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A General-purpose Configurable RFID Epidermal
Board with a Two-way Discrete Impedance Tuning
C. Miozzi, S. Nappi, S. Amendola, C. Occhiuzzi and G. Marrocco

Abstract—Current advances of the Radiofrequency Identification (RFID) technology can boost the emerging class of biointegrated skin devices exploiting low-power (even passive) wireless communication and sensing interfaces. This work describes a
small-size (3cmx3cm) flexible UHF RFID board conceived for the
rapid laboratory experimentation and suitable to multi-purpose
monitoring of physical parameters (e.g. temperature and sweat)
over the skin and/or over clothing layers and medical plasters. An
engineered open-loop antenna is coupled with a two-way discrete
(four states) tuning circuit to compensate the frequency shifts
that occur in real applications due to the intrinsic variability
of the human body. The capability of the tuning mechanism to
down/up-shift the operating frequency and to restore the default
state is validated by means of both numerical simulation and
measurements over some volunteers in realistic conditions.
Index Terms—Epidermal Electronics, Radio Frequency Identification, Skin Sensors, Flexible Electronics.

I. I NTRODUCTION
The scientific interest for engineered epidermic systems
began more than forty years ago [1], firstly focusing on artificial skin with human-like sensory capabilities for autonomous
artificial intelligence (e.g. robots) and prosthetic devices and,
more recently (2011-), on wireless Epidermal Electronics [2].
Current advances are driven by the Radiofrequency Identification Technology (RFID) that provides an extremely low-power
(even passive) architecture and is naturally suitable for flexible
manufacturing [3]. Indeed, mechanical [4], temperature [5] and
chemical [6] epidermal battery-less sensors have been recently
proposed for the monitoring of fever, breath and physical
activity and rheabilitation [7], [8]. An RFID epidermal tag
is generally composed of three elements: the IC, the antenna
and a biocompatible substrate for adhesion over the skin
like a tattoo [9] or an ultra-thin plaster. Being at direct
contact with the skin, the antenna is extremely sensitive to the
specific position over the body and to the human variability
so that resorting to a universal numerical model of the body
for the purpose of antenna design is practically unfeasible.
Accordingly, remarkable frequency detuning and efficiency
degradation are commonly experienced when moving from
simulation to measurements over the body, thus forcing the
researchers to continuously adjust and re-optimize the sensor
tags for the particular operating conditions [10]. This approach
is extremely time consuming and delays the exploitation
of the technology. A general-purpose customizable-friendly
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epidermal RFID board (similarly to the philosophy of the
white breadboard used for prototyping electronic circuits)
could hence ease the experimentation of new sensors and
speed up the evaluation of new applications. A first example
of customizable epidermal tag, for temperature measurement
only, was proposed by the authors in [5]. The frequency
tuning was implemented by peelable small conducting strips,
however this tuning was unidirectional (downward shifting)
and irreversible, while in practice the detuning may arise
toward both higher or lower frequencies.
Starting from the anticipating conference paper [11], this
work proposes a multipurpose Epidermal RF board of halved
size w.r.t. [5], [6], [8], based on open-loop configuration, suitable for on-skin placement and with radiation performances
comparable with non miniaturized skin-mounted antennas.
The board is flexible, double-face and integrates a UHF
RFID sensor-oriented IC with an internal analog interface
for external sensors. To overcome the limitations in [5], the
board is moreover provided with a two-way partly-reversible
tuning mechanism, with a very low spatial occupancy, that
permits a fast customization of the tag for different on-the-skin
placements and operative frequency bands. The architecture
is suitable to both battery-less and battery-assisted passive
(BAP) operation modes and can be configured in several
operative conditions. The idea and the retuning procedure are
experimentally demonstrated by means of measurements in
realistic conditions.
II. A NTENNA L AYOUT
The one-wavelength loop configuration is the most convenient layout in the UHF-RFID band (860-960 MHz) [10] for
a low-profile antenna to be directly applied over the skin, as
regards size, minimum conductor area and gain. However the
RF front-end of the most versatile currently available sensororiented RFID IC (SL900A from AMS1 ) can not be connected
to closed radiating paths such as loop, T-match or folded
patches. Therefore, we consider here an open 3 cm ⇥ 3 cm
loop over a flexible 50 µm-thickness Kapton substrate (Fig.1)
that can exploit the same performance as regular loops. For
this purpose, a meander line is introduced for miniaturization
at one of the antenna ends close to the gap. Its length is
sized to move the current null right to the middle of the
upper horizontal trace so that the currents flowing over the
two vertical sides are in phase as in the one-wavelength loop
(a numerical example is given later on in Fig.4).
1 Declared input impedance: Z
chip = 123
passive mode and BAP mode: PIC,pass =
15 dBm, respectively.

j303 ⌦; power sensitivity in
6.9 dBm and PIC,BAP =

2

(a)

(b)

(c)

Fig. 1. (a) Schematic representation of the current distributions over a onewavelength closed loop. Top (b) and Bottom view (c) of the epidermal openloop RF BOARD provided with meander-line loading and impedance tuning
such to excite the same current distribution as in (a). Size in [mm].

The off-center feeding point, i.e. the position of the IC,
has been optimized to match the input resistance of the chip,
while a reactive Antenna Tuning Unit (ATU), described in the
next Section, is placed in series to the IC to compensate the
residual capacitive reactance of the open loop and to provide
some degrees of post-fabrication tuning. Moreover, the antenna
includes several traces and pads for connecting battery and
external sensors to the two analog ports of the IC [11]. The
traces are replicated on both faces to achieve different sensing
modalities, namely the simultaneous monitoring of the skin
sweat and clothes temperature in datalogging mode (battery
required) or vice-versa. Finally, some “breathing” windows are
carved out of the unused substrate (namely the area without
metallic traces) to preserve the natural thermal and sweat
exchanges between the skin and the external environment.
The resulting device is a linearly polarized tag with a theoretical 17 dB radiation gain at 868 MHz when simulated
(by CST Microwave Studio 2017) over a homogeneous phantom (70 x 70x 100 mm3 box) resembling the muscle tissue
(✏r = 55.1 = 0.9 S/m at 868 MHz).
III. B IDIRECTIONAL A NTENNA T UNING U NIT
Let Zant (f ) denote the input impedance of the proposed
epidermal antenna (for instance numerically evaluated on the
same homogeneous phantom as above) when the ATU module
is replaced by a short circuit. The ATU must synthesize a
reactance XAT U (f0 ) = Xant (f0 ) Xchip (f0 ) to make the
antenna plus the RFID chip resonating at a given frequency
f0 , depending on the specific placement (Fig.2). The selected
topology of the ATU is an LC-series circuit (Fig.3.a) provided
with two switches (SW1 and SW2) whose combinations
permit to configure four different reactance states (hereafter
identified by a 2-bit string where ’0’ and ’1’ stand for opencircuit and short-circuit SW, respectively). Having arbitrarily
fixed three frequencies fB  fA  fC that are largely
covering the Worldwide RFID band (860-960 MHz), the
tuning problem can be cast as the identification of the lumped
components {L0 , L1 , C1 } that synthesize the three reactances
XAT U = {XA (fA ), XB (fB ), XC (fC )} forcing the resonance
of the board at these frequencies (see Fig.2). Moreover, the
’00’ state, wherein both the switches are open, is required
to restore the central (fA ) resonant frequency of the circuit,
similarly to an “undo” action. The four states of the ATU are

Fig. 2. The requested ATU reactance in series to the microchip that forces
the conjugate impedance matching at a given frequency f0 .
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Fig. 3. (a) ATU schematics: series of LC components activated by two
switches SW1 and SW2; (b) sequence of the four states of the ATU; (c)
detail the ATU with gaps for L0 , L1 , C1 and traces for SW1 and SW2.

described by the diagram in Fig.3.b: starting from the default
state ’11’ (both switches closed), if the resonant frequency
fA was experienced to be too low (high) for the specific
application over the body, the SW1 (SW2) switch has to be
opened so that the antenna is tuned to fC (fB ). Should the new
situation be worse that the original one (i.e. a too big frequency
shift was produced), the default resonance is recovered by
opening also the other switch.
The values of {L0 , L1 , C1 } providing the requested tuning
reactances are derived by enforcing the following matching
equations:
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The resulting overdetermined 4 ⇥ 3 system can be
solved by pseudo-inversion. For instance, by requesting the
ATU to produce resonances at {fA , fB , fC }={770, 860,
950} MHz, the corresponding reactances are {XA , XB ,
XC }={254, 281, 227} ⌦ and the matrix inversion of (1)
returns the triad L0 = 47 nH, L1 = 11 nH, C1 = 3 pF .
The ATU is physically implemented on the board by three
gaps (Fig.3.c) close to the IC port hosting the lumped components L0 , L1 and C1 , while the switches SW1 and SW2 are
made by conductive traces that can be selectively interrupted
after the antenna fabrication, for instance by using a hole
puncher.
Fig. 4 shows the simulated power transmission coefficient
(⌧ ) of the board including the ATU with the LC elements
obtained above. The device is capable of ±85 MHz frequency
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shift around the central fA , with ⌧ > 0.9 in all the configurations with an accurate recovery of the central frequency in
the final ’00’ state.

Fig. 4. Simulated Power Transfer Coefficient (⌧ ) of the four discrete states
of the ATU. Lumped elements, derived from (2), are L0 = 47 nH; L1 =
11 nH; C1 = 3 pF . Inset: surface current distribution over the RF board
that is similar to that of a one-wavelength closed loop (Fig.1.a).

with different body mass (S1: as above; S2: male, height
1.78 m, weigh 72 kg, S3: male, height 1.90 m, weight 96 kg).
As expected [5], due to both inter- and intra-subjects variability
of tissues composition, the measured curves (Fig.6.a) exhibit
a relevant spread of the resonance frequencies (fpeak =
(915 ± 60) M Hz) and of the corresponding peak values of
the realized gain (G⌧peak = ( 15 ± 5) dB ), the latter being
fully comparable with the optimal performance of on-skin
antennas as in [6], [10]. Accordingly, the estimated max read
distance in ideal conditions, by assuming 3.2 W EIRP reader
emission, spans within the ranges {0.3, 1} m and {0.9, 2.8} m
in passive and BAP mode, respectively. Above results give a
further rationale of the need to provide the on-skin tags with
some retuning agility. It is moreover worth commenting that
the realized gains are comparable with the closed loop tag in
[5] having twice the size (60 mm x 30 mm). Thus the new
layout achieves a roughly 3 dB better aperture efficiency.

IV. P ROTOTYPE AND M EASUREMENTS
A prototype of the epidermal board was fabricated by
etching a flexible-copper laminated Kapton substrate (50 µm
thickness) (Fig.5.a). The lumped components, whose values
are the same as above, are inductors and capacitors of the
LQW and GJM series, respectively (from Murata Electronics,
unitary cost ⇠ 0, 22 C). They have been manually soldered
on the ATU during the fabrication of the board. A 5 µm
breathable polyurethane film was finally used to fix the board
over the skin during all the experiments.

(a)

(b)

Fig. 6. (a) Measured realized gain (G⌧ ) over different body parts (neck, chest,
head) of three volunteers in the ’11’ state and (b) over a thigh (volunteer S1)
in all the four states of the ATU.

A. ATU states

(a)

(b)

Fig. 5. (a) Prototype of the epidermal board and its application on the skin
by 5 µm polyurethane film. (b) Realized gain (G⌧ ) measured over the thigh
of a volunteer, compared with simulations

The electromagnetic performance of the prototype was
characterized through the measurement of the realized gain in
the frequency range 700–1000 MHz, by means of the Voyantic
Tagformance station. Fig.5.b shows the comparison between
simulation and measurement when the antenna in the ’11’ state
was applied over the thigh of a volunteer (S1: female, height
1.68 m, weigh 56 kg) that can be considered as reasonably
represented by the numerical uniform muscle box phantom
used for simulations. The downward frequency shift of both
simulations and measurements w.r.t. Fig.4 is due to frequencydependent radiation gain, not included in the t of Fig.4.
Fig.6.a then shows the tag response for placement on other
body districts (chest, forehead and neck) of three volunteers

The four ATU states were experimentally verified on the
female volunteer’s thigh (Fig.6.b). Despite the different values
of the achieved resonant frequencies w.r.t. the expected values
from Fig.4, the measured frequency shifts among the four
tuning states (±65 M Hz) are rather comparable to simulations
(±85 M Hz in Fig.4). Apart for the ’10’ state, whose realized
gain is lower than the other cases (-4.5 dB), probably due to
the (undocumented) degradation of the IC impedance properties at low frequency, the differences between the radiation
performances (2-3 dB) in ’00’, ’10’ and ’11’ states are modest
and compliant with typical human body variability. Anyway,
the tuning method returns at least one robust response (’01’
state) within the whole RFID worldwide band.
B. Examples of on-skin retuning
The first example concerns tuning the board in the EU
band (865-868 MHz) when it was placed onto the neck of
the female volunteer (S1). In the default ’11’ state, the peak
of the realized gain occurred at 970 MHz (G⌧peak = 14 dB)
so that a rather poor value was achieved within the EU band
(G⌧ = 22.5 dB at 868 MHz). Accordingly the resonance
had to be down-shifted by opening the SW2 gap (state ’10’).

4

The new realized gain was improved by 6 dB (Fig.7.a) and the
read distance was accordingly doubled.
The second example (Fig.7.b) shows instead how to tune the
sensor for placement onto the forehead for communication in
the FCC band (902-920 MHz). In this case, the default ’11’
state resonated at 855 MHz and hence an upward frequency
shift was required by switching (SW1 open) toward the ’01’
impedance state.

(a)

(b)

Fig. 7. Practical examples (measurements) of on-skin tuning: (a) downward
frequency shift (from status ’11’ to ’10’) for optimal working over the neck
in the EU band; (b) forward shift (from status ’11’ to ’10’) for operation in
the US band when the board is stuck over the forehead.

C. Example of application
The proposed multipurpose RF epidermal board is intended
as a development platform to quickly test new sensors and
application modes. For example, Fig.8 shows the combined
profile of temperature and sweat2 measured over the chest
of a biker during 20 min exercise. For this application two
expansion terminals of the RF board were connected to a HCZD5 Multicomp humidity sensor and the tag was configured to
work in BAP datalogging mode.

Fig. 8. Example of temperature and sweat profiles acquired by the board in
datalogger mode during a 20 minutes cycling activity.

2 Sweat expressed as equivalent resistance R
sweat of the external sensor.
In average: Rsweat = {0.3, 1.0, 1.3} G⌦ during the pre-cycling, cycling
and post-cycling tasks, respectively

V. C ONCLUSIONS
A miniaturized epidermal RFID board with tuning capabilities and multiple operative modes has been presented.
Compared to previous other epidermal tags, the board offers a
two-times operative efficiency and high application flexibility.
The embedded ATU is suitable to manually adapt the antenna response in order to partly compensate the mismatching
effect of the human body variability, w.r.t. design conditions,
and to tune the antenna resonance at the extreme boundaries
of the worldwide RFID band. Customized tuning windows
can be achieved by selecting resonant frequencies that are
different than those considered in the paper. Overall, it is worth
clarifying that the effective application of the device requires to
measure its frequency-dependent realized gain for the specific
placement over the body in order to select the most appropriate
downward or upward frequency shift.
Finally, the cost of the ATU, including the additional traces
and the tuning components (few cents), is expected to have
a negligible impact on the cost of the board which is instead
imposed by the sensor-oriented RFID microchip (few dollars).
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