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Abstract—Epidermal sensors based on Radiofrequency Identification are suitable to be attached onto the skin like a thin
and flexible plaster and allow collecting biophysical parameters
with a high level of comfort for the user. When working in the
UHF band (860-960 MHz), the on-skin antenna performance
(impedance matching and the corresponding read distance) is
strongly dependent on the region of the human body where it
is attached and by the body mass of the user. The self-tuning
UHF epidermal RFID tag, based on a multi-state RFID IC,
is a placement-robust RFID skin device that can automatically
and dynamically modify its internal impedance depending of the
boundary condition seen by the antenna. The epidermal sensor,
also capable to measure skin temperature, preserves a realized
gain variation of ±2.5 dB for applications in the same part of
the body of some volunteers. It provides a read distance of more
than 1 m in the whole worldwide RFID band (860 - 960 MHz),
with 60% of probability, for any considered positions and users
and up to 90% of probability in case of application on abdomen
or arms.
Index Terms—RFID, backscattering, UHF, self-tuning, epidermal tags.

I. I NTRODUCTION
Epidermal Electronics [1] is a quick growing research
topic originally pioneered by Material Scientists and later on
investigated by Communication Engineers. Epidermal devices
are intended for direct sampling of biophysical parameters of
the skin and for data transmission towards an interrogation
infrastructure. Radiofrequency Identification (RFID) is the de
facto protocol for data exchange since it avoids the use of
batteries [2].
As such antennas are directly attached onto the epidermis, or
at most through a sub-millimeters membrane, they are known
to experience a huge and unavoidable electromagnetic interaction with the human body [3]. To optimize their performance,
the electromagnetic and physical features of the hosting object
have to be included during the design process. In particular, the
application onto the human skin typically requires a reference
layered model with skin/fat/muscle, or even homogeneous
medium with an effective permittivity. Nevertheless, due to
the high human variability, designing a one size fits all tag
is not possible. Indeed, both the antenna matching and the
radiation gain are sensitive, especially in the UHF (860 - 960
MHz) band, to the placement region as well as to the specific
user [4]. The consequence is an unpredictable worsening of the
communication link with respect to the reference configuration
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Fig. 1: Schematic representation of the internal matching
network of a microchip with self-tuning capability.

at which the antenna has been designed. Thus, the definition
of a reliable maximum read distance is an ambiguous task.
In recent papers, some post-fabrication re-tuning mechanisms were proposed to manually customize the antenna
impedance for the specific placement onto the body. A customized frequency shift of the realized gain peak was obtained
in [5] through a one-way procedure by peeling pre-carved
strips so that the form factor of a loop transformer is modified. The three-states tuning antenna adapter in [6] involved
instead an LC network. The sequential change of the resonant
frequency of the skin antenna was achieved by punching a hole
into a flexible circuit. The particular topology of the antenna
adapter also allows returning to the initial reference state. In
both cases, however, the tuning is limited and the manual trial
and error procedure requires to irreparably modify, case by
case, the antenna layout.
This paper explores the benefits of interconnecting epidermal antennas with a new family of multi-state self-tuning
RFID Integrated Circuits (ICs) [7]. They can automatically and
dynamically modify their internal susceptance to compensate
possible mismatch with the antenna admittance that are caused
by the antenna/body interaction. The self-tuning capability
of epidermal antennas is studied through tests on volunteers
having different Body Mass Index (BMI) and wearing the
prototypes on some body parts. The statistical analysis of the
experimental results allows to reliably estimate the average realized gains and the expected read distances in real conditions.
II. S ELF - TUNING RFID IC
Since a passive UHF RFID link is limited in the forward
link, the main concern of an antenna engineer is maximizing
the realized gain Gt τ i.e., the amount of impinging power
delivered from the tag antenna of gain Gt to the IC. The power
transmission coefficient [8], accounting for the impedance mismatch between the antenna and the chip, can be conveniently
referred to admittances as

τ =4

gA gchip
≤ 1,
|YA + Ychip |2

(1)

with YA/chip = gA/chip + jBA/chip being the admittances of
tag antenna/IC.
A self-tuning RFID IC includes a re-configurable network of
capacitors (Fig. 1) aiming at maximizing the power provided to
the IC by keeping the antenna-IC matching unchanged despite
of the slight modification of the nearby environment. The IC
capacitance of a self-tuning chip can be expressed as [9]
Cchip (n) = Cmin + nC0

Copper wire

Silicone

a
e

f

IC
d

b

c
Polyurethane

Fig. 2: Layout of the open loop thin wire antenna, sizes in
mm: a = 30, b = 30, c = 11, d = 12.5 e = 8, f = 10. Wire
radius: 0.08 mm, loop exciter size: 12 mm x 7.5 mm; trace
width: 1.65 mm.

(3)

It compensates the susceptance of the antenna Bt (e ) by
adjusting the capacitance of the IC that is directly related to
the equivalent susceptance
Bchip (n) = −ωCchip (n)

Polyurethane

(2)

where Cmin and C0 are the baseline capacitance of the IC
and n is the number of connected tuning capacitors C0 . The
placement of the tag on different body parts induces a variation
of the effective permittivity e seen by the antenna and hence a
change in the boundary conditions. The self-tuning mechanism
of the IC maximizes the matching condition so that
|Bchip (n) + BA (e )| = 0.

Skin

(4)

1
0.9
0.8
0.7
0.6

Self-tuning works properly provided that the chip is operating in its linear zone, that is, when N1 < n < N2 .
Accordingly, to achieve a perfect compensation of the antennachip mismatch, the antenna susceptance has to fall, from Eq.
3, within the range
−ωCchip (N2 ) ≤ BA (e ) ≤ −ωCchip (N1 ),
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In this case, the power transfer coefficient becomes τ =
g g
4 (gAA+gchip
2 . Outside the above range, the capacitance satchip )
urates to the nearest value Cchip (N1 ) or Cchip (N2 ) and
compensation fails hence causing a weakened transfer of
power from the antenna to the chip. Some self-tuning chips
also return the value n used for matching the IC. This
integer number, also known as sensor code, provides indirect
information about the effective permittivity of the tagged body
and could hence become a sensing indicator by itself [10].
The following analysis and experimentations will be referred to Axzon Magnus S3 [7] IC having the following values
of electrical parameters: gchip = 0.482 mS, Cmin = 1.9 pF,
C0 = 1.96 fF, n ∈ [0, 511], N1 = 5 and N2 = 490. Moreover,
the power sensitivity of the chip is Pchip = -16.6 dBm.
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III. T HIN - WIRE A NTENNA D ESIGN AND P ROTOTYPE
The epidermal antenna, to be connected to the self-tuning
chip as above, is a thin-wire open loop (Fig. 2) deployed
onto a low-cost bio-compatible material commonly used in
clinical practice (Fixomull Transparent [11]) commonly used
in clinical practice. The Magnus S3 IC is connected to a
loop exciter electromagnetically coupled to the main radiator.
The antenna was designed through numerical simulations also
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Fig. 3: Simulated power transfer coefficient of the open-loop
antenna with and without self tuning.

including a layered model of the human body as in [5] to
account for the effects of both skin, fat, muscle and bones.
The chip was assumed to be in the intermediate state of the
susceptance (n = 243).
The benefit of self-tuning vs a conventional static admittance is clearly visible in Fig.3 where the self-tuning produces
a flat response over a frequency range that is twice the
worldwide RFID band. It is thus expected that the placementspecific inhomogeneity of the effective permittivity of the
human body will be compensated.
The sensor (Fig. 2) is manufactured by deploying the
conductive wire over the adhesive face of an ultra-thin biocompatible film of polyurethane (Fixomull, 22 µm thickness).
The excitation loop is covered with a silicone substrate (1 mm
thick) to space it from the body. A hole is carved out of the
silicone just underneath the IC to ensure a better proximity
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Fig. 5: Turn-on power of the epidermal tag when placed on
the arm of four volunteers and interrogated from a distance of
50 cm.

An example of measured turn-on powers for epidermal tags
located on the subjects’ arms is shown in Fig. 5. As expected
by the benefit of the self-tuning IC, the frequency behavior is
rather stable and the relative variation of the activation power
among three of the four volunteers on only few dB.
A. Averaged Sensor Codes and Realized Gains

b)
Fig. 4: Photos of a) the realized thin-wire self-tuning tag; and
b) the tag worn on the forearm.

to the skin, so that the substrate does not affect the sensing
of the skin temperature. Finally, a second layer of Fixomull
is used to encapsulate the antenna, leaving the adhesive layer
intact to allow the application over the skin. The IC is hence
insulated by the thin patch, in compliance with the hygiene
rules for possible use over different people.
IV. E XPERIMENTAL R ESULTS
The manufactured self-tuning epidermal antennas were
tested on four volunteers (two men and two women) having
different body mass indexes (20.55 < BMI < 25.44). Antennas
were placed on four body parts such as leg, abdomen, arm,
and forearm. The interrogating antenna, connected to Voyantic
Tagformance, was placed at a distance of 50 cm from the
bodies to measure the activation (turn-on) power required
to wake up the tag IC and estimate the realized gain Gt τ .

Tag statistics are evaluated starting from measured data in
the whole RFID band that are referred to the four body regions
of all the tested subjects. Fig. 6a shows the average values and
standard deviation of the sensor codes n. In all cases, the IC
re-tunes in the useful range n = 150 ± 50 (Cchip = 2.194
pF ± 0.98 fF) i.e with no upper or lower-scale saturation.
Accordingly, the detuning in the antenna susceptance is fully
compensated by the internal network of the microchip. It is
worth noticing that the mean value of the sensor code (navg =
150) is smaller than the reference value (n = 243) that was
assumed for the antenna design. This divergence is probably
due to the difference between the simplified stratified model
in the simulations and the real body parts. As a lesson learned,
the impedance of the chip to be considered in the design should
be therefore chosen within the lower half of the useful sensor
code range to achieve a better retuning.
The statistics of the realized gains in Fig.6b show a generally small standard deviation (±1.6 dB) with the highest
average value corresponding to the abdomen, probably due
the presence of fat in some of the subjects that reduces losses.
However, the larger standard deviation for abdomen suggests
a rather user-specific fat concentration. Indeed, the abdomen
region is where fat accumulates the easiest and, therefore, is
what mostly characterize a heavier person from a lighter one.
B. Read distance
The Complementary Cumulative Distribution Function
(CCDF) of the achievable reading distances provides further

at least 1 m with a probability of 60% in the whole UHF band.
This probability rises up to 90% for placements on both the
arm and the abdomen
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V. C ONCLUSIONS
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A new architecture of conformable, low-profile epidermal tags with self-tuning capabilities has been presented. It
preserves the antenna/chip impedance matching when it is
attached on different body regions and different users. The
retuning is automatic, it does not require a trial and error
procedure and it does not manually alter the layout of the
antenna. The maximum read distance is more than 1 m in the
whole worldwide RFID band with 60% of probability, for any
considered position and user and with up to 90% of probability
in case of abdomen and arms.
Moreover, the response of the device is stable and uniform
in the worldwide RFID band so that it is inter-operable in both
EU an US platforms.
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Fig. 6: Statistics (means and standar deviations) of measured
data over a set of four volunteers. Raw data are referred to
the whole RFID band. a) Sensorcode values, and b) realized
gains.
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Fig. 7: CCDF of read distances for epidermal UHF tags placed
on different body parts within the UHF band (860 - 960 MHz).
Reader transmitted EIRP = 3.2 W.

insights for a reliable prediction of the behavior of self-tuning
epidermal antennas in real conditions.
For a monostatic link budget of an RFID reader and tag in
Line-of-Sight, the reading distance is:
s
EIRP · Gt τ λ
r=
(6)
Pchip
4π
The CCDF(x) returns the probability to achieve a read
distance of at least a given x. Fig. 7 shows that, by assuming an
EIRP of 3.2 W , self-tuning epidermal tags can be read, when
placed over all the considered body parts, from a distance of
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