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sensors for wearable applications including low manufacturing
costs and the capability to create a large sensor network.
Unlike o�-body diagnostic sensors, wearable resonant

sensors are subject to changing environmental conditions
and positional changes to the reader which lead to increased
noise. The magnitude of scattering parameters tends to be
more sensitive to environmental noise than the resonant
frequency and thus most wearable applications rely upon shifts
in resonant frequency as the readout method. A few exceptions
exist, such as a spiral resonant sensor attached to the wrist of
an arm proxy that monitors pulsatile flow and hemody-
namics.16 Magnitude of signal change could be monitored for
this resonator as the power source was wired directly to it, and
it was an idealized static setup. Devices which rely upon
inductive coupling of an external reader antenna cannot rely
upon the magnitude of a scattering parameter as this is a
function of the relative distance between the reader and
antenna. Resonant frequency is solely monitored in these cases,
e.g., for an embedded resonant bandage wound monitoring
sensor35 or tooth cavity sensor.39

■ CHALLENGES OF RESONANT BIOMEDICAL
SENSORS

Several challenges inherent to resonators need to be addressed
before seeing more widespread, practical use in biomedical

applications. First, resonant sensors are extremely sensitive to
environmental parameters, such as temperature and relative
humidity which a�ect the dielectric properties of the materials
of the sensor, obfuscating its resonant frequency response.77

Sensitivity toward biological analytes tends to be small and
leads to low signal-to-noise. Also, as resonant sensors are
sensitive to bulk properties, rendering them specific or selective
to analytes of interest are nontrivial tasks. Finally, contact-free
resonant sensors inductively coupled with an external reader
are sensitive to positional alignment between the reader and
the sensor itself, which can also confound sensor response.77

Each of these limitations needs to be addressed to ensure
consistent sensor response. E�orts toward this are described
next.

■ MITIGATE ENVIRONMENTAL EFFECTS USING
DIFFERENTIAL SENSORS

Resonator frequency response can be confounded by changes
in environmental parameters, e.g., temperature and relative
humidity. This is because the relative permittivity of dielectric
substrates, especially those with liquid dipoles such as
biological samples, change with temperature which will shift
the resonant frequency creating noise.78 Environmental noise
makes wearable sensor implementation especially diAcult as
the user will operate in diverse conditions versus on counter

Figure 4. Examples of mitigating environmental noise for LC resonant sensors. (a) Diagram of spiral di�erential sensor with a microfluidic channel
for liquid sample comparison measurements and (b) top view of di�erential spiral resonators (Reprinted with permission from ref 80. Copyright
2018 Springer Nature). (c) Electric LC resonant sensor run in di�erential format for subtracting environmental noise (Reprinted with permission
from ref 83. Copyright 2021 IEEE). (d) Split ring resonator di�erential sensor (Reprinted with permission from ref 81. Copyright 2020 IEEE). (e)
Bode plot of di�erential resonator output with two resonance dips and (f) frequency shift f unloaded resonator (red), loaded resonator (blue), and
the di�erence between them (black) (Reprinted with permission from ref 79. Copyright 2018 IEEE).
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diagnostics that can be better controlled. However, even
laboratory-based tests can benefit from mitigation of environ-
mental e�ects as small changes still occur.
The simplest method to separate environmental e�ects from

resonator response is to use orthogonal sensors such as a
temperature and humidity sensors. The e�ects of these
environmental parameters on resonant frequency shift
response are linear, and by the property of superposition,
they can be subtracted from the response, isolating that change
due to the parameter of interest. By calibrating the sensor
response due to changes in environmental factors and using
orthogonal sensors, the frequency response from the target
analyte or physical change can be obtained. An obvious
downside to this approach is the requirement for multiple
sensors and data inputs for proper data analysis, which can
make real time sensing challenging and increase cost.
A more economical solution to mitigate environmental noise

is the use of a resonant sensor in a di�erential format. A
di�erential resonator can detect the e�ects due cross-sensitivity
by operating a pair of resonators with identical responses in
tandem79−81 (Figure 4). Di�erential resonators produce a
single resonant frequency when the loads of the two resonators
are equal to each other and have two resonant frequencies
when the loads on the two resonators are di�erent.82 The two
di�erential resonators can either be utilized to compare two
separate samples, or to determine the environmental e�ects on
the dielectric properties of the sensor materials (substrate,
metal trace, etc.) and subtract out their collective e�ect on
frequency shift.83

For di�erential resonant sensors it is imperative that the
sensor architecture has a di�erential frequency response for

accurate sensing. Both resonators in the sensor must be
symmetrically loaded so that a single resonant notch in the
frequency response of the sensor is found in an unloaded
state.84 That way, two notches in the frequency response will
only appear when the symmetry between the two loads is
broken by applying a sample or load to one resonator. For a
wired resonant sensor this can be fabricated by inductively
coupling a pair of resonant sensors to a single microstrip
line.79,80,83 However, for wireless resonant sensors there
remains a challenge to ensure symmetry between two
resonators as its positional alignment between the two
resonators and a wireless reader will a�ect their resonant
frequency and thus be diAcult to obtain symmetry between
them. Another design consideration for di�erential sensors is
the proximity of the two resonators with respect to each other.
It is optimal to have as little mutual coupling between the two
resonators as possible to avoid inadvertently a�ecting the
resonant frequency of one by adding a sample to the other. It is
best to use a layout that provides enough physical space to
prevent mutual coupling.85

■ INCREASE SENSITIVITY
Increasing sensitivity of resonant sensors is another important
factor for biomedical applications. For resonators that monitor
changes in capacitance this can be achieved by increasing the
self-resonant frequency of the resonator.86 As the self-resonant
frequency increases, either the inductance or capacitance of the
resonant sensor decreases. For distributed resonators that
utilize a parasitic capacitance for resonance, this is usually
accomplished by making a smaller inductor which decreases
the metallic trace of the circuit and thus decreases the

Figure 5. Examples of strategies to increase resonant sensor sensitivity. (a) Comparison of di�erent sized resonators for sensitivity of electric field
(V/m) from smallest (left) to largest (right) (Reprinted with permission from.86. Copyright 2018 IEEE). (b) LC resonator with increased
sensitivity from designing it with a single sensitive capacitor for permittivity sensing (Reprinted with permission from ref 45. Copyright 2019
IEEE). (c) Demonstrated increased sensitivity of harmonic resonances with a mixture of di�erent liquids (Reprinted with permission from ref 98.
Copyright 2020 IEEE). (d) Sensitivity of electric field (V/m) of three di�erent split ring resonator geometries (Reprinted with permission from ref
90. Copyright 2020 Elsevier).
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