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Two-channel Epidermal RFID Sensor for the
Wireless Bilateral Analysis of Nasal Respiration

Nicoletta Panunzio, Student Member, IEEE , Elisa Fontana, Francesco Montecchia, and Gaetano
Marrocco, Senior Member, IEEE

Abstract— Abnormal breathing can be a symptom of an unhealthy status. Conventional diagnostic exams involve
cumbersome and intrusive instrumentation, such as nasal cannulas, that is uncomfortable for the user and that, most
of the times, do not consider the breathing asymmetries between the two nostrils. This paper describes a two-channel
flexible epidermal sensor for the wireless and less-invasive bilateral monitoring of nasal breathing based on temperature
measurement. The device is suitable to adhere to the prolabium, and comprises two coupled T-match antennas whose
Ultra High Frequency (UHF) Radio Frequency IDentification (RFID) ICs are placed at the entrance of the nostrils. They
are provided with embedded temperature sensors, so that they implement both sensing and transmission of the data.
A measurement campaign is carried out to provide a quantitative characterization of the dual-channel device as a
breath sensor by comparison with a conventional flow meter. The two nostrils can be independently monitored due to a
negligible cross-sensitivity of the two ICs’ temperature data. Moreover, temperature-based measurements proved capable
to reproduce typical clinical breathing features, with less than 12% uncertainty with respect to flow waveforms.

Index Terms— RFID, epidermal antenna, temperature sensor, breath monitoring, respiratory flow, flow meter

I. INTRODUCTION

BREATH monitoring is an essential clinical procedure
for the early diagnosis of respiratory and cardiovascular

diseases [1], [2]. In particular, breath rate, peaks of respiratory
cycles, and their duration are common indicators for the
identification and monitoring of breathing disorders, such
as the Chronic Obstructive Pulmonary Disease (COPD) [3]
and the recent SARS-COV-2 illness [4], as well as for the
follow-up of patients. Since the nasal cavities work differently
during a respiratory cycle, even in the absence of pathologies,
a bilateral measure of nostrils’ breath may provide further
deeper insight. This is the case of temporary obstruction or
permanent deviation of the nasal septum.

Breathing is typically monitored by means of spirometry [5]
that measures the respiratory flows and accordingly estimates
the respiratory rates, volumes, and secondary parameters.
Spirometry requires the patient to breathe in a controlled
manner while wearing uncomfortable nasal or mouth cannulas
connected to a flow meter. This test can be performed only in
hospitals with the supervision of an expert operator.

To avoid such discomfort, wireless wearable technologies
may provide an attractive alternative [6]. The breath informa-
tion is indirectly extracted by collecting the moisture or the
temperature gradients that are produced during inhalation and
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exhalation by means of physical/chemical transducers such as
graphite ink [7], [8], PEDOT:PSS loading [9], thermistors [10],
[11], and platinum films anemometer [12]. Above devices are
generally bulky, include complex electronics, and communi-
cate by using a BLE (Bluetooth Low Energy) interface, so
that a local power source is required. They hence involve
limitations for real-life application that instead demands com-
fort, simplicity, and easy disposal, which means no batteries
onboard.

Battery-less Radiofrequency Identification (RFID) technol-
ogy, coupled with Epidermal Electronics [13], can hence boost
the development of low-invasive, low-cost, and ease-of-use
devices for breath measurement. The required power for the
sensor is provided wirelessly by an external reader working
in the Ultra High Frequency (UHF) RFID frequency band
(860-960 MHz). Data transmission from the sensor to the
reader exploits instead zero-power communication through
modulated backscattering. The pioneering experiments in [14]
and [15] involved a moisture-sensitive RFID device that was
equipped with an external graphene-oxide electrode. But,
this electronic complexity can be minimized by resorting to
temperature-based monitoring of breath. Indeed, the fresher
ambient air entering the nostrils and the warm air coming out
from the lungs produce a rhythmic sequence of decrements
(inhalation) and restoration (exhalation) of temperature, that
can be correlated to the respiratory acts. Hence, the RFID
devices in [16] only involve the solid-state temperature sensor
that is embedded into the RFID Integrated Circuit (IC) itself.
In this way, the resulting devices provide both identification,
sensing, and transmission with just a single IC, so that the
overall size is limited and the expected total cost is compatible
with disposable usage. Preliminary attempts to achieve a
bilateral measurement of breathing can be found in [17], where
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the authors proposed two tapered epidermal loops, inductively
coupled with a smaller loop probe hosting the IC. However,
the device was cumbersome, not easy to attach, remove, and
place again on the skin. Moreover, it was verified only for
communication but not for the true sensing of breath.

Overall, concerning the clinical insight of the collected data,
all the above-cited papers mainly focus on the respiration
rate, while instead other relevant breathing features are under-
investigated. In particular, temperature-based breath monitor-
ing via RFID epidermal sensors has been only qualitatively
demonstrated. Hence, a true quantitative analysis of the clin-
ical meaningfulness of the achieved results with respect to
more assessed and conventional techniques is still in question.

By expanding the preliminary conference paper in [18],
this contribution faces the above challenges by quantitatively
characterizing, for the first time, a two-channel RFID-based
breath sensor in comparison with a clinical-grade flow-meter.
The RFID device for the tests is improved with respect to the
state of the art as it is now made by soft and adhesive biocom-
patible elastomeric compounds that permit a more comfortable
adhesion on the skin and the possibility of reusing the sensor
by the same patient. The goal is to evaluate the capability
of the RFID sensor to monitor the two nostrils independently
and, above all, to reproduce the typical clinical parameters of
breath, and hence to quantify the level of agreement with a
conventional equipment.

The paper is organized into two parts. The first one is de-
voted to the design and electromagnetic characterization of the
dual-channel RFID-based soft sensor. The simulation model
and numerical analysis are described in Section II. Indeed,
as two ICs are required below the nostrils, the epidermal
sensor includes two electromagnetically coupled ports [19].
Moreover, they are also influenced by the auto-tuning behavior
of the considered ICs, that automatically adjust their internal
impedance to maximize the wireless power transfer [20].
Fabrication and experimental characterization of the device
are then presented in Section III. The second part of the
paper is instead dedicated to the quantitative characterization
of the dual-channel device as a breath sensor. In particular,
Section IV introduces the experimental set-up and the breath
features to be measured, whereas Section V outlines the data-
processing procedure. Finally, the results of a measurement
campaign on some healthy volunteers are analyzed in Section
VI by means of a statistical approach.

II. MODELING AND DESIGN OF THE FLEXIBLE AND SOFT
EPIDERMAL SENSOR

A. Layout

The dual-tag bilateral breath sensor consists of two T-match
asymmetric dipoles (Fig. 1.a), suitable to be attached over
the prolabium and arranged in a symmetric configuration with
respect to the sagittal plane of the face. Each antenna is made
of an aluminum trace (s = 2 mm), cut out from a COTS
inlay tag by Axzon [21] to ease the fabrication. Indeed, the
size H = 1.2cm in the lip-to-nose direction is compatible with
the average anatomic size (0.5–1.5cm [22]), as well as the size
W = 0.8 cm that is compatible with the cross-section of the

(a)

(b)

Fig. 1. (a) Layout of the dual-tag epidermal antenna. (b) Exploded view
of the encapsulating elastomeric layers.

nostrils outlet. Hence, the device can fit over the prolabium.
The size L was instead adjusted in simulation to optimize the
performance of the device on the face.

To make the sensor soft and comfortable for the user,
the antenna is packaged with elastomeric coatings (Fig. 1.b).
The metal traces are sandwiched between two layers of
EcoflexTM (tE = 0.3 mm, ε = 2.7, σ = 0.007 S/m), and
the adhesion on the skin is provided by a softer layer of
SilbioneTM (tS = 0.2 mm, ε = 2.5, σ = 0.0012 S/m). The
overall thickness of the device is less than 1mm.

B. RFID Auto-Tuning IC Transponder
The considered IC transponder is the Axzon Magnus-S3

[23], having a nominal chip sensitivity pchip = −16.6 dBm.
It is provided with the auto-tuning technology [20] that
automatically adjusts its internal impedance to maximize the
harvested power. The IC hence acts as a variable load with
input admittance YIC = GIC + jωCIC . The capacitance
CIC = CIC,0 + sCIC,step is adjusted by an internal varactor
within a given range1 to enforce the resonance condition
|Bin

A + ωCIC | = 0, being Bin
A the input susceptance of the

antenna. In this way, the power transfer coefficient between the
antenna and the IC is maximized at τ = 4GICG

in
A /|GIC +

Gin
A |2, as well as the realized gain G̃ = τG, where G is the

antenna radiation gain. The realized gain is directly related
to the maximum achievable reading distance, whenever the
activation condition PR→T ≥ pchip is satisfied.

1Parameters of the IC: GIC = 0.482mS, CIC,0 = 1.9 pF , CIC,step =
1.96 fF and 0 ≤ s ≤ 511 [23].
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The selected IC is also provided with an embedded solid-
state temperature sensor, allowing the minimization of required
electronic components and costs. It has an operating range
of −40◦C ≤ T ≤ 85◦C and resolution of 0.13◦C [23],
but, since the temperature data are retrieved from the voltage
measurement of a p-n junction inside the IC, they can be
affected by the impinging RF signal when it overcomes a given
threshold, thus reducing accuracy and precision. According to
the datasheet, the temperature measurement can be considered
valid only when the value of the Power-on-Chip (PoC) Code2

falls within the range 13 ≤ PoC ≤ 18, whereas non-linear
effects arise for larger values. This range is here extended by
means of the power-based correction in [24], so that reliable
temperature data are returned for 13 ≤ PoC ≤ 30. In this
way, the measurements are insensitive to the interrogation
modalities, and the achievable accuracy and precision are
0.2°C. The lower bound PoC ≥ 13, instead, determines the
maximum temperature-reading distance, which is generally
lower than that in case of identification only.

C. Electromagnetic Model
As the two T-match loops hosting the ICs are placed very

close to each other (p = 1.6 cm in Fig. 1.a), the electromag-
netic coupling is inevitably established between them. Hence,
the two antennas must be considered as a two-port symmet-
ric system [25] with self (S) and mutual (M ) admittances
YS/M = GS/M + jBS/M . Nevertheless, each auto-tuning IC
connected to the ports still adjusts its internal impedance to
maximize the harvested power. So, the resonance condition
will be enforced at each port, becoming |Bin

n + ωCIC,n| = 0
[19], where Bin

n is the input susceptance of the n-th port for
the specific arrangement. It is worth noticing that, depending
on the type of the established coupling (i.e., constructive or
destructive), improvements over the single-port case may be
achieved, which result in a power transfer coefficient that can
exceed unity [25]. This means that each antenna is ”helping”
the harvesting of the other.

In case of coupled multi-auto-tuning-chip systems, the
realized gain is expressed as in [19], [25]:

G̃n = 4η0GIC,n|[Y-1
G ]n · g|2 , (1)

where η0 is the impedance of the vacuum, g is the column vec-
tor of the normalized port gains, which groups the parameters
of the system, whereas [Y-1

G ]n indicates the n-th row of the
inverse of the system admittance matrix YG = Y+YIC, being
Y the two-port system matrix and YIC = diag(YIC,1, YIC,2)
the ports termination matrix (for detailed formulation see [19]).

By exploiting the symmetry, and provided that a broadside
interrogation is performed [19], the realized gain reduces to
the standard expression:

G̃L/R = τL/R GL/R , (2)

where GL/R is the radiation gain referred to the left (L) and
right (R) ports when the other is short-circuited, and τL/R is

2The PoC Code is a 5-bit value ∈ [0, 31] returned by the IC during a
standard RFID interrogation, indicating the amount of power collected by the
IC.

(a) (b)

Fig. 2. (a) Simplified numerical phantom of the eyes-to-chin human
head. (b) Details of the stratification of the model. Size and dielectric
properties as in [17].

(a) (b)

Fig. 3. (a) Simulated realized gain and power transmission coefficient
at f = 868 MHz versus the length L of the dipole placed over the
phantom as in Fig. 2. Shadowed, the range corresponding to less than
1 dB reduction from the peak value of realized gain. (b) Simulated
frequency behavior of the realized gain for L = 5.4 cm. Shadowed,
the Worldwide UHF band.

the power transfer coefficient between each coupled antenna
and its IC [19], [20]:

τL/R =
4GICGS

|GIC +GS +GM |2
. (3)

D. Numerical Simulations
1) Numerical Head Phantom: For design purpose, electro-

magnetic simulations are performed by using CST Microwave
Studio 2018. The dual-tag device is accommodated over a
simplified multi-layer model of the human head (Fig. 2),
borrowed from [17].

2) Parametric Analysis: The parameter L is varied in simu-
lations between 3.7 cm and 7.4 cm to determine the optimal
length for the maximum realized gain and power transfer
coefficient in the broadside direction, computed as in Eq.
(2) and (3). Fig. 3.a shows that, thanks to a constructive
coupling, the power transfer coefficient exceeds unity and is
quite constant for every choice of L. Instead, the peak of the
realized gain falls in the range 5.4cm ≤ L ≤ 6.4cm. The size
L = 5.4cm is selected to minimize the antenna footprint. The
corresponding realized gain G̃L/R = −18.5dB is comparable
with typical performance of on-skin antennas [26]. Thanks to
the auto-tuning, the frequency profile (Fig. 3.b) is rather flat
in the worldwide RFID band. By assuming the reader emits
the maximum power of 3.2 W EIRP allowed by European
regulations [27], the estimated maximum read distance is little
lower than 60 cm.
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(a) (b)

Fig. 4. (a) Peak value of the SAR varying the antenna-face distance.
(b) Example of SAR simulation results in case of the adult head for an
antenna-face distance of 20 cm.

3) Safety Issues: According to safety regulations [28], the
Specific Absorption Rate (SAR) must be less than 2W/kg
for head and trunks, averaged over 10 g of tissues and time-
averaged over 6 minutes of exposure. A simulation was
performed to assess the SAR. The numerical phantom of
the human head was this time an anthropomorphic model3

(inset of Fig. 4) with homogeneous dielectric properties (ε =
42.7 ,σ = 0.99S/m [29]), that was also rescaled by 63% to
emulate the size of a newborn’s head. To replicate a typical
interrogating antenna used in realistic operating conditions,
a 11 cm × 11 cm circularly polarized patch as in [30] was
considered in simulation, again emitting 3.2W EIRP . The
interrogator was placed at a variable distance d from the faces
to replicate a worst-case scenario in which the interrogation
is continuous with a unitary duty cycle. The peak value of
the SAR averaged over 10 g of tissue is shown in Fig. 4 for
each antenna-face distance, in case of both the adult and the
newborn heads. In all the cases, the SAR is far below the limit,
hence providing flexibility for a safe practical setup, even in
case of long-term exposure, when needed.

III. PROTOTYPES AND ELECTROMAGNETIC
MEASUREMENT

A. Prototypes

A prototype of the dual-channel breath sensor is shown in
Fig. 5. It was manufactured [31] by using a rectangular mold,
with a bumper at the chip position, to leave it uncovered
by the elastomeric coatings so as to be more sensitive to
temperature gradients generated by breathing. Both EcoflexTM

and SilbioneTM compounds were prepared by mixing their
two sub-components in equal quantity for 3 minutes; then,
the resulting mixture was degassed (−1 atm) for 2 minutes
to remove air bubbles. After that, the manufacturing proce-
dure involved the following sequential steps: (i) covering the
mold by a layer of spray releaser (to ease the removal of
the prototypes), (ii) pouring a 0.3 mm layer of EcoflexTM ,
(iii) depositing the aluminum T-match dipole and pouring
another 0.3mm layer of EcoflexTM , (iv) spreading a 0.2mm
SilbioneTM layer. After each coating deposition, the mold

3Model available at https://grabcad.com/library/helmet-184.

(a)

(b)

Fig. 5. (a) Prototypes of the RFID sensor. (b) Evidence of the flexibility
of the device.

(a) (b)

Fig. 6. (a) Volunteer wearing the dual-tag breath sensor on the
prolabium, (b) in front of the reader antenna in a semi-anechoic room.

was placed in a climatic chamber (MKF 56 Binder GmbH
[32]) at a temperature of 50◦C and relative humidity of 25%
for about 1 hour to foster polymerization. At the end of the
process, the device was removed from the mold. It is compact,
light, flexible, stretchable, and semi-transparent (Fig. 5.b). It
can adhere to the skin without additional glue, can be cleaned
with soap, and then applied again on the skin several times.

B. Electromagnetic Characterization
The electromagnetic performance of the on-skin device

was measured by the Voyantic Tagformance station [33]. A
volunteer wearing the breath sensors (Fig. 6.a) was accom-
modated in a semi-anechoic room, in sitting position. It was
interrogated by the reference antenna of the TagFormance,
which is a wideband linearly polarized (LP) reader antenna. It
was placed 20 cm away from the LP sensor antennas, at the
nose height, with parallel polarization (Fig. 6.b). In real-life
RFID installations, instead, circularly polarized (CP) patches
are generally used so that the polarization efficiency will
reduce to 0.5 with respect to the linear interrogating antenna
in the most favorable alignment. To be conservative, this value
is therefore assumed in the next estimations of the maximum
read distances.

Starting from the measured turn-on power required to wake
up each IC, Fig. 7 shows the corresponding broadband realized
gains G̃L/R, calculated as in [34]. Despite the small differ-
ence between the two tags, probably due to manufacturing
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Fig. 7. Measured and simulated realized gains of the RFID antennas
placed as in Fig. 6.b. The yellow band around simulated data indicates
a ±3 dB uncertainty. Worldwide UHF band highlighted in grey.

Fig. 8. (a) Schematic top view of the rotation of the volunteer with
respect to the fixed antenna at a distance of 20 cm. (b) Measured
realized gain at 870 MHz over the front half-space. (c) Estimation of the
maximum reading distance, by assuming the reader emits the maximum
allowed power of 3.2W EIRP .

and placement imperfections, measurements are reasonably
in agreement with the simulations, and hence the expected
communication performance is confirmed. Moreover, keeping
the antenna-sensors distance fixed, the interrogation angle was
varied in the front half-space (Fig. 8.a), showing a fairly
symmetrical behavior between the two sensors (Fig. 8.b)
and stable performance. Fig. 8.c shows the corresponding
estimation of the maximum reading distance, which is over
40 cm in all the cases, by assuming a reader’s power of
3.2 W EIRP and a polarization loss factor of 0.5. [Reply
to 3.4] Nevertheless, considering the threshold condition for
temperature sensing (i.e., PoC ≥ 13), the reading distance is
reduced to 25 cm.

IV. EXPERIMENTAL SETUP FOR BREATH MONITORING

A. Instrumentation
The experimental set-up for bilateral breath monitoring by

means of both the temperature-based sensors and the reference
flow-meter is sketched in Fig. 9.

Fig. 9. Schematic representation of the measurement setup.

1) Dual-Tag Breath Sensor: The volunteers wore the epider-
mal breath sensor as in Fig. 6.a. The same LP interrogating
antenna was this time connected to a low-cost RFID reader
(ThingMagic USB Pro reader [35]) that is suitable to be easily
carried and moved. The sampling rate was fs = 2 Hz and
the emitted power was 30 dBm, that, considering the gain of
the reader antenna (∼ 4.7 dBi at 868 MHz), corresponds to
approximately 3W EIRP .

2) Reference Flow Meter: To record two distinct flow sig-
nals, each of the two nasal cannulas were inserted into a nostril
and connected to an input channel of a reference flow meter
consisting of a pneumotachograph (3700 series, non heated,
0-160 LPM, Hans Rudolph, Kansas City, MO, USA) com-
bined with a differential pressure transducer (SensorTechnics,
144LU01D-PCB, Sensortechnics, Inc., Mansfield, CA, USA).
The output signals from the two transducers were collected
by a portable oscilloscope (PicoScope 4824, Pico Technology,
UK) with a time window of 20 s, a sampling rate of 1.5kHz,
and a low-pass filter with a cut-off frequency of 2Hz 4 [36].

In all the tests reported next, temperature and airflow
measurements were performed simultaneously.

It is worth noticing that, in such experimental setup, the
nasal cannulas were inevitably affected by air leakage since
their insertion into the nostrils was only partial so that part
of the airflow could also pass over the temperature sensors.
The detrimental effect of air leakage at the expense of flow
signals is a well-known weak point of the flow meters [36].
It especially affects the dynamic range (i.e., the peaks) of
the recorded signals, hence reducing their inspiratory and/or
expiratory amplitude.

B. Breathing Guide
To emulate normal, as well as, pathological patterns, a

metronome was used to guide the user through the execution
of a mixed breathing pattern, with specific rates (Table I).

4The useful flow signal is preserved since a cut-off frequency of 2 Hz
is 4 times higher than the maximum respiratory frequency tested within the
measurements campaign (i.e., 0.5 Hz). Whereas, at the same time, possible
higher-frequency artifacts, due for example to involuntary movements or
ambient air flows, are removed.
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TABLE I
BREATHING PATTERNS

Breathing Type Respiratory Rate Frequency
Apnea 0 bpm −
Quiet Breathing 15 bpm 0.25Hz
Deep Breathing 15 bpm 0.25Hz
Tachypnea 30 bpm 0.50Hz
Bradypnea 8 bpm 0.17Hz

C. Set of Volunteers

The set of volunteers5 for the experimental tests comprised
4 healthy persons, 2 males and 2 females (25 ≤ age ≤ 30,
1.55m ≤ height ≤ 1.70m, 43 kg ≤ weight ≤ 87 kg).

D. Characterization of Dual-Tag Breath Sensor
Cross-Talk

The air flowing through one nostril during breathing can
cause a disturbance at the expense of the temperature mea-
surement performed at the other one. Such disturbance is
evaluated in terms of the cross-talk6 between the temperature
data produced by the two ICs. The cross-talk matrix is:

Θcross =

[
ΘRR ΘRL

ΘLR ΘLL

]
, (4)

where Θij = mean(|Tij − mean(Tij)|), i, j = {L,R}.
The subscript “i” indicates the measuring sensors while the
subscript “j” the open nostril (whereas the other is kept fully
obstructed). Hence, Θij |i=j provides an estimation of the
temperature dynamics of the open nostril during breathing,
whereas Θij |i̸=j gives a measurement of the cross-talk be-
tween sensors (Θij |i̸=j → 0 in the ideal case).

The cross-talk was preliminary evaluated by obstructing
one nostril at a time and recording the temperature data
from both the right and left sensors during a quiet breathing
(15 bpm) of a volunteer. Fig. 10 shows that the sensor under
the open nostril recorded a distinguishable temperature profile,
whereas the temperature sensor under the closed nostril mainly
recorded noise and no clear profile is found. In this case,
ΘRR ≈ ΘLL = 0.75 ◦C and ΘRL ≈ ΘLR = 0.13 ◦C, so
that the estimated cross-talk is less than the precision (0.2 ◦C)
of the IC sensor. Hence, the measurements at the two nostrils
can be considered as being independent.

V. PROCESSING PROCEDURES OF BREATH DATA

A. Data Framing and Equalization

The breathing traces of each volunteer are decomposed into
16 time-frames (size: 20 s), each corresponding to a different
breathing phase. Overall, 92 couplets of respiration cycles are
compared. The two raw datasets (temperature and airflow) are
post-processed as follows.

5Volunteers were informed about the experiments and signed a written
consent.

6In telecommunication, the cross-talk is a disturbance caused by one
electromagnetic signal in a circuit affecting a signal in an adjacent circuit
[37].

Fig. 10. Example of temperature trace, recorded during quiet breathing
when one nostril at a time is obstructed.

(a) Flow Conversion - The voltage signals FV
i (t) returned

by the flow meter are converted, by a calibration syringe device
[36], into flow signals Fi as:

Fi [L/min] =
50 [1000FV

i [V ]−OF (i)]

1000
, i = {R,L} , (5)

where OF (R) and OF (L) are the offsets of the right and
left nasal cannulas, respectively, evaluated by the companion
software. As a result, both the flow traces oscillate around a
null baseline. Then, the signals are down-sampled to 2Hz for
a direct comparison with the temperature data.

(b) Temperature Offset and Drift Removal - Due to peculiar
inter-IC manufacturing differences and to the user-dependent
placement, the temperature profiles from different ICs could
have different offsets (this is mostly evident during apnea). Ac-
cordingly, the next processing will refer to relative variations
with respect to the apnea:

∆Ti = Ti −mean(T apnea
i ) , i = {R,L} , (6)

where T apnea
R/L are the temperature samples recorded from the

right/left nostrils during approximately 20 seconds of apnea.
Then, the resulting signals are processed with a first-order
high-pass filter (cut-off frequency f = 0.05Hz for bradypnea,
and f = 0.2Hz otherwise) to remove possible drifts related
to the inertia of the IC sensors. As a result, also the L/R
temperature traces now oscillate around a zero baseline.

An example of the raw respiratory patterns simultaneously
recorded by the ICs and the flow meter is shown in Fig. 11.
The emulated breathing waveforms are clearly distinguishable.
For the sake of comparison, the rules rising=exhalation and
falling=inhalation also apply here to flow signals, which are
flipped with respect to the typical clinical convention to
match the behavior of temperature signals. Even before the
processing of the data, Fig. 11 shows the different behavior of
the two nostrils, which is confirmed by the two instruments:
both temperature and flow profiles of the right nostril are more
pronounced than the left ones as a consequence of the natural
asymmetry of the user’s breathing.

Finally, Fig. 12 shows an example of bradypnea traces
after the data processing. The asymmetric behavior of the two
nostrils is well preserved.
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Fig. 11. Example of raw temperature and flow respiratory patterns
recorded by the dual-tag ICs and by the nasal cannulas, performed by a
volunteer.

Fig. 12. Example of temperature and flow respiratory pattern after the
data processing in the case of bradypnea.

B. Breathing Features

The following breathing features [38] are extracted to per-
form the comparison between the measurement instruments.

1) Inspiratory Time (IT) and Expiratory Time (ET): The inspi-
ratory time (IT) and expiratory time (ET) are the time intervals
during which the respiratory flow trace gets negative and posi-
tive, respectively (Fig. 13). They are key parameters in setting
intensive care and anesthesia ventilators [39]. Computed IT
and ET are averaged (IT , ET ) over the periods of the time
frame.

2) Respiratory Rate (RR): The respiratory rate (RR) corre-
sponds to the number of breaths a person takes per minute.
For each breathing pattern it is evaluated as:

RR =
60

IT + ET
. (7)

3) Peaks Ratio (r): Peak Inspiratory Flow (PIF) and Peak
Expiratory Flow (PEF) correspond to the minimum and the
maximum of the respiratory trace, respectively (Fig. 13), and
they characterize the overall dynamic range of the breath-
ing pattern. They hence give information of the air flowing
through the bronchi [40] and permit to identify the degree
of obstruction in the airways. Equivalently, Peak Inspiratory
Temperature (PIT) and Peak Expiratory Temperature (PET)
can be defined as the minimum and maximum peaks of the
temperature traces. Computed PIF, PEF, PIT, and PET are
averaged over the periods of the time frames. Their ratios

Fig. 13. Schematic indication of respiratory features.

Fig. 14. Complementary Cumulative Distribution Function of cross-
correlation indexes ρ for temperature-flow waveforms.

rF = PIF/PEF and rT = PIT/PET are expected to be
independent on temperature and flow, and hence they can be
calculated and compared.

4) L/R Peaks Ratio (pL/RI , p
L/R
E ): The ratios between the

peaks of left and right nostrils give an indication about
congenital or permanent asymmetry of breathing (i.e., nasal
septum deviation) or about the presence of possible temporary
occlusion (i.e., flu, cold). The ratios are defined as:

p
L/R
Y

∣∣∣
X

=
PIXL

PIXR
, Y = {I, E} , (8)

and are computed from flow (X = F ) and temperature (X =
T ) signals to verify if the asymmetries detected by the flow
meter are revealed also by the epidermal temperature sensor.

VI. STATISTICAL RESULTS

The comparative analysis of the above features is carried
out by evaluating Cross-Correlation [41], Bland-Altman dia-
grams [42], and Cumulative Distribution Function (CDF) [43].
Temperature and flow outliers are discarded.

A. Temperature-Flow Correlation
The degree of correlation of the temperature-based breath

measurement with the standard flow meter is quantified by
means of the cross-correlation index −1 < ρ < +1 [41].
The more ρ is close to +1/-1, the maximum positive/negative
correlation is present, whereas, if ρ ≃ 0, the two signals
are uncorrelated. The cross-correlation index is computed for
each couplet of temperature-flow frames. The corresponding
indexes are cumulatively shown in Fig. 14 by means of the
Complementary CDF (CCDF) diagram7. The cross-correlation

7Each point on the CCDF curve indicates the probability of having a
correlation coefficient greater than or equal to the input abscissa [43].
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(a) (b)

(c) (d)

Fig. 15. Degree of agreement between the temperature and flow-based
datasets for the IT and ET features. (a,c) Bland–Altman diagrams
with indication of 95% limit of agreement, bias, standard deviation, and
linear regression. (b,d) CFD plots for each breathing type, and for all the
breathing types considered together.

index is greater than 0.7 in 60% of cases, and greater than 0.5
in 95% of the cases. Therefore, the temperature measurement
of breath is strongly correlated with the reference flow meter.

B. Comparative Analysis of Respiratory Features

1) Inspiratory Time (IT) and Expiratory Time (ET): Fig. 15
shows the results of the aggregated comparative analysis be-
tween the RFID temperature dataset and reference flow dataset
concerning IT and ET features. Biases µ = {−0.17, −0.16} s
and standard deviations σ = {0.38, 0.45} s are derived from
the Bland-Altman diagrams (Fig. 15.a,c), so that there is
approximately less than ±0.9 s difference between the two
measurement equipment within a 95% limit of confidence.
Moreover, since the regression lines are nearly horizontal, the
biases can be considered almost stable in the explored range.
The plots of CDF8 in Fig. 15.b,d show a better than ±0.5 s
agreement in 60% of the cases, and better than 1 s in 95% of
the comparisons.

It is worth noticing that IT and ET span in the range
1–4 s according to the rhythms imposed by the metronome.
But, since breathing was not natural (i.e., conditioned by
the metronome), inspiratory and expiratory times are equally
divided with respect to the duration of each breath, that is
IT ∼= ET . This is confirmed by the Bland-Altman diagram
in Fig. 16.a that shows that ET/IT ratio gets values around
unity, with a good flat bias (µ = 0.13) between flow and

8Each point on the CDF curve indicates the probability of having ∆RR
values smaller than or equal to the input abscissa [43].

(a) (b)

Fig. 16. Degree of agreement between the temperature and flow-based
datasets for the ET/IT ratio. (a) Bland–Altman diagram and (b) CDF
plots for each breathing type, and for all the breathing types considered
together.

(a) (b)

Fig. 17. Degree of agreement between the temperature and flow-based
datasets for the respiration rate RR. (a) Bland–Altman diagram and
(b) CDF plots for each breathing type, and for all the breathing types
considered together.

temperature datasets, and with a difference of less than ±0.5
in 80% of the cases (Fig. 16.b).

2) Respiratory Rate (RR): Fig. 17 shows the aggregated
comparative analysis between temperature dataset and refer-
ence flow dataset concerning RR feature. The Bland-Altman
diagram in Fig. 17.a returns a bias µ = 0.01Hz and a standard
deviation σ = 0.01 Hz. Hence, there is a better ±0.02 Hz
agreement within a 95% limit of confidence. This is confirmed
by the CDF plot in Fig. 17.b. For each breathing pattern,
the estimation difference is always less than ±0.04 Hz, and
even smaller in the case of quiet breathing, deep breathing,
and bradypnea. Overall, a better than ±0.02Hz agreement is
obtained in the 80% of the comparisons.

3) Peaks Ratio (r): Fig. 18 shows the results of the aggre-
gated comparative analysis concerning the peaks ratio r. Given
that the analysis of respiratory times revealed that IT ∼= ET ,
the same is expected for the peaks9 (i.e., PIF ∼= PEF and
PIT ∼= PET ), that means rF , rT ∼= 1. The Bland-Altman
diagram in Fig. 18.a returns a bias µ = −0.12 and a standard
deviation σ = 0.17, but the linear regression line shows a high
slope, meaning that a proportional difference exists among
the two datasets, and the difference between rT and rF is

9For each respiratory act, the area underlying the inspiratory waveform is
ideally (i.e., in the absence of leaks) equal to the expiratory area. Thus, if
the times are the same (Fig. 16) and the shape of the waveforms is the same
(Fig. 14), also the peaks are expected to be the same.



PANUNZIO et al.: TWO-CHANNEL EPIDERMAL RFID SENSOR FOR THE WIRELESS BILATERAL ANALYSIS OF NASAL RESPIRATION 9

(a) (b)

Fig. 18. Degree of agreement between the temperature and flow-based
datasets for the peaks ratio r. (a) Bland–Altman diagram and (b) CDF
plots for each breathing type, and for all the breathing types considered
together.

Fig. 19. Temperature peaks ratio data versus reference nasal cannulas
with indication of linear regression.

consistent for values far from unity. To better investigate this
behavior, the temperature peaks ratios rT are plotted against
the corresponding flow peaks ratios rF in Fig. 19. Temperature
data rT are concentrated around the unitary ratio, as expected.
Instead, the flow peaks ratio rF exceeds unity as the presence
of air leakage produces an imbalance between the inspiratory
and expiratory areas underlying the flow waveform.

4) L/R Peaks Ratio (pL/RI , p
L/R
E ): Fig. 20 shows the ag-

gregated comparative analysis between temperature dataset
and reference flow dataset concerning p

L/R
I and p

L/R
E ratios.

Values of bias µ = {0, 0} and standard deviation σ =
{0.06, 0.07}, derived from the Bland-Altman diagrams (Fig.
20.a,c), are remarkable. This means that the L/R asymmetry
detected by the temperature is fully comparable to the one
revealed by the flow, with an uncertainty of only ±0.12. Also
in this case the regression lines are nearly horizontal, hence the
biases are almost stable in the explored range. The CDF plots
in Fig. 20.b,d show a better ±0.07% agreement in 60% of the
cases, and confirm that the uncertainty is less than ±0.12 in
95% of the comparisons.

It is worth noticing (Fig. 20.a,c) that, on average, the
values of ratios can span from 1 (= no asymmetry) up to
5 (= left nostril’s peaks are 5 times bigger than right’s) as a
consequence of the volunteers’ anatomy and their condition
during the measurements.

(a) (b)

(c) (d)

Fig. 20. Degree of agreement between the temperature and flow-based
datasets for the p

L/R
I and p

L/R
E ratios. (a,c) Bland–Altman diagrams

and (b,d) CDF plots for each breathing type, and for all the breathing
types considered together.

VII. SUMMARY AND CONCLUSION

The paper has presented the evaluation of a dual-channel
breath sensor, made of epidermal UHF RFID antennas, for
the wireless temperature-based monitoring of the air flowing
in and out of the nostrils. Thanks to soft and stretchable
biocompatible elastomers, the device is soft, quite comfort-
able, self-adhesive, and reusable, avoiding unpractical wired
instruments.

A measurement campaign investigated, for the first time,
the clinical meaningfulness of features that can be derived
from temperature-based signals with respect to the assessed
spirometry. The comparative statistical analysis returned a
good cross-correlation between the signals (better than 0.7
in 60% of the tests), and the prediction of temperature-based
respiratory features deviates from the reference by less than
4–12% of the full scale (in the case of respiratory times). In
particular, the respiratory rate can be predicted with an almost
zero difference. Moreover, concerning the effect of air leakage,
the proposed sensors revealed more robust than the flow meter,
which is instead affected by air leaks from the nasal cannulas.
This leakage, if not properly corrected [36], may alter the
amplitude of the flow-meter signals, and hence the peak values.
This relevant result must however be corroborated with further
investigations.

The possibility of selective monitoring each nostril was also
successfully demonstrated, with negligible cross-sensitivity of
the temperature data recorded by the two ICs. In particular,
the comparative analysis proved that the possible imbalance
between the nostrils is properly detected by the sensor, with
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an uncertainty of less than 10% compared to the reference.
Currently, the temperature-based method is not yet able

to estimate the true value of the PIF and PEF, as well
as the respiration volume. To this purpose, a temperature-
flow calibration would be required, and this will the topic
of future research. Nevertheless, the assessed capability to
identify alterations in the breathing pattern (i.e., rhythm,
relative depth) is yet compatible with real clinical application,
especially in emergency scenarios such as field hospitals or in
emerging Countries that have few resources and facilities for
medical screenings. The RFID-based epidermal sensing could
be moreover a game-changer for application in neonatal wards
to monitor newborns by avoiding bounding wired instruments
that currently preclude the vital physical contact between
mother and baby.

Being a medical device, some of the critical points for a
future certification in terms of regulation are biocompatibil-
ity, safety with respect to EM exposure, and accuracy and
reproducibility of the sensed data. Some of these points have
been partially addressed by this study since biocompatibility
was achieved by using a skin-friendly material for coating,
and the EM safety was verified by simulations. Moreover, the
accuracy of the system is 0.2°C [24] and, as it works in a
differential way, the possible miscalibration of the ICs will
not affect the reproducibility.
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