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Abstract—Numerical processing of passive UHF-RFID tags’
response may provide physical insight about the hosting object
or about the nearby environment. This idea is here extended to
implanted antennas with the purpose to sense the evolution of
some human physiological and pathological process involving a
local change of effective permittivity inside the body. The goal
is to understand how master the design of this class of devices
taking into account both communication and sensing capabilities.
An ad hoc design methodology is here presented and discussed
by means of a realistic medical case concerning the modification
of an endo-vascular device to achieve a STENTag able to sense
the state of the vessel wherein it has been implanted.

I. INTRODUCTION

Beside the common applications to Logistics, the Radio
Frequency Identification (RFID) technology has been recently
recognized as potentially capable to produce additional infor-
mation about the tagged object, such as its physical state and
its time-evolution, without any specific embedded sensor or
local power supply [1]. The physical rationale of this idea,
for which the tag acts as a self-sensing device, lies in the
dependence of the tag’s input impedance and of its radar
cross section on the physical and geometrical features of the
tagged object or, more in general, on the close surrounding
environment. The possibility to monitor processes in evolu-
tion discloses interesting opportunities in Telemedicine and
Human Health Monitoring in general, especially concerning
implantable devices. One or more battery-less RFID radio-
sensors could be integrated into implanted medical devices
such as prosthesis, sutures, endovascular devices and orthope-
dic fixings, and then interrogated by an external reader (Fig.
1). By data acquisition at different times (days or even hours),
the change history of geometrical or chemical features of the
tissues could be collected, thus observing in an indirect way
the healing process and possible complications, e.g. abnormal
cell proliferation, edema and inflammatory events.

In general, the critical issues in the design of implanted
radios are the feasibility of a reasonable link range [2],
the low power consumption [3], biocompatibility [4] and
miniaturization [5]. Implanted RFID tags were used in the past
for tagging animals. Passive devices for human identification
purposes have instead been proposed very recently in [6],
as well as implantable antennas suitable to host biological
sensors (blood-pressure [7] , temperature, glucose). Patch-like
antennas [2] and monopole-like antennas [8] have been studied
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for subcutaneous implants, while first examples of ingestible
RFID capsules interrogated by a wearable reader can be found
in [9].
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Figure 1. The change of the electromagnetic response p of implanted RFID

tags may be related to a biologic process in evolution ¥(t) inside the human
body.

Up to now, no attempt has been reported, according to
our knowledge, to extract sensing data from passive RFID
implanted sensor-less tags in addition to more traditional
identification codes. Beside the critical issues shared by con-
ventional RFID and implanted antennas, the very big challenge
is the control of the sensitivity and of the dynamic range of
the tag-as-sensor during the design task in addition to the
usual communication requirements. Biological processes are
characterized by a great variety of dynamic ranges in terms of
evolution timeline and amplitude [10]- [14]. Some pathologies
may show very slow and moderate evolutions, while in other
cases, especially during acute events, rapid and large tissues
modifications may be observed: the measurable response of
RFID radio sensor needs therefore to be properly correlated to
the process under observation. In any case, the problem is even
more challenging due to the high permittivity and high losses
of living tissues. As proved in [1], the electrical parameters of
an RFID tag (impedance and gain) in these conditions are
expected to be very little sensitive to the variation of the
dielectric properties, because of the smoothing effect induced
by the losses.

This paper proposes a complete procedure for the design of
self-sensing implanted tags, here described with specific focus
to the monitoring of biological ducts hosting a stent implant. A
stent is a metal-mesh tubular device used to recover a stenosis
[15], an abnormal narrowing in a blood vessel or in other
tubular organ or structure, e.g. the occlusion of an artery due
to abnormal accumulation of atherosclerotic plaque. The stent
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is surgically implanted into the vessel, then expands, keeps the
vessel open thus improving blood flow, and stays in its seat
permanently. Unfortunately, this procedure is not definitive
since a new accumulation of tissue inside and around the stent
may give rise to risk of in-stent restenosis (ISR). A common
post-surgery requirement is thus monitoring the device status,
or in other words the sensing of its local environment over-
time.

Starting from the basic equations governing the RFID
sensing, it will be here shown how to choose the IC family,
and in particular how to match the implanted antenna in order
to maximize its sensitivity to the variation of the physical
parameter under observation. Finally, by the help of a lab-
oratory phantom, the design procedure is fully experimented
over a stent prototype, the STENTag, in both fixed- and multi-
frequency modalities.

II. RFID-SENSING EQUATIONS AND DESIGN STRATEGIES

We denote with W(¢) a local physical or geometrical pa-
rameter of the body region which has to be monitored by
the RFID platform. Specifically, ¥ will be a shape factor of
the biological process or, more generally, the local effective
permittivity “sensed” by the tag’s antenna.

The two-way reader-tag link [16] for UHF-RFID systems
(overall World-wide band: 866-956 MHz) is commonly char-
acterized under the far field assumption by using the Friis
formula for the direct path, and the radar cross-section for
the reverse one. Although the electromagnetic interaction with
the human body is much more complicated, the free-space
formalism is nevertheless here considered with the purpose to
simplify the design methodology described next. The reliabil-
ity of this choice will be discussed in Section III by the help
of an accurate numerical simulation involving a realistic body
phantom.

The conventional RFID formulas are hence rewritten mak-
ing explicit the dependence on the variation of local parameters
with the purpose to obtain some sensing metrics which can
be derived by the reader’s measurements. The power collected
by the IC (1) and the power backscattered by the tag toward
the reader (2) and collected by it, are:
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where d is the reader-tag distance, Gr(0, ¢) is the gain of
the reader antenna, G (6, ¢, V) is the gain of the tag’s antenna
when placed into the body which hence includes all the
absorption and obstruction phenomena in the inside-to-outside
(and converse) propagation. P, is the power entering the
reader’s antenna, 7),, is the polarization mismatch between the
reader and the tag, 7(¥) is the power transmission coefficient
of the tag:
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with Zchip = Rchip +chhip and Z4 = Ra + j X4 input
impedance of the RFID IC and of the antenna, respectively.
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The backscattered power Pr. 7, is strictly correlated to the
physical variation of the local environment through the change
of impedance and gain of the tag.

A second indicator which can be measured by the reader
is the turn-on power PI°(¥), e.g. the minimum input power
P;,, through the reader’s antenna forcing the tag to respond. It
can be derived from (1), by imposing Pr_s7 = FPehip, Penip
being the IC sensitivity provided by the manufacturer:

ﬁ)*Q Pchi,p
4nd’ Gr(8,9)n,Gr(0, ¢, ¥)T (V)

The presence of the multi-path, caused by the interaction
with the environment, is not taken into consideration here
because of the expected small reader-tag distances achievable
within the allowed emitted power. It was demonstrated in [17]
that for low-gain tags, as in case of implanted antennas, the
free-space formula is still useful to predict the read region.

The two indicators in (2) and (5) may be used as data inver-
sion curves p(V¥) between measured data and the evolution ¥
of the process. It could be useful to normalize each indicator
by its value in a particular reference state, say Wy, for instance
collected at the time of the tag placement into the body.

P (W) = ( Q)

wm

A. Design parameters and strategies

The idea of self-sensing tags implies that there is no
decoupling from the operative and structural point of view,
between antenna and sensor, more precisely the antenna is the
sensor and the sensor is the antenna. The sensitivity and the
dynamic range of the system are thus strictly connected to
the antenna’s features, in particular to its quality factor, and
definitely to its bandwidth (related to the tag’s realized gain
G771 [18]). Due to the high water content, however, human
tissues are characterized by high permittivity and significant
losses, so that the implanted tag will exhibit a large bandwidth
and hence a generally poor sensitivity to the change of the
local environment.

There are at least three degrees of freedom available to
master the sensing performances of such a class of devices.
The first one is the shape of the antenna which is however
mainly constrained to medical requirements so that only a
modest geometrical change is allowed. The second degree of
freedom is the IC family having a specific power threshold
and input impedance. As reported in [20], tags matched to
ICs with very high phase angle (the ratio Q between the
imaginary and the real part of the input impedance) exhibit
higher sensitivity to the variation of antenna impedance vs. the
change of the tagged objects and therefore they are preferred
for sensing activities. The last available option is the state
W, (real or virtual) of the biological process where forcing
the antenna to have the best impedance matching to the RFID
IC. In this condition ¥, is referred to as matched state. As
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recently investigated in [1] the choice of the matched state
affects the position of the peak of power transfer coefficient
versus the dynamic range of the process so that it is possible to
shift, and hence to localize, the curve of any sensing indicator
vs. the change of the process parameter. By means of such a
shaping of the data inversion curve it is expected to be able
to emphasize the antenna response at the worsening of the
pathology or instead to amplify the sign of healing.

The design parameters are here correlated together accord-
ing to the reference model in Fig.2 where the tag’s antenna is
connected to the IC via an Antenna Adapter AA,,. This one
virtually applies to the antenna impedance Z4 and yields a
transformed impedance Zp which is matched to the specific
IC such to get the best power transfer in the particular state
U, of the process (the matched state). The key parameters of
the self-sensing tag are hence inter-correlated by the following
matching equation:

ZT [Ska AAm} (\Ilm) = :hip,n (6)

In (6) the asterisk denotes the complex conjugate, the |[..]
indicates the design conditions and (..) the specific state of
the process where the antenna’s impedance is evaluated.
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Figure 2. Reference model to investigate the key issues in the design of
implanted tags. Given a radiating structure, an antenna adapter is used to
match such an antenna to a specific IC in a particular state ¥, (the matched
state) of the process to be observed.

The effect of the Antenna Adapter could be obtained [18],
for instance, by an inductively coupled loop placed in the close
proximity of the radiating structure, a T-match or, more simply,
by adding discrete inductors/capacitors, as shown later on in
the experimental Section.

Following the previous considerations, it is possible to
define basic guidelines to engineer the data inversion curves
according to the specific process under monitoring, for in-
stance to emphasize the variation of the early or late state of
the process, as required case by case.

Denoting with R the set of W states describing the evolu-
tion of the process under monitoring, it is required that the
inversion curve (say p(¥) in general) is monotonic in R and
with a given overall variation, s, e.g.

Ap(R) — s 7

Moreover the radio-sensor has to be subjected to constraints
over the maximum interrogation power Py rp = PI°GR in
order to permit a suitable transcutaneous communication, at a
given body-reader distance, for the whole process’s evolution
R and in agreement with power regulations (Pjs4,) or with
the expected capabilities of the reader:

PEOIRP(\I}) S P]Wawv

The shaping of the radio-sensor’s response is mainly re-
duced to an iterative search for the most appropriate IC and
mostly for the status U,,, of the process where maximizing the
power collected by the IC. The design procedure is coded as
follows:

i) select the antenna shape Sj together with the topology
of the antenna adapter (a T-match, a coupled loop, or even
discrete inductors/capacitors). These choices will be subjected
to the specific medical constraints, the implantation locus and
the available space over an existing implantable device, if any;

ii) select the most suitable IC family (Z.p;p) with the
highest impedance phase angle Q;

iii) select a guess value for the matched state ¥,,,, belonging
or not to the process evolution R. For instance the first guess
for U,, could be that corresponding to the healthy condition
or instead to the severe hilliness;

iv) calculate the corresponding input impedance Z4(¥,,);

v) estimate from inversion of (6) the parameters AA,, of
the antenna adapter so that the transformed impedance Zr of
the antenna appears matched to the IC;

vi) calculate the turn-on power and the backscattered power
for all ¥ € R;

vii) verify the sensing and communication constraints in (7)
and (8);

viii) if such conditions are matched then the parameters of
the antenna adapter found in v) will give the final design;

ix) if the check in vii) is instead unsuccessful, then modify
the matched state ¥, and/or select a different IC and jump
back to step iv).

The tag response to the process’ changes (described by
the impedance and the gain) needs to be estimated by mea-
surements over phantoms, or even better by application of
numerical electromagnetic models.

More in general, even the shape Sy of the antenna, as well
as the topology of the antenna adapter, could be introduced
in the iterative loop of the design, with many more degrees
of freedom but at the cost of highly increased computational
complexity.

The design procedure is now illustrated with reference to a
realistic medical case, e.g. the design of the STENTag, able
to sense the healthy condition of an artery.

YU € R (8)

ITII. THE STENTAG

The in-stent restenosis (Fig.3) could begin just after the
implant of the stent into a body duct, due to hyper proliferation
of neointimal cells (similar to muscular tissue) [13], as well
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as in a longer period due to the accumulation of new tissue,
such as atherosclerotic plaques (similar to a mixture of water
and fatty tissue) [14]. From a clinical and a prognostic point
of view, the ISR can be usefully classified according to its
evolution pattern and grade. A possible site of stenting and
hence of ISR is the carotid. As reported in [23], a more that
40% diameter reduction of the vessel can be considered critical
for the safety of the patient, while a reduction of more than
80% must be regarded extremely dangerous and requires a
further surgical treatment. The most severe forms if IRS occur
when the lesions are wide (> 10mm long) and extend beyond
the margins of the stents. This latter form is referred to as
diffuse proliferative ISR.

Since a vascular stent is typically fabricated with bio-
compatible metallic alloys, for instance the Nickel-Titanium
(Nitinol) [24] with nice conducting features, some researchers
have recently proposed to use the stent itself as a radiating
elements to set-up a transcutaneous wireless telemetry system
[25] where the status of the vessel is detected by a dedicated
sensor integrated on board the stent. The idea to use the stent
as sensor of restenosis has been instead investigated in [26], by
relating the presence of cell proliferation and tissue growth to
a low frequency (0.1Hz to 10MHz) impedance measurement.
However, the wired nature of the device (being necessary
catheters to measure the impedance of the stent), makes the
described platform not suited to a wireless telemetry system.

The stent is instead a natural candidate to achieve a self-
sensing implanted RFID tag which would combine both me-
chanical and sensing capabilities. This new device, hereafter
denoted as “STENTag”, has been obtained from an existing
stent after minimal geometrical modification and by the inclu-
sion of an RFID IC.

Stenosis \

\\ Stent\
| [

Figure 3. Stenosis, stenting procedures and in-stent restenosis of a biological
duct. Adapted from [22]

The design guidelines in Section II, are applied to a com-
mercial L=4.3cm long self-expanding stent [27]. The Antenna
Adapter is here reduced to just an inductor connected in series
to the chip, and hence the transformed impedance of the
STENTag will be simply

ZT - ZA +jWL7n (9)

The considered IC is the NXP-G2X having power sensitivity
Pehip = —15dBm and impedance at 870MHz Z.p;, =
15— 7135 (corresponding to impedance phase angle Q) = 9).
The IC is integrated into the device by means of an additional

!l = 1lcm long Nitinol straight wire, protruding from the
tubular grid (Fig.8). The resulting object may be regarded as
an asymmetrical dipole, with a hollow branch. Although a
real implant of this augmented stent should require additional
work, aimed to properly shape the added Nitinol wire and
to preserve the biocompatibility, nevertheless this geometry
is useful to demonstrate the design methodology and to
understand the achievable sensitivity.

The process evolution I to be monitored is the proliferation
of tissue inside the stent, according to typical diffuse prolifera-
tive patterns: as the ISR increases, the healthy tissue (normally
blood) is progressively replaced by neointima (muscle cells
proliferation), up to stimulate, in the very long period, the
possible formation of new atherosclerotic plaque. Because
of all those tissues are characterized by different dielectric
properties, the parameter U to be sensed is the equivalent com-
plex permittivity €s;cp,; inside the stent. The desired STENTag
should have an overall variation of the power response of
not less than 3dB between the healthy condition and the full
atherosclerotic restenosis, e.g.

Ap(R) > 3 dB = 100% (10)

and a required turn-on power similar to the power emitted
by hand-held smart-phones:

Plo(W) <0.25W =24 dBm VYV ER (11)

A. Model

The application of the proposed methodology requires to
set-up a numerical model of the neck and of the in-stent
restenosis. Accurate digitalized body phantoms (one for all, the
Visible Human [28]) are now available, and provide assessed
databases of electromagnetic parameters of the organs. These
models could be in principle used together with a Finite
Difference Time Domain (FDTD) tool to predict the tag’s
response in presence of the restenosis’ evolution. However,
since laboratory experimentations have to be performed, and
human or even animal implants are not feasible in this phase,
a more simplified cylindrical model has been considered. It
offers a reasonable control of the restenosis grade and, above
all, it can be easily manufactured and experimented with high
reproducibility.

The neck is hence simulated by cylinder of diameter D=9cm
and height 4=20cm filled by a homogeneous dielectric having
the weighted average permittivity of all the main tissues
composing the neck, (€pecty = 41.4 — 714.8), while a smaller
off-centered 0.8cm-diameter cylinder simulates the human
carotid and it is filled by blood-like dielectric (€yesser). The
sizes of the phantom have been chosen such to reproduce the
overall characteristics of Visible Human model. In particular
the height of the cylinder comprises also the bulk of the head
and part of the shoulders.

The STENTag will be inserted inside the middle of the
smaller cylinder, tight fitting its internal surface, in a localized
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Table 1
RE-STENOSIS: PROPERTIES AT 870MHZ OF THE VESSEL’S DIELECTRIC

Theoretical Complex
Permittivity

Measured Complex

9
Vessel’s filler Permittivity

Visible Human database, which includes a true description
of the carotid and the surrounding tissues. At this purpose,
a reference 2.5cm dipole (A/2 in the body), insulated by a

1- Healthy
vessel
ISR = 0%

€1 =61.45—331.5 €1m = 57.8 —333.0

2-Neointimal
proliferation
ISR =50%

€y = 58.22 — j25.3

™

Eam = 56.17 — j27.6

3-Neointimal
proliferation
ISR =100%

al

3 =55 —3519.2 €3m = 51.65 — j22.7

4-Plaque B ‘
proliferation €4 = 48.2 — j17.0

grade 1

€4m = 46.7 — 520.19

5-Plaque B 4
proliferation €5 =41.4 —j14.8

grade 2

Esm = 41.8 — j17.6

6-Plaque
proliferation
grade 3

% = 27.5 — §10.95 Z6m = 27.5 — j10.95

7-Plaque
proliferation
ISR =100%

al

7=14.13 — j12.15 & = 14.13 — j12.15

volume simulating the diffuse proliferative restenosis. Such a
district, of height S=8cm, is homogeneously filled with a di-
electric with variable permittivity (€s¢ent). It is worth noticing
that, although the proposed model sensibly simplifies the ISR
patterns, it could be assumed as a reasonable approximation
of the phenomena, since the radial increase/decrease of the
diffuse proliferative IRS can be converted into the change
of an homogeneous dielectric having the weighted average
permittivity of all the healthy and the un-healthy portions
of the vessel. As specified in Tab.I seven conditions have
been simulated, starting from the blood, passing through the
neointimal proliferation, down to a plaque restenosis. Finally,
the meshed tubular part of the STENTag has been simulated
as a continuous cylindrical surface as in [25].

Evessel
h=200

Evessel

e :
d=8 90

Figure 4.  Cylindrical model of the neck, the carotid and the ISR (side
view and top view). The STENTag is inserted in the middle of the smaller
cylinder, tightly fitting its internal surface, as in a real-life implant. The ISR
is modeled has a localized (shadowed) volume with variable permittivity
extending beyond the margins of the stents. Size in [mm]

The physical reliability of the considered cylindrical model
has been preliminary validated in comparison with a more
realistic anthropomorphic numerical phantom based on the

2mm-thick teflon coating, has been introduced within the two
carotid models at corresponding positions (Fig.5), assuming
an healthy vessel, e.g. in absence of restenosis.

0.3 . X 0. ¥ 0.3
x (m) x(m)

Figure 5. Electromagnetic field (dB scale) radiated by a 2mm-teflon-coated
half-wave dipole implanted into the human carotid. Left) Frontal cross-section
of Visible Human FDTD phantom ; Right) Simplified cylindric phantom. The
dipole is placed inside the carotid at position z=34.8cm and z=56.8cm in
both the models.

The results obtained by FDTD simulations are visible in
Fig.6 for what concerns the input impedance of the antenna
and the electric field along the x-line passing through the
dipole’s axis. The impedance estimations by the two models
are quite in agreement with less than 2 < 6€2 difference in the
entire UHF (World- Wide) RFID Band. This is an expected
result since the high losses of the human tissues force the
interaction with the antenna to be very local. The cylindri-
cal phantom is therefore adequate to capture the significant
physics of the neck, at least in the considered frequency band.

Concerning the outside radiation, it can be observed that the
field profiles are almost overlapped and well fitted by the 1/x
curve indicating the typical far-field attenuation. Therefore,
just after a distance of about 15cm from the locus of the
implant, it is reasonable to assume the far-field approximation
and hence to apply the equations in Section II to extract the
RFID parameters of the STENTag, required for the design.

— Visible Human

= = = Equivalent Phantom 30 /

o 02 04 08 08 "84 860 880 900 920 940 960
Frequency [MHz]

Figure 6. Left) Electric field along the x-axis (at heigh 2=56.8cm correspond-
ing to the dipole’s center) radiated by a half-wave dipole implanted in the
human carotid for the two different numerical phantoms of Fig.5. The typical
far-field profile 1/x has been also superimposed. Right) Input impedance of
the same dipole as predicted by the two numerical phantoms.
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B. Design Procedure

Once fixed the antenna’s shape, the topology of the antenna
adapter, the RIFD IC, the design constraints and the models
simulating the biological process under investigation, it is
possible to iteratively apply the design procedure in Section II
in order to search for the most suitable matched state V,,
and the corresponding value of the inductance L,,. In all
the considered cases the electromagnetic model is solved by
an FDTD tool which directly provide the antenna gain and
impedance, while the derived power functions in (2) and (5)
are then obtained in post-processing assuming a reader-tag
distance of 20cm and a 5dB-gain reader’s antenna in linear
polarization. Fig. 7 shows the backscattered power as in (2)
normalized to the turn on power P[%, ps(¥) = Pg.r/PL°
and the turn-on power as in (5) versus the ISR process for
three possible matched states ¥,,, = {1, €6, 1}, calculated at
the European UHF-RFID frequency §70MHz.

Among the considered choices of ¥,,, the case ¥,, = €
offers the best trade-off between sensing sensibility (the slope
of the curves) and the communication reliability which is
expected to improve since the turn-on power decreases as
the vessel’s state worsens. The simulated dynamic range of
the backscattered power between the healthy stent and the
atherosclerotic restenosis is about 1 : 3, while the maximum
required turn-on power is 25d Bm, comparable with the power
emitted by a mobile phone.

The resulting value of input impedance at 870MHz is
Za(€s) = 29 + j22Q and finally the matching inductor, as
deduced from inversion of (6) through (9), is L,,, = 30nH.

C. Prototypes and experimentation

A prototype of the STENTag is shown in Fig. 8. Since the
Nitinol alloy can not be easily soldered, the wire components
have been interconnected by means of crimped miniature con-
nectors. Finally, the IC and the inductor have been insulated
by a teflon tape (not shown in the figure) before the implant.

The STENTag has been experimented in vitro by means of
equivalent liquid phantoms, according to the numerical model
of Fig. 4. The larger and smaller cylinders have been fabricated
by perspex pipes of thickness 2mm and 1mm, respectively,
and then filled with liquid mixtures of water, sugar and salt
which simulates the dielectric properties of the human tissues
according to the recipes in [29]. The measured permittivity of
the liquid phantoms, averaged over 6 samples, are indicated in
Tab.I and compared with the expected values from the recipes.
The diffuse proliferative ISR has been rendered by dividing
the small pipe into three parts. The central one, wherein the
STENTag is placed, is dynamically filled/emptied by means
of a proper hydraulic circuit (Fig. 9).

All the measurements have been performed within the UHF
band (840-960 MHz) by means of a UHF Thing-Magic M5e
reader, connected to a 5dB gain linear polarized patch antenna
(Fig. 9) which is placed at 20cm from the neck phantom, as in
the simulations. The reader permits to control the input power
by 0.5dB steps and the receiving module performs a 8-bit
digital conversion of the signals backscattered by the tag.
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Figure 7. Normalized backscattered power and turn-on power of the

STENTag simulated at 870MHz during the ISR process for three different
choices of the matched state. The simulated data are sorted according to the
real part of the considered complex permittivity.

Figure 8. STENTag prototype with a details of the integration of RFID IC
and of the inductor.

Fig. 10 shows the curves of the measured turn-on power in
the UHF band, versus the change of permittivity of the liquid
filling the STENTag. The curves have similar behavior but
are clearly distinguishable. The power required to turn on the
chip reduces as the stenosis’s grade gets worse. A nearly 3dB
dynamic range is observed at each frequency when moving
from the healthy condition to to complete plaque occlusion of
the duct.

A more quantitative representation including the error anal-
ysis and the comparison with the computer simulations at
870M H z is given in Fig. 11 for both the backscattered power

ps(¥) and the turn-on power P/°(¥). The mean value and
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Figure 9. Experimental set-up comprising the liquid phantom resembling
the neck where the STENTag has been implanted , and the interrogation 5dB
patch antenna connected to the Thing-Magic M5e reader (not shown in the
figure). The darker area in the central part of the phantom corresponds to the
ISR. Such a volume is filled/emptied by means of a proper hydraulic circuit.
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Figure 10. Measured turn-on power in the UHF (World- Wide) Band for the
STENTag prototype, versus the change of the liquid permittivity filling the
carotid-like pipe.

the standard deviation (the gray region) have been calculated
starting from nine measurements at different angular offset
(within +30°) between the reader’s antenna and the tag.

First of all, it is apparent that in spite of the high tolerance in
the fabrication of the tag and, non least, the typical instabilities
of the receiving module of the RFID reader, simulations
and measurements are in reasonable agreement, demonstrating
the possibility to master the sensing and the communication
response of the implanted radio sensor by means of the
proposed design methodology.

The sensitivity to the tag’s status is remarkable even in
the early modification of the liquid, corresponding to an
IRS = 50% (from € to €3) with a monotonic behavior in the
entire considered permittivity range. The turn-on measurement
is almost invariant with the observation angle with less than
0.5dB uncertainty mainly due to the poor resolution of the
reader. An even sharper sensitivity to the vessel’s change is
finally found by the backscattering analysis, with approxi-
mately 5dB span between the healthy carotid (€;) and the full
occlusion by plaque (€7). The measurement variability of the

backscattered power is instead not negligible, especially for
extremely low values of €s¢ent.
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Figure 11. Measured (mean and shaded uncertainty region) and simulated

a) backscattered power and b) turn on power for the STENTag prototype at
870M H z, on varying the liquid composition inside the carotid-like phantom.
The measured data are sorted according to the real part of the considered
complex permittivity.

In order to analyze the sensibility of the proposed approach
to the variability of the body district, the STENTag has been
experimentally characterized also by considering a bigger neck
phantom, resembling a stout subject. Such a phantom, referred
to as thick phantom, is similar to the one in Fig. 4, except
for the different diameter of the large cylinder (D=13cm) and
for the position of the carotid-like pipe with respect to the
border (p=3cm). The results (Fig. 11) are similar to those of
the previous case except for a 3dB scaling since the increased
size of the phantom and the deeper position of the radio-sensor
produce a rise of the losses and consequently of the power
required to establish the communication.

The uncertainty in the measured data may be however
reduced by using all the frequency domain data in Fig. 10
and introducing an averaging operator over frequency. It is
hence defined a normalized scale factor:

< &(¥) — &(¥o) >
< &(Yo) >

where the “<>” brackets indicate the average over fre-
quency samples and & {Pl°orps}. Fig. 12 shows the
averaged 7y, and ~ypto for the two phantoms. For clarity only
the standard deviation of the thin case is presented. Since 7y is a
relative parameter, the profiles of the two phantoms are almost

Ve = (12)
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Table II
MEASURED RELATIVE CHANGES IN THE STENTAG RESPONSES

\ AP{7 (%) \ APR1(%) \ Avpin (%) \ Avps (%) ‘

11% 33% 6% 38%
56% 400% 42% 370%

€1 — €2
€1 — €7

overlapped, demonstrating the repeatability of the sensing
measurement regardless the human variability. Moreover the
use of an averaging indicator sensibly reduces the uncertainty
of the data, when compared to Fig. 11. In the worst case the
uncertainty is only the 3% of the mean value, while in the
early grade of the restenosis (ISR <50%) it drops to less than
1.5%.

4 — Thin Phantom
=< — — Thick Phantom

14.13 27.5 414 482 55 6145

Stenosis

ISR<50%

482 55 61.45

14.13 275 414
Stenosis

Figure 12. Normalized scale factor «y of a) backscattered power and b) turn
on power for the two phantoms, on varying the liquid composition inside the
carotid-like pipe. The measured data are sorted according to the real part of
the considered complex permittivity.

Finally, by a linear fitting of the curves in Fig. 11 and
12, it is possible to estimate the percentage variation of all
the previous power indicators referred to the healthy state €,
(Tab.II). In particular, a remarkable 33% of variation of the
STENTag response may be achieved in the early restenosis
(64 — #€) by monitoring the changes of the normalized
scale factor of the backscatterd power and more than 3 times
changes at the atherosclerotic restenosis (€; — €7).

IV. CONCLUSIONS

Numerical analysis and early experimentation seem to
corroborate the possibility to sense some inner biological
processes by means of implanted passive RFID tags. These

phenomena in evolution produce specific and macroscopic
effects on the electromagnetic response of the radio-sensor,
which are detectable by the available low-cost technology and
with limited power budgets (maximum radiated power less
than 1W EIRP), making feasible to embed the required reader
capability inside an hand-held device and even into a smart-
phone.

Tag design may benefit from various degrees of freedom:
the sensitivity of the radio-sensor can indeed be enhanced by
using high impedance ICs, while the inversion curves, relating
the expected tag response to the change of the physical phe-
nomena, may be shaped by a wise selection of the impedance
matching condition.

The RFID interrogation provides two independent measure-
ments: turn-on power and the the backscattered power which,
if observed over the frequency, may provide really robust
and monotonic metrics, rather immune to the specificity of
patients and to the measurement modality. For the considered
application to the STENTag problem, the achieved sensing
capabilities look enough to fully discriminate the early grade
of restenosis (€, — €2 ISR~ 50%) by about a 40% variation
in the measured data.

The described design technique may be however straightfor-
wardly extended to many other implanted metal devices, such
as prosthesis, sutures, graft or orthopedic fixings, for which
long-term monitoring may provide an added value and turn
the patient itself into a primary hub in the emerging personal
Healthcare Systems.
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