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ABSTRACT: Traditional touchscreens, popular for their adaptability and ease of maintenance, typically use capacitive technology where
finger contact alters an electrostatic field. Here we demonstrate a touch keyboard configuration, based on a resonant-based system
encompassing split-ring resonators (SRRs). These resonators, operating at the GHz spectral range, detect a finger’s proximity, changing
resonance frequency, but remain unaffected by distant objects — thus allowing for a parallel and independent readout of multiple keys.
Specifically, 14 independent keys have been demonstrated, and the frequency-sharing protocol for parallel acquisition of sequences has
been successfully implemented. The readout is performed in parallel by monitoring the transmission through a microstrip line, which is
equipped with a series of distinct SRRs that resonate at different frequencies. The system has been implemented on an extremely low-cost
platform, which can be transformative for similar tasks.

1. INTRODUCTION

Touch keyboards, being an alternative realization of standard
worldwide used mechanical devices, keep attracting atten-

tion owing to several advantages they provide [1, 2]. Among
quite a few, though subjective to the end user, worth mentioning
are adaptivity, ease in maintenance, potentially longer lifetime,
and a higher level of integrability within electronic circuitry. In
this realm, an emphasis is put on developing touchscreen tech-
nology, which enables superimposing a context presented on a
screen with user feedback. Main technologies nowadays con-
centrate on developing capacitive and (less common) resistive
architectures [3–5]. In the capacitive approach, the sensing is
based on monitoring the electromagnetic properties of activat-
ing objects like a finger. Capacitive screens have an electrode
layer that creates an electrostatic field [6, 7]. When a finger
touches the screen, it distorts the strong near field at that point,
which is detected by sensors. More advanced realizations ex-
plore software integration, i.e., tracking the position of a finger
over a screen and interpreting specific motion as an activation
command [8–10].
The aim of this report is to present an alternative approach,

distinct from the conventional capacitive or resistive technolo-
gies, focusing instead on a resonant-based method. Our basic
element is a split-ring resonator (SRR), designed to provide a
strong electromagnetic response at the GHz spectral range [11–
16]. Being a resonant structure, this device is quite sensitive
to the electromagnetic environment. Hence, its resonance fre-
quency is shifted or attenuated when a dielectric object (i.e., a
finger [17]) is in the vicinity [18–20]. On the other hand, the
electromagnetic field is well concentrated around the resonator,
which makes it less sensitive to distant objects. This compro-
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mising range makes the SRR a good candidate for implement-
ing a touchless key — it reacts to a finger in its vicinity and
is indifferent to a finger placed on a nearby key. For realiz-
ing several independent keys, SRRs with different electromag-
netic parameters will be designed. In this case, we will make
a spectral sharing for multiple key realizations. It should be
mentioned that a concept closely resembling ours was reported
recently [21, 22]. However, the concept of altering antenna
impedance with dielectric objects, such as hands, has a much
longer history. The theremin, created by Léon Theremin in
1920, is notable for its touchless manipulation of music through
hand movements [23]. Players adjust their hands near two an-
tennas — one controls pitch and the other volume-disrupting
electromagnetic fields. These disruptions in impedance are
then converted into music, using analog technology to produce
its distinctive sound. The concept applied here is quite simi-
lar, utilizing the same effect to activate keys, either simultane-
ously or in sequence. A digital response, instead of an analog
one, is implemented [24, 25]. The manuscript is organized as
follows. The basic design of the single key comes first and
then is followed by a detailed analysis demonstrating finger-
activated scenarios. Implementation of low-cost hardware ca-
pable of managing the concept is discussed prior to the conclu-
sion.

2. SINGLE SRR KEY --- OPTIMIZATION
Resonant elements alter their electromagnetic responses when
a perturbation is introduced. Among the various architectures,
we will focus on split ring resonators (SRRs) [26, 27] due to
their ease of optimization and relatively high near-field confine-
ment at the magnetic dipole resonant frequency. Specifically, a
rectangular shape is chosen, with the key geometric parameters,
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FIGURE 1. Tuning of split-ring resonators (SRRs). (a) The basic geometry of a single SRR with dimensions indicated on the plot. (b), (c) top and
back views of the device, encompassing the SRR and the microstrip line for monitoring the transmission. (d) Photographs of the experimental
samples. The value of the tuning parameter ‘d’ is indicated, the rest parameters correspond to the indicated on the panel (a). (e), (f) Colormaps,
demonstrating the absolute value of the microstrip line transmission (|S21|) as the function of frequency and the tuning parameter (‘d’. (e) and (f)
stay for the numerical and experimental analysis, respectively.

indicated in Fig. 1(a). Since the structure’s resonant frequency
is determined by its inductance and capacitance, it can be tuned
by adjusting the latter property, for example. In this case,
increasing ’d’ will lower the resonant frequency, which approx-
imately follows the inverse square root of this parameter.
In our implementation, unlike the typical free-space interro-

gation, the SRR is positioned on a transmission line, thereby al-
tering the transmission coefficient (S21 parameter, if two ports
of a vector network analyzer (VNA) are connected to the line
input and output, respectively). The typical layout of this ar-
rangement is schematically depicted in Figs. 1(b) and (c) for
the top and bottom views, respectively. Fig. 1(d) demonstrates
the range of fabricated devices, where ‘d’ is the only variable,
changing among those 14 realizations. Those geometric param-
eters were optimized to grant resonances in the 1.0–1.7GHz
frequency range, which is rather arbitrary and dictated by the
range of available experimental equipment. Another aspect of
choosing the frequency band is the size of an activating finger,
which matches quite well the characteristic dimensions. This
point will be elaborated in the next section. It is worth noting
that all those parameters can be adjusted along the MHz-GHz
band quite straightforwardly. The rest of the parameters are: (i)
superstrate (copper with thickness 0.025mm) over the dielec-
tric substrate (FR-4, ε = 4.4, tan(δ) = 0.02), (ii) transmission
line: 1mm width and 100mm length, two 50-Ohms SMA con-
nectors, soldered to the line. The numerical optimizations were
done with the CST Microwave Studio, the frequency domain
solver with the open (add space) boundary conditions.

Colormaps in Figs. 1(e) and (f) demonstrate the evolution
of the resonant frequency with the changes in geometry. Each
horizontal cut through those graphs is the transmission spec-
trum (|S21|), measured with two ports of the transmission line.
As expected, the resonance shifts to lower frequencies with
increased capacitance (‘d’ parameter). Numerical predictions
fit the experiments quite well (comparison between panels (e)
and (f), respectively). The experiments were performed by
connecting the N5232B PNA-L Microwave Network Analyzer
(300 kHz–20GHz) to SMAconnectors on the transmission line.
SRRs were glued to the substrate without introducing electrical
contact. The samples were fabricated by a standard chemical
etching of the copper layer.

3. SRR KEYS CASCADING --- NEAR-FIELD SCANS
It is worth noting that designing SRRs with non-overlapping
resonances facilitates the implementation of the spectral-
sharing protocol. This protocol enables simultaneous
monitoring of disturbances, such as finger activations, across
multiple elements located on the same line. Here, a single out-
put can monitor multiple keys simultaneously. The following
experiment has been performed to demonstrate the validity
of this approach. The transmission line was connected to the
PNA, transmitting quasi-monochromatic signals (single tones)
through the device. The frequency was swept over the entire
operational bandwidth of the device. The second port of the
line was 50Ω terminated to prevent back reflections. A probe
(nonresonant loop) was positioned on a scanner (Midas Orbit
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FIGURE 2. Activation of SRR keys with dielectric objects. (a), (b) Photographs of the experimental setup. A near-field magnetic probe is mounted
on a moving arm to scan over the devices. Small slices of cactus cladode are placed underneath the SRRs at different locations. (c)–(j) Colormaps
of the integrated transmission coefficients between the excitation SMA port and the probe, i.e.,

∫
|S21(ω)|dω. Numbers in legends stay for ‘0’/‘1’

— dielectric slice absent/present.

Ltd measurement system) and moved 5mm above the sample
to acquire near fields. Three different SRRs (resonant frequen-
cies are 1.35GHz, 1.45GHz, and 1.55GHz) were positioned
on the microstrip line. Figs. 2(a) and (b) are the photographs
of the experimental arrangement. In this configuration, it is
challenging to position fingers beneath the device. For experi-
mental purposes, small slices of cactus (Opuntia ficus-indica)
cladode, approximately 1 cm3 in size and with a high water
content similar to that of a human finger, were strategically
placed near the SRRs in various combinations. The near-field
scan has been performed to verify that the SRRs are activated
upon the presence of the cactus slice. A magnetic field probe
was mounted on a mechanical scanner, which was moved with
1mm steps. The diameter of the probe is comparable to the
SRR layout, thus the averaged field (the flux through the area
of the scanning ring) is picked up. A two-dimensional (2D)
scan along the transmission line is performed (Figs. 2(c)–(j)).
The second port of the PNA was connected to the probe,
and thus S21-parameters were measured. To demonstrate
the property of activated keys, the following post-processing
was applied. Transmission amplitudes, i.e., |S21(ω)|, were

calculated and integrated over the bandwidth —
∫
|S21(ω)|dω.

The integration has been performed between 1GHz and 2GHz.
Figs. 2(c)–(j) demonstrate different combinations of activated
keys (SRRs) with the full correlation between the hot spots
and the presence of dielectric objects beneath them.

4. SRR KEYS --- FINGER ACTIVATION
After verifying the concept of key activation with a generic di-
electric structure and highlighting the SRR-specific field accu-
mulation, the following analysis has been performed to demon-
strate that the device can act as a finger-activated touchpad. The
key space, in this case, is 8 (2k, where k = 3 is the num-
ber of keys). The notations are similar to those used above
— ‘0’ stays for an inactivated key, while ‘1’ is when a fin-
ger is located above the SRR-activated. For example, [0, 0, 0]
is when all SRRs are untouched SRRs. Fig. 3, demonstrating
the transmission spectra for different configurations, summa-
rizes the results. In this case, two ports of the calibrated VNA
were connected to the transmission line, and the transfer func-
tion was measured. The first row is the numerical analysis,
where 1 cm3, εr = 80 cube was used for the emulation. CST
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FIGURE 3. Strip line transmission (|S21|) in dB for several activation combinations. Legends stay for the configuration. ‘0’ — no finger present, ‘1’
— finger touch. (a), (b) Numerical analysis. (c), (d) Experimental results.

Microwave Studio, Frequency Solver, was used for the model-
ing. The second row is the experimental data which is found
to follow the predictions extremely well. All 2k=3 combina-
tions were realized and found to be distinguished from each
other with very high signal-to-noise ratios (well above 20 dB).
0 bBm was launched through the SMA port. The data below
demonstrates that monitoring the transmission at 3 characteris-
tic frequencies, where the SRRs have resonances is sufficient
to extract the information reliably. Furthermore, a 10 dB dif-
ference in transmission for activated and inactivated cases can
relax the demand for calibrating the feeding network, given that
it is impedance-matched to the transmission line. Slight differ-
ence in the frequency deeps between simulations and experi-
mentally obtained results can be found from Figs. 3(a)–(b) and
Figs. 3(c)–(d), respectively. However, it is expected as the sim-
ulation model use the closest parameters and characteristics to
the experimental sample, but still close to ideal ones.
The research has also considered a set of other SRRs keys

combinations and their number in the touchpad that appears in
Supplementary 1 for the case of k = 4.

5. IMPLEMENTATIONOF A LOW-COST STANDALONE
SYSTEM
All the characterization in the previous sections was performed
with high-grade characterization equipment, i.e., VNA. How-

ever, a standalone low-cost device must be developed for prac-
tical demonstrations. Here, we demonstrate that a low-grade
electronic circuit can control the device and extract the data
quite accurately. Fig. 4(a) summarizes the design, which en-
compasses (i) a voltage control oscillator (VCO) ADF4351,
which generates a set of frequencies to match the resonances
of the keys; (ii) Power detector (PD) AD8313 operates in the
frequency band 0.1–2.5GHz (in fact, the 1.0–1.7GHz band is
in use) that covers the used key elements’ frequency range;
(iii) Microchip ATmega328P microcontroller (MCU), inter-
faced with Arduino-nano board. MCU is connected to VCO
via the logic level converter. The exploited Serial Peripheral
Interface (SPI) interface allows fast tracking and adjustment of
frequencies. The overall hardware cost is 2.5+24+10+1USD.
The system operates as follows: at the initial stage, all the

SRR keys are assessed, and the transmission through the mi-
crostrip is evaluated. This step resembles the measurements
with high-grade VNA. Fig. 4(b) demonstrates the row transmis-
sion, where 3 SRRs are placed on the microstrip. 3 pronounced
dips in the spectrum are clearly seen in this case. After per-
forming this step, the central frequencies, corresponding to the
spectral features are stored in the memory, and the monitoring
will be performed over the discrete set of frequencies. This ap-
proach allows fast data acquisition without a need to perform
redundant measurements.
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FIGURE 4. (a) Photograph of the low-cost standalone device to monitor the SRR key activation. Key elements are indicated in the legends. Inset —
the high-level block diagram of the device. (b) Experimentally retrieved transmission with 3 representative SRRs, positioned on the strip line. (c),
(e), and (g) — time sequences of activated and not activated keys — time-dependent power, monitored at representative frequencies (from (b)). (d),
(f), and (h) — activation sequences after applying adaptive thresholding on the raw data.

The next step is evaluating the threshold within the analog
signal to quantize ‘0’ and ‘1’ levels. Figs. 4(c), (d), and (g)
demonstrate time series of activating events for 3 representa-
tive keys. The acquisition is done in slots of 500msec (can
be made faster if needed), and the averaged power is recorded.
For example, Fig. 4(c) demonstrates the sequence where the
key was activated 3 times. Owing to noise and lack of syn-
chronization (this is indeed the case in random activation of the
keys in practice), the energy levels can vary between minimum
and maximum. Hence, the adoptive thresholding must be set.
Fig. 4(d) demonstrates the result. All other keys underwent a
similar procedure — panels (f) and (h), for example.
The device operability in real time can be found in Supple-

mentary 2 and 3 as video records with representation of time
sequences of three and four SRRs keys combinations activa-
tion, similar to that shown in Figs. 4(c)–(d). Additionally, a
buzzer was mounted on the board for sound reproducing that
one can found on the video records of the Supplementary 2 and
3.

Supplementary 4 demonstrates a possibility of the complete
standalone usage of the device. We show the option of the de-
vice operability with battery power supply.

6. CONCLUSION
In conclusion, an application of Split Ring Resonators (SRRs)
in creating highly responsive, touchless key activation systems
was explored. 14 SRRs with distinctive resonances within the
1.0–1.7GHz frequency range were designed and demonstrated.
Specifically, a single geometrical parameter was found to grant
a high level of tunability thus making the analysis and manu-
facturing straightforward. The resonators were integrated on a
microstrip line, altering the transmission coefficient predictably
as influenced by external dielectric perturbations, such as hu-
man hands or a phantom dielectric object. After showing how
keys can be independently monitored through spectral sharing,
a low-cost device to manage this setup has been successfully
demonstrated. This setup not only replicated the highly ac-

93 www.jpier.org



Tkach et al.

curate characterization achieved with sophisticated equipment
like vector network analyzers, but also demonstrated the poten-
tial to scale this technology for broader applications. In these
settings, expensive, high-grade equipment could be replaced
with cheaper, yet sufficiently reliable alternatives.
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