is terminated with
a matching impedance [9], and defect can be anywhere on the line except for the two
ends.

unperturbed values as shown in Fig. 3(b), therefore the array
approaches an infinite line. The net reflectance from the
defect is slightly larger for higher frequencies within the
passband. This is due to the increased resonant frequency of
the perturbed defect cell.
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Waves travelling in an array of N elements from one end
to the other will mostly reflect back and form standing waves
which have integral numbers of half periods. The propagation
coefficients of the N standing wave modes are [11]

L S ©
A (n+1d

where A, is the wavelength of the n-th order mode, d is
the lattice period. The N standing wave frequencies also
correspond to the resonances exhibited by an array of N
coupled resonators, the reflectance from which also shows
local minima at these frequencies.

The sensor relies on the development of these stand-
ing waves in the line, between the reflective defect and
the source. If the modulation of the input impedance pro-
duced by these standing waves is significant then we may
determine the existence and location of the defect. The ben-
efit of this is that only one source is required for input
impedance probing. Here, one may use the properties of
MIW to determine the maximum length of sensor that can
be useful, beyond which we won’t be able to discriminate
the standing wave patterns for different defect positions. For
an infinitely long sensor no reflections are expected from
the end, only those arising from a defect. These result in a
series of peaks in the input impedance spectrum. In general
as the location of the defect moves away from the source
then the frequency spacing between standing wave peaks in
the spectrum shrinks. Eventually these peaks become unre-
solvable and we are unable to discern the location of the
induced defect produced by the object.

The resolvability of the peaks will be limited by their
width which is in turn linked to the meta-atom quality factor
as LCR circuits. Using (5) we can determine a relationship
between the meta-atom quality factor and the useful length of
a device in terms of the modulation depth for adjacent peaks
in the impedance spectrum. Because the object reflectance
varies slowly with frequency as shown in Fig. 3(c), the
reflectance at a standing wave peak and its neighbouring
trough is nearly the same. The only change between peak
and trough is the s difference in phase for the signals
reflected arriving at the source. This consideration allows
us to write the variation in current in the injection cell at
this frequency as:

AI'= (Io + p4do) — (o — p—Io) ~ 2pm—1 e >~ D4 (10)

where the input current Iy launches waves into the structure
and the reflected waves contribute py,_ Iy to the overall
amplitude. p;,_ are the reflectance at peak and trough
frequencies respectively. For a relatively low loss MIW the
attenuation can be approximated to ad = (xQ)~'. If one sets
a threshold on the modulation depth that permits effective
localization - say Al/ly = 0.1 - then one may derive:

Al/l
Nmale—gln< /0) (11
2 2pm—1
where N,y is the ultimate length after which no object can
produce peak-trough modulation depth greater than Al/Iy,

ky = 1,2,3---N
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and we have assumed a perfectly matched source. Clearly
there is a strong linear dependence between N, and the
Q factor for the meta-atoms. It’s also clear that objects
which interact less strongly with the meta-atoms, produc-
ing a lower defect reflectance p,,—1 will result in a shorter
ultimate horizontal length for a given modulation depth.

lll. RESULTS
A. ANALYTICAL CALCULATIONS
Based on the derivations earlier, we calculate the reflectance
|p| as a function of frequency at the input when the object
is moved along a line at a height of 0.4 mm above the cells,
as shown in Fig. 4(a). We only consider discrete object
locations above cell centres as explained in Section II-B.
We use the corresponding values Lgefect = 15.9 nH, Rgefect =
0.43 2 from Fig. 3(b) for the calculations. To evaluate the
reflectance for a notionally matched source driving the device
we used Z.f = 4 2 so that the calculated reflectance is of
similar magnitudes and comparable to measured values.
For the first meta-atom of the line (position 1), it’s clear
that the detuning effect of the object is changing the self-
resonance, resulting in a single minimum of |p| at around
129 MHz. Moving the object to position 2 results in a sin-
gle strong minimum at 113MHz - this being now close
to the unperturbed resonant frequency of the source cell.
there is also a weak minimum at around 129 MHz. As the
object moves further along the device, away from the source,
the number of these strong standing wave troughs increases
whilst their resolvability decreases with reduced frequency
separation as expected. If one were to apply a Al/Ip = 0.1
modulation depth limit and p,, = 0.5 then (11) predicts that
this device should be capable of locating an object up to 16
cells distance.

B. EXPERIMENT
We have developed an experiment to test our ability to locate
a metal object near to a MIW as an example to match the
calculations in the previous section. The waveguide used in
the experiments is an array of 16 strongly coupled identical
square resonators.

Our structure is made as a Printed Circuit Board (PCBs)
carrying resonators which are squares 10 mm on a side with
track width 1 mm. The FR4 substrate is 1.6 mm thick. A
100 pF surface mount capacitor is added to the 1 mm gap
on each of these resonators, and every cell exhibits a reso-
nant frequency of 113.4MHz. The lattice period, which is
the centre-to-centre separation between the adjacent cells, is
10.5 mm. The measured nearest-neighbour coupling coeffi-
cient is k = 2M /L ~ —0.13. The metal object we used in
the experiment is a steel M6 bolt head, of hexagonal shape
and 10mm diameter. We used plastic holders to attach the
metal object to the scanning arm of the 2D scanner, and also
to fix the source loop antenna in place below the array.

A small loop antenna 5 mm in diameter located 1.6 mm
below the first meta-atom is used to inject signals. The Si;
input scattering parameter here is recorded by connecting the
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FIGURE 4. Calculated reflectance and measured |Sq1| spectrum for metal object
locations above cell centres. (a) Calculated reflectance |p| from (3)—(5) with
parameters: k = —0.13, Lyefect = 15.9nH, fy = 113.4MHz. Z,.; = 4 2 is used. (b)
Measured |S14| from the MIW. The metal object is moved at 0.4 mm above the
structure. The loop antenna is placed below the centre of cell 1. The white circles in
both (a) and (b) marks the local minima in the reflectance or Sy that are used in our
0Odd-Even algorithm introduced in Section IlI-C, and the 'x’ markers show their mean
oscillating above and below the resonant frequency. The resonant frequency is shown
by the dashed horizontal line.

loop antenna to a VNA and the metal bolt is moved along
the device at a height of around 0.4 mm above the structure,
in 0.5 mm horizontal steps. The 2D scanner is connected to
a PC which controls the scanning process. The height of the
metal bolt ensures that the inductance of the element dropped
from 19.7 nH, the unperturbed value, to around 15.9 nF when
the bolt centre is aligned axially with a cell’s centre. The
recorded S1; over frequency is shown in Fig. 4(b), where
the x-axis shows the bolt location measured in periods of
the metamaterial, with each integer value corresponding to
the cell number where the bolt perfectly centres above that
meta-atom.

The measured S;; is shown in Fig. 4(b) where it may be
readily compared to the calculated spectrum of Fig. 4(a).
Both are quite comparable with the large detuning of the
first element when the bolt is located at position 1 and a
gradually increasing number of standing wave minima as it
moves down the line away from the source. At first glance,
counting the number of minima seems to be a viable method
for locating the bolt based on the reflection spectrum. Whilst
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this is straightforward if one has a high quality measurement
of the S1; spectrum, should one seek to reduce equipment
complexity and use only a narrow range of the spectrum,
the optimal path is less obvious. Further complications arise
when the object is higher, permitting more waves to travel
to the end of the line, adding extra standing wave modes.

C. METHOD FOR LOCATION EXTRACTION

The frequencies of the standing wave modes may be pre-
dicted from the dispersion relationships. Therefore, we
devised a method to localize the metal bolt based on the
unique frequency patterns of the array. In the following we
denote the defect cell number as m. First, for each centred
defect location, we identified the frequencies that correspond
to local minima in |p|. Since the reflectance pattern becomes
unresolvable out near the cut-off frequencies due to increas-
ing MIW loss, we concentrated on the frequencies near the
middle of the passband at fy = 113.4 MHz. For all even m,
there is a minimum in the Sy very close to fp, whereas for
odd m > 1, there is a weak maximum near fy and two local
minimums at frequencies almost symmetrical about f. We
used the two minima in |p| closest to the fy, and we denoted
these corresponding frequencies as f, and f5.

1) STANDING WAVE-BASED ALGORITHM

Having determined f, and f; as a subset of the standing
wave modes of the composite structure plus defect, our first
attempt for localization is to calculate the frequency differ-
ence §f = |f,—fp| and to compare it with the value calculated
based on the theoretical dispersion relationships of (2). The
exceptions are, when the object is above the cell 1 or 2, no
dips or only one dip would be found within the passband.
The result for testing this algorithm on the measured data is
that, 11 out of the total 16 centre locations can be retrieved
accurately, while the remaining 5 positions are identified with
+1 lattice period error. This most likely arises from the fact
that the theoretical dispersion assumes only first order cou-
pling between meta-atoms whilst in the real structure this is
not the case and results in slightly distorted dispersion and
thus shifted standing wave modes [11].

2) ODD-EVEN ALGORITHM

To improve on this result, an additional condition is imposed
to categorize m as an even or odd number. This is done based
on the average of f, and f;, - if |(f,+/5)/2—fo| > §, m is even,
otherwise the object should be above an odd-numbered ele-
ment, where § = 0.53 MHz is a chosen threshold that gives
zero error in localization up to m = 16. For larger arrays,
optimization of § could be needed, if second order cou-
pling is significant. After applying this additional condition,
all 16 locations are found accurately, using both the cal-
culated reflectance and the measured Sq; data. The process
of the algorithm is summarized in Fig. 5. The limitation is
that only discrete centre locations have been considered, and
intermediate localization will be studied in the future.
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FIGURE 5. Flow chart illustrating the Odd-Even algorithm for localization. The input
to the algorithm is the reflectance or Sq4 spectrum.

With a large change in the impedance of the defect ele-
ment when the object is very close, there are clear dips in
the input reflectance spectrum, shown by the blue spots in
Fig. 4. However, when the interaction between a defect and
the object is weaker, some of the injected waves amplitude
will be reflected back to the source from both the defect and
the far end of the array. Superposition of these reflection sig-
nals at the source results in more complicated standing wave
patterns. Taking Lgefect = 18.5 nH, the calculated reflectance
pattern is shown in Fig. 6(a). The corresponding resistance
of the defect element is Rgefect = 0.22 2 [from Fig. 3(b)],
which was achieved when the metal bolt used in the experi-
ment is around 2 mm above the defect centre. The minimum
reflectance at m = 2 is around 0.4, higher than the strong
minimum of 0.04 when z = 0.4 mm, showing a smaller
change in the value of the input reflectance with frequency.
For all the defect locations there is now a strong background
signature of waves reflecting from the far end of the array
with more than 9 minima visible. When the standing modes
of the source - defect section of the line coincide in frequency
with the background component, there is enhancement of
the peaks and troughs. Terminating the array by adding an
impedance Zt = X exp(—y d) [9] eliminates this background
component and the resultant reflectance pattern is shown in
Fig. 6(b).

We tested the Odd-Even algorithm on the calculated |p|
patterns generated using a range of defect inductance values
to explore the impact of the partial reflectance of the defect.
Lgefect varies between 15nH and the undisturbed value of
19.7nH. This range of Lgefect Values can be obtained by
positioning the metal object at varying heights above a single
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FIGURE 6. Calculated reflectance |o| spectrum for defect locations from cell 1 to 16, when the inductance of defect element is 18.5 nH (Lq of an undisturbed cell is 19.7 nH).

(a) The 16-element array is an open array. Reflections from both the defect element and the end of the array lead to multiple dips in the reflectance spectrum, which degrades the
performance of our Odd-Even algorithm. (b) The end of the line is now terminated with a matching impedance, eliminating the reflections from the end of the array [9]. The white
circles mark the dips that are used in our Odd-Even localization algorithm.
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FIGURE 7. Results for accuracy in using the Odd-Even algorithm to localize metal objects on a 16-element array, using calculated reflectance spectrum. (a) and (b) are for an
array with a matching termination, while (c) and (d) are for an open-end array with no termination. Both (a), (c) are coloured by the error (myctya] — Miound)- AS the object height
is changed from 0 to 8 mm, Letect Varies from 15 to around 19.7 nH. The dashed black lines mark z = 1.5 mm for the terminated line, and z = 0.8 mm for the open array, which
correspond to the maximum height up to which the localization error is zero. The dotted white lines mark z = 4.5 mm for the terminated case, and z = 6.0 mm for the open case,
denoting the heights above which the found defect locations are always near either end of the array. For the terminated line, when z > 4.5mm, Miound is always equal to 2,
whereas myo,nq = 16 is always true if z > 6 mm for the open array. (b) and (d) illustrate the relationship between myg,,q and mycyya1- The two quantities fall on a straight line
for accurate localization, shown by the magenta crosses in both figures. As z increases, the interactions between the defect and the object becomes weaker, and more errors
occur, as shown by the black circle (z = 1.5 mm), blue triangle (z = 3 mm), and black plus (z = 4.5 mm) markers.

resonator. Results from the Odd-Even algorithm are shown Fig. 7a,b are for an array terminated with a matching
in the colourmap of Fig. 7 where the error mycwal — Mround  impedance. Fig. 7(a) is coloured by the error (mactyal —Mfound)
between the actual and derived locations is used to colour for varying object height z and defect location m,cpa. We
the map. were able to localize the metal object on the terminated line
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FIGURE 8. Measured Sy4 data for intermediate object locations is shown in the upper pane. The object is 0.4 mm above the sensor array, moved horizontally at 0.5 mm steps
while Sq4 is measured. The horizontal position of the object centre is x. When x = 0, the centre of the object is above the track of the first excited element. The ticks for the
x—axis, at x =5, 15.5, 26 mm etc., show the object positions when the object is aligned with the element centres. The Odd-Even algorithm, though developed for localizing the
metal object at registered locations, is tested for intermediate locations, using the measured data in the upper pane. The plot in the lower pane is for comparing the identified
discrete locations using our algorithm (blue dashed line with circle markers) and the defined actual defect element number (red solid line). Here we define the defect element as
the one that’s under the object centre. As seen in the plot, errors in localization occur when the object is away from the element centres, and our algorithm, although devised for
discrete localization, is robust when the object centre is within =1 mm from the element centres.

accurately when the object is up to around 1.5mm above
the array, corresponding to Lgefect & 17.8 nH. The Odd-Even
algorithm completely fails when z > 4.5 mm, corresponding
to Lgefect > 19.3 nH. The reason is that the MIW approaches
an infinite line and only one minimum can be found in |p]|,
therefore identifying all defect locations as position 2, as
shown by the black plus signs and red circles in Fig. 7(b).
Fig. 7(b) illustrates the relationships between miacal and
meound for several z values. As z increases from 0.8 mm to
6 mm, the markers deviate from an oblique straight line,
indicating the reduced accuracy.

Fig. 7c, d are for the same structure with no termination. In
this case, we achieved accurate localization up to z &~ 0.8 mm
(Lgefect & 16.9nH), shown by the magenta crosses falling
on a straight line in Fig. 7(d). Above z = 6 mm, where
Lgefect > 19.6 nH, mgoupng = 16 for all actual defect locations,
as shown in Fig. 7(d). The array approaches a uniform MIW
with identical elements when the interactions with the metal
object are so weak that the location of the object would have
little impact on the calculated reflectance, as the structure
approaches an undisturbed MIW.

Overall, the accurate localization up to z 0.8 mm
(Ldefect = 16.9nH) for a 16-element open array shows that
our simple algorithm is reliable for strongly interacting
objects. Correctly terminating the line with a matching ter-
mination, so that only the standing waves deriving from the
object are present, improves this performance to z = 1.5 mm
(Ldefect = 17.8 nH).

The effect of waveguide bending on the propagation of
MI waves has been investigated in [37]. Reflections are
caused by abrupt bends in MI waveguides. Formulas for
reflection and transmission coefficients were developed for
various cases of bent structures in [37]. For our waveguide
sensor, we expect that bending the array uniformly will not
have strong impacts on its sensing performance. The nearest
neighbour mutual coupling will change by the same amount
for every pair of adjacent elements, resulting in a uniform
array. The changes in non-nearest neighbour coupling might
be inevitable but it could be kept low with careful designs
of the structure.

If we had designed our sensing array as a flexible struc-
ture such as that described in [38], when the shape of the
bent structure changes, the flexible hinges between adja-
cent elements ensure that the nearest neighbour coupling is
unchanged, therefore the properties of the structure will stay
nearly unaffected by the bending.

The tolerances of the transmission in an MIW have been
analysed in [11]. The capacitance of each element is assumed
to vary randomly so that the resonant frequencies of the
elements are not identical. The frequency shifts in the resul-
tant standing wave modes, and also the reduction in power
transfer to a load due to a 5% change in the capacitances
are not drastic. However, as pointed out in [11], other
properties of the waveguide might be more sensitive to tol-
erances, and this needs to be addressed carefully in practical
designs.
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D. INTERMEDIATE LOCATIONS
We developed the Odd-Even algorithm based on the dispersion
relationships, and it’s expected to be valid for registered posi-
tions of the metal object. The measured S1; for intermediate
object locations is shown in the upper pane of Fig. 8. The
data for discrete locations (i.e., with the object above ele-
ment centres) shown in Fig. 4(b) is a subset of the data
presented in Fig. 8. In the measurement, we have the metal
object 0.4 mm above the surface of the array, and the object
is scanned at 0.5 mm steps horizontally across the array, with
horizontal position x = 0 being the start position where the
object centre is right above the side of the first element.
At the marked positions x = 5, 15.5, 26 mm etc., the object
centre is aligned with the centre of the defect element. As
the object is moved between adjacent elements, the mutual
coupling between adjacent cells and the resonances of the
two cells are modified and require detailed characterization
of the disturbed system to generalize the detection algorithm.
Although intermediate localization is out of the scope for
this article, we tested our algorithm on the measured Sij
data for intermediate locations of the metal object. When the
object centre is above the area of one cell m, i.e., between
its tracks, we define here the defect number as m, as illus-
trated in the inset to Fig. 8. Therefore object locations within
+5mm from the centre of a defect element should give the
same outputs based on our algorithm. We compare the identi-
fied defect number using our algorithm (blue) with the actual
defect number (red), shown in the lower figure of Fig. 8.
Accurate localization is demonstrated when the object cen-
tre is aligned with element centres, or displaced by 0.5 mm
closer to the source. And our algorithm is generally robust
when the object centre is within 1 mm from the defect ele-
ment centre, with a small error when element 8 is the defect.
If we move the object away from the centre of each defect,
errors start to appear, as expected. These results are much
better than we expected. We tested our algorithm in viola-
tion of the approach, and yet robustness of the algorithm is
shown. Based on the data shown in Fig. 8, approximately
73% of the intermediate object positions were identified,
with the output being the correct defect element number.
With proper analysis of the perturbed system and modifi-
cations to the algorithm, we believe that the accuracy of
localization will certainly be improved.

IV. CONCLUSION

The sensitivity of meta-atoms to their environment makes the
use of meta-atom arrays as sensors quite attractive. External
nearby conducting objects affect the resonant characteris-
tics of individual elements which can be readily modelled.
Our resonant loop meta-atoms, tuned by mounted capacitors
between the gap in the loop, are very sensitive to the prox-
imity of highly conductive metal objects, modelled as the
change in the self-inductance and the resistance of each ele-
ment. A 1D array of magnetically coupled meta-atoms sup-
ports the propagation of magneto-inductive waves. Via MI
waves we have been able to exploit this sensitivity to devise
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a spatial localization method for a metal object in one dimen-
sion. There is a single input port, also serving as the receiving
port, to the MIW sensor. We are able to determine the loca-
tion of a metal object using the standing wave patterns that
it generates in the waveguide, which we observe with a sin-
gle input point. An algorithm was developed and tested for
its robustness in accurate localization of the metal object.
We have shown through calculations that our Odd-Even algo-
rithm works well for object height up to around 1.5 mm, if the
structure is terminated properly to remove reflections from
its end. This will be studied experimentally in the future.
Localisation on a 1D array of a larger size will require more
complex algorithms, and optimization may be required.

To detect a metal object larger than a single element in
the sensor array, detailed characterizations are required for
the resonances of the multiple perturbed elements under the
object, and the change in the mutual coupling between adja-
cent cells as the object moves horizontally. While it may be
possible to exploit superposition to deal with objects larger
than one unit cell, this is likely to be quite limited by the
strength of interaction between the object and the cells.

In addition, identifying the locations of multiple objects
simultaneously positioned on the sensor is useful for multi-
touch applications, which requires more detailed analysis.
Multiple object detection is possible if the interactions
between defect cells and the objects are weak. Overlaps
in frequency between dips in the reflection spectrum from
one defect and another will cause problems, and the defect
closer to the source will be undetectable if we only use
the corresponding frequencies as input to our localization
algorithm. One possible solution is to make use of the full
spectrum profile and take into account more comprehensive
information in the algorithm. We will also extend the idea
to devise a 2D MI sensing pad. The metal object used in
this study is a bolt, the analysis of which can be extended
to foreign objects of various types. A dielectric object, for
example, can be detected and located by measuring S1; from
a 1D structure consisting of open split ring resonators. The
capacitance of unloaded resonators changes with the proxim-
ity of a dielectric object. A potential capacitive touch sensor
can be made based on MI wave propagation in the structure.

The MI waves based position sensor has various practical
applications. A new fluid level detector can be realized by
fixing an array of coupled open split ring resonators on
the inside of a container wall which is non-metallic, for
instance. Embedded in a conveyor belt, a distributed metal
detector can be made. In larger scales, where we aim to
detect larger metal objects, such as charging pads for electric
cars, position detection can be achieved by wrapping the 1D
structure around the wheel and monitoring the changes in
the standing wave patterns.

DATA AVAILABILITY

The research materials supporting this publication can be
accessed by contacting the corresponding author J. Yan
(e-mail: jiaruo.yan@eng.ox.ac.uk).
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