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Numerical and Experimental Characterization of
Through-the-Body UHF-RFID Links for Passive

Tags Implanted Into Human Limbs
Rossella Lodato, Vanni Lopresto, Rosanna Pinto, and Gaetano Marrocco

Abstract—Radio frequency identification (RFID) in the UHF
band has been recently proposed as enabling technology to de-
velop implanted radio-sensors to be integrated into orthopedic
prosthesis because of the power autonomy and standardized
communication protocols. This paper investigates the feasibility
of direct and forward links for UHF-RFID (860–960 MHz)
tags implanted into human limbs, that are interrogated by a
noncontacting reader’s antenna, with the purpose to label and,
in a near future, to collect data about the health status of an
implanted orthopedic prosthesis. Performance gain indicators of
the through-the-body RFID channel are estimated by electromag-
netic simulations over an anthropomorphic phantom as well as
by means of experimentation with a real RFID communication
link involving a simplified in vitro setup. The achieved results
suggest that, by exploiting the current potentialities of RFID
technology, and for the specific tag (loop antenna) and reader
antenna (SPIFA) herein considered, a stable communication link
with tags implanted inside limbs might be already feasible up to
10–35 cm from the body in full compliance with the constrains
over electromagnetic exposure. In the particular case of implanted
tag into an elbow, the estimated power margin in the direct and
inverse links could be even suitable to set up sensing-oriented
systems based onto turn-on and backscattered power modulation.

Index Terms—Implantable antenna, loop, radio frequency iden-
tification (RFID).

I. INTRODUCTION

P ROGRESS in miniaturized wireless devices is changing
the landscape of medical diagnosis and therapeutics [1],

[2] through the potentiality to take care of human health-state
“from the inside” [3] by means of electromagnetic labeling
and monitoring of body prosthesis, sutures, vascular stents,
orthopedic fixing, and artificial joints. The key idea [4], [5] is
to add communication and sensing capabilities to implanted
biomedical devices in order to store, into the device itself,
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detailed information about model, surgeon’s name, manufac-
turing and installation dates, as well as to collect data about the
health state of the device. Accordingly, doctors and surgeons
will be enabled to track the medical process before the surgery
event, thus reducing risk of mistake, as well as to monitor
the status of the implant in the surgery’s follow-up. Finally,
the resulting augmented devices will simplify the information
recovery in the long term, for instance in case of prosthesis
replacement, without the need to access paper documentation.
Orthopedic prosthesis, in particular, would greatly benefit of
above additional capabilities because of their widespread and
increasing diffusion [6] and the many possible pathological
complications to be monitored along years, such as tissue
regrowth, infections, and displacement. Moreover, orthopedic
prosthesis offer remarkable surface to host electronics for
sensors and communication.
Among some technology options, passive radio frequency

identification (RFID) [7] can be considered a key-player in the
development of battery-less sensors implanted into limbs due to
the assessed communication standards and to the availability of
a great variety of low-cost commercial off the shelves (COTS)
components. Due to the very low profile and size, RFID tags
could be hence suitable to integration inside polymeric/metallic
parts of orthopedic prosthesis and even to take benefit of the
host’s shape to improve radiation performance.
Pioneering investigations in [5] and [8] on implanted RFID

antennas for prosthesis tracking considered a nonradiative
transcutaneous near field communication mechanism involving
a contacting reader’s electrode directly placed over the skin,
in front of the implanted tag. Experiments were performed at
both HF (13.56 MHz) and American (US)-UHF (915 MHz)
frequency.
Radiative transcutaneous links, allowing a true remote

telemetry, could be instead useful to exploit new kinds of
interactions between the user and smart environments in the
emerging paradigm of body-centric sensor networks [9]. At this
purpose, RFID implants in the UHF bandmay offer some attrac-
tive advantages over HF tags because of the higher data-rate,
larger effective area of the implanted tag’s and reader’s antennas
and longer activation distances. Moreover, the direct processing
of the backscattered power signals could enable to sense local
physical variation [9], [10] occurring in the neighborhood of
the implanted tag, as already demonstrated for the case of
the cerebral edema [11] and tissue regrowth in proximity of
vascular implants [4]. More specifically, a biological process
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involving a change in the shape and morphology of the tissues
(e.g., the bone regrowth after a prosthesis implantation), will
produce a variation of the local effective permittivity “sensed”
by an implanted tag. Accordingly, its electromagnetic response
(activation power, backscattered power, and phase) to the
reader’s interrogation will carry physical information from the
inside and can be converted into sensing information by using
calibration curves. Tags may be moreover loaded by chemical
interactive materials or by sensing-oriented microchips in order
to gain specificity, for instance to the temperature changes that
are significative of inflamed tissues [12]. Finally, the sensing
information, retrieved by the reader processing unit, can be
remotely written by the reader itself into the user memory of
the tag’s microchip as local documentation, if required.
This work is aimed at investigating and experimenting the

feasibility of radiative through-the-body UHF RFID links
between an external noncontacting reader’s antenna and tags
implanted inside limbs, in regions wherein orthopedic pros-
thesis are generally placed. A square loop antenna integrating
an RFID microchip is considered in both numerical simula-
tions and laboratory experimentations over phantoms. True
RFID communications are established in order to evaluate the
required power, the maximum achievable read distance for the
different implants, the link sensitivity to body build and to the
reader-tag alignment and finally the compliance of the system
with electromagnetic exposure constraints. Because of the huge
power attenuation produced by the human body, the expected
read distance will be modest and the far-field approximation
does not apply. Therefore the electromagnetic interaction
between the implanted tag and the external reader is described
by the very general two-port network formalism capable to
model the forward and backward links by means of equivalent
gains from which power parameters can be easily derived.
Numerical simulations are performed over an anthropomorphic
model. Measurements involve cylindrical containers filled
with minced meat, bone, and a metallic tape representing a
simple dielectric phantom of human limbs with and without
a prosthesis inclusion. Power margins are finally estimated to
provide information on the communication performances in
the perspective of current and forthcoming RFID microchip
technology.
The radiation performance of a folded dipole tag working in

the US-UHF band, implanted in several numerical human arm
models have been very recently discussed in [13]. The antenna
is studied in transmitting mode, however without the integra-
tion of RFID microchips. Measurements and simulations es-
timated an antenna gain of about 30 dB. Finally, both near
field and far field patterns have been investigated in [14] for
2.45 GHz dipoles implanted in the vicinity of the clavicle, upper
arm, lower arm, and hand, with specific focus to active wireless
systems without establishing a true RFID communication link.

II. RFID EQUATIONS IN THE VERY SHORT RANGE AND
PERFORMANCE METRICS

It is well known that the tag’s performance and the achievable
read range are strictly correlated with the object where the tag
is placed on. Tags’ realized gain (see Table I), may span from
3 dB down to 30 dB (or even less) in case they are attached

TABLE I
TYPICAL REALIZED GAINS AND READ RANGES OF THREE FAMILIES OF TAGS

ACHIEVABLE BY MEANS OF 2013 RFID TECHNOLOGY

Fig. 1. Geometrical parameters of a through-the-body radiative RFID link
involving an implanted passive RFID tag inside limbs and a noncontacting
reader’s antenna.

Fig. 2. Two-ports network representation of a through-the-body passive RFID
link wherein the reader’s section is accounted by a circulator decoupling the
input signal from the backscattered one.

onto low-loss goods or instead placed over the human body or
implanted inside it. In the last cases the read distance may be
dramatically reduced below the far field limit due to the huge
power loss of human tissues. Accordingly, the electromagnetic
behavior of the tag and of the reader will be strongly intercorre-
lated depending on the specific locus of the implant.
With reference to the Fig. 1, the features of the RFID radio

channel involving implanted tags depend on the particular
configuration in which indicates the body region
where the tag is implanted in, is the distance between the
reader’s antenna and the body surface and is the depth of the
implant measured from the body surface. The close-proximity
electromagnetic coupling between the reader’s antenna and the
implanted tag is modeled by a lossy two-ports system (Fig. 2)
that is characterized through its impedance matrix : port
1 (input) and port 2 (output) are the reader’s antenna and the
tag terminals, respectively. This model is more general than
the Friis equation since it is able to capture all the near-field
interactions.

A. Direct Link

The forward link between the reader and the implanted an-
tenna is fully characterized by the transducer power gain

(1)
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e.g., the tag’s ratio between the power delivered by the
reader to the chip and the available power of the generator.
The transducer power gain can be easily expressed [17] in terms
of impedance parameters as

(2)

where is the input impedance of the reader’s generator as-
sumed to be real in the UHF-RFID band
and is the impedance of the IC transponder in the har-
vesting mode (typically a low resistance plus a capacitive reac-
tance). It is worth noticing that the transducer power gain in-
cludes the eventual mismatch at the reader-antenna port as well
as at the RFID tag-microchip interconnection caused by the dis-
turbing effects of the human body.With reference to the specific
configuration , the parameter fully describes the activation
of the RFID microchip, since the microchip will turn on and en-
able the communication link with the reader only when the har-
vested power is higher than the microchip threshold , e.g.,
when

(3)

The Direct Link Margin expresses a feasibility condi-
tion of the direct link, for the specified IC power sensitivity and
maximum available power that, for a commercial reader, is gen-
erally 1 W.

B. Backward Link

The tag responds to the reader’s query by modu-
lating its internal load between two impedance levels

so that a backscattering modulation
is achieved. Accordingly, the embedded reflection coefficient
at the reader’s port (accounting for the coupling with the body
and with the here-implanted tag) will be

(4)

where is the input
impedance toward the reader’s antenna port, depending on the
current microchip equivalent impedance and on the specific
implant configuration, and is the equivalent input
impedance of the reader’s receiver after the circulator (see
Fig. 2). The backscattered power strength corresponding to
the modulated signal, after carrier suppression [18], can be
expressed in terms of the differential reflection coefficient as

(5)

An effective merit figure of the power efficiency of the back-
ward link is the round-trip gain , e.g., the ratio between the
power backscattered by the tag and hence collected by
the reader’s receiver and the available power at the terminal of
the reader’s antenna

(6)
By assuming, for simplicity, that and
, practically an open circuit, it is easy shown from [17] that

Fig. 3. (a) Implanted square-loop tag (size in mm) over a Forex substrate,
protected by a polyethylene coating and tuned in the EU-UHF RFID band.
(b) Simulated power transfer coefficient when the tag is implanted in an uni-
form muscle-like medium.

the round trip power gain can be deduced from [Z] parameters
as

(7)
The round-trip power gain quantifies the capability of the

system to correctly receive backscattered power emitted by the
tag. Denoting with the power sensitivity of the reader, the
power constraint for the reader to detect the tag’s response is

(8)

where is the Backward Link Margin.
Thus the RFID link will be hence fully active in the configu-

ration when both (3) and (8) conditions are satisfied.

III. NUMERICAL SIMULATIONS

Above formulation has been applied to extract the RFID per-
formance parameters of RFID tags implanted in different region
of a numeric anthropomorphic model based on the voxel data set
of the Visible Human (VH) Project [19]. The VH model (187.5
cm high and 104 kg of weight) comprises 35 different tissues
with a spatial resolution of . The permittivity
and conductivity of VH are referred to the European (EU) UHF
RFID band 865.6–867.6MHz. The impedance matrix of
each implant has been computed by means of a commercial full
three-dimensional electromagnetic simulation tool, based on the
Finite Integration Method (CST Microwave Studio 2013). The
transducer and round-trip gains are finally evaluated through (2)
and (7).

A. Reference Tag and Reader’s Antenna

The reference implanted tag [Fig. 3(a)], considered
throughout the paper, is a planar square loop (external size:
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Fig. 4. (a) Stacked Planar Inverted-F Antenna (SPIFA) over Teflon substrate used for the interrogation; (b) simulated reflection coefficient in free-space.

12 mm 18 mm) over expanded PVC (Forex) substrate
having 3-mm thickness and electric parameters ,

in the EU-UHF band. The material has
been selected only for manufacturing convenience. In real
applications, instead, components’ biocompatibility needs to
be carefully accounted for, with a look to the tag integration
into the prosthetic device. For instance, the copper used in
this prototype could be replaced by titanium alloys commonly
used in the fabrication of metallic parts of the prosthesis. The
dielectric coating could be achieved by Biomedical Grade
Elastomer [20] or by Polytetrafluoroethylene (PTFE) layers
through electro-spinning technology [21] that allows coating
any shape and nanometer thickness.
The loop is assumed to be connected to an RFID mi-

crochip with RF equivalent impedance for harvesting mode
, resembling the commercial

Impinj Monza-4 die. The intrinsic inductive reactance of the
loop simplifies the conjugate matching of the antenna to the
microchip, thus avoiding the need of additional lumped de-
vices as instead in [4]. The antenna is finally encapsulated by
0.01 mm polyethylene coating ( , )
to achieve electrical insulation from the biological tissues. The
antenna has been tuned in the EU-UHF RFID band, for the
reference case of placement inside a homogeneous muscle-like
phantom ( , at 870 MHz). The achieved
power transfer coefficient1 approaching the maximum value

[Fig. 3(b)].
The reader’s antenna (Fig. 4) is instead a broadband linear-

polarized (LP) stacked planar inverted-F antenna (SPIFA) over
Teflon substrate with external size 13 cm 20 cm and max-
imum gain of 4 dB along the broadside. The choice of LP an-
tennas at both sides of the link will permit to maximize the
power transfer, and hence the read distance, provided that a per-
fect polarization matching between SPIFA and loop is achieved.

B. Implant Configurations

The tag has been placed within the body of the VH phantom
in correspondence of the bone, considering four typical loci of
implant (Fig. 5): shoulder (superior humerus), elbow (inferior
humerus), hip (superior femur), knee (inferior femur). The re-

1The power transfer coefficient for the tag’s antennas—microchip interface is
the portion of the power harvested by the tag’s antenna that is absorbed by the
RFIDmicrochip, and can be computed as
where is the input impedance of the tag’s antenna accounting for the
interaction with the nearby environment.

Fig. 5. Sketch of the four considered implant configurations into the numeric
Visible Human body model, with pictorial indication of the positions of the loop
tags over the bones. The interrogating SPIFA is case by case placed in front of
the implanted tag, at distance from a reference plane touching the
body’s back.

TABLE II
DEPTH OF THE CONSIDERED IMPLANT LOCI

sulting depths of the implants are different depending on the
specific configuration (Table II) spanning from
for the elbow, up to for the hip where there is
a thicker layer of tissues. The reader’s SPIFA is placed at dis-
tance from a reference plane touching the back of
the VH and is aligned, in different simulations, in front of each
implanted tag.

C. Reduced Body Model

It’s preliminary useful to evaluate the portion of the body
model to be included in the simulation in order to get repre-
sentative results in reasonable time. Many tests revealed that,
due to the small distance between SPIFA and the implanted tag
and to the high losses of the human body, the electromagnetic
interaction is rather local and RFID gain metrics evaluated by
a full-body model may be accurately reproduced by means of a
small portion of the body centered along the SPIFA-tag align-
ment. For example, Fig. 6 shows the gain estimation for a tag
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Fig. 6. Comparison between the transducer and round-trip gains of the implanted RFID tag in the knee when the numerical simulation is performed
over a full-body model or instead over an 80-cm portion of the phantom centered around the implanted tag.

Fig. 7. Simulated transducer and round trip gains for four considered implant loci inside the VH model and power transmission coefficient of the loop tag in the
various positions.

placed in the frontal part of femur in the proximity of the knee
, obtained by both a total-body model and a por-

tion of about 80 cm centered around the knee. Results differ for
less than 0.5 dB and thus all the next presented results have been
obtained by simulations onto reduced body models with a 50%
relevant saving in the computation time.

D. Link Performance versus Implant Locus

Fig. 7 shows the numerical estimated transducer gain and the
round-trip gain for the four considered configurations. Values in
the EU-UHF band are all lower than 35 dB. There is, however,
a remarkable 8 dB difference between implant into the elbow
and those in the other positions because of the significant dif-
ferent depth of the tissues layers (see Table II) and hence of the
corresponding overall power loss of the body tissues between
tag and skin. Accordingly, there will be more severe power is-
sues for tag placements into shoulder, knee, and hip. It is more-
over worth noticing in Fig. 7 that the implanted loop exhibits a
modest matching sensitivity to the placement

TABLE III
RELIABILITY POWER MARGINS OF THE CONSIDERED IMPLANTED TAGS FOR

AND AND

locus, as already verified in [22] for implants into the abdomen,
so that a unique tag layout may be used for different kinds of
configurations. The experienced different system performance
is therefore mostly due to the unavoidable power losses of the
intermediate tissues which increase for deeper implants.
Above metrics can be easily translated into relevant data for

the RFID link feasibility. The corresponding power margins
and , evaluated by (3) and (8) for ,

, and , are given in
Table III and they are positive for all the cases, suggesting the
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TABLE IV
ELECTROMAGNETIC AND GEOMETRICAL PARAMETERS OF CYLINDRICAL LIMB PHANTOMS’ LAYERS IN THE EU-UHF RFID BAND

Fig. 8. Simulated transducer and round-trip gain for implants in knee-like cylindrical stratified phantoms corresponding to three cases of normal, muscular, and
obese builds. SPIFA-phantom distance . Black markers indicate the position of the tag.

feasibility of the RFID communication for the specific arrange-
ments. As in free-space RFID systems, the bottleneck is still the
direct link. As expected, the implants in shoulder, hip, and knee
are particularly challenging because of the very modest margin

, and hence the SPIFA-body distance should be
reduced to achieve a higher level of communication reliability.
The backward link is instead fully compliant with the reader’s
sensitivity and still offers a margin 17 to 34 dB.

E. Link Performances versus The User Build

Above simulation campaign is finally completed by ana-
lyzing the change of the link performance of RFID implants
depending on the variability of human build, e.g., the muscular
and fat mass. Computations have been performed over a sim-
plified stratified cylinder-like model of limb with the size of the
knee. The different thickness of fat and muscle layers simulates
physiological (normal/muscular build) as well as pathological
(obesity) conditions (Table IV). The corresponding electro-
magnetic parameters are derived from [23].
Fig. 8 compares the transducer gain evaluated for the

three configurations at distance . The difference be-
tween the worst case (muscular/obese) and the normal build is
about 1 dB, due to the different absolute depth of implant and
to the different percentage of surrounding muscle/fat.

IV. EXPERIMENTS WITH In Vitro PHANTOMS

This Section describes an experimental campaign aimed at
corroborating the numerical simulations. Experiments have
been performed in the frequency range (850–880 MHz) in-
cluding the EU-UHF-RFID band by using cylindrical phantoms
made by minced meat (muscle with 35% of fat with average
dielectric parameters ) and a bovine bone
segment reproducing the normal build as reported in Table IV.
Two kinds of arrangements have been considered: a muscle-

bone structure and a configuration wherein the bone has been

Fig. 9. (a) Prototypes of the SPIFA over Teflon connected to the reader and
(b) prototype of the implanted tag over Forex substrate (sizes in [mm]).

partly coated by a metallic tape to simulate an orthopedic im-
plant. The measured parameters, to be compared with simula-
tions, are the transducer and round-trip power gains, and finally
the maximum read distance. Three measurements have been
performed for each considered case and all the given results
refer to the average values.

A. Measurement Setup

The measurement setup comprises prototypes of the SPIFA
and of the square-loop tag (Fig. 9). The interrogating antenna is
connected to the ThingMagic M5e RFID reader.
The cylinder of the phantom is made by PVC with 150-mm

height, 120-mm diameter, and 2-mm thickness.
The reader is controlled by a proprietary software capable to

estimate the turn-on power that is the minimum value of
required to activate the IC transponder. At this purpose

the reader’s output power is continuously increased up to col-
lect a response from the tag. In that condition, the power deliv-
ered to the tag’s chip equals the sensitivity and can be
obtained from the definition (1) by setting

(9)
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Fig. 10. (Top) Limb phantom simulating muscle and internal bone. The tag
is now placed over the lateral surface of the bone so that the implant depth is

. (Bottom) Measured and simulated transducer power and round
trip gains for .

The round-trip gain is instead computed from (6) wherein the
backscattered power collected by the reader’s receiver is esti-
mated from received signal strength indicator (RSSI) through
the following reader-specific conversion formula, provided by
the manufacturer:

(10)

and after calibration through free-space measurement over ref-
erence tags.

B. Meat-Bone Phantom

The meat-bone phantom of Fig. 10 (average bone’s diameter
equal to 4 cm and implanted depth ) is an interme-
diate case between the elbow and knee implant (see Table III)
and resembles the normal build in the layered model consid-
ered in Table IV. The measured transducer and round trip gains
for phantom-SPIFA distance are in reasonable
agreement with the simulated profile (see Fig. 10). In particular
the measurement/simulation mismatch is less than 0.5 and 1 dB
within the EU-UHF RFID band for and , respectively.
In a second experiment, the reader’s antenna is moved away

from the phantom (Fig. 11) and the transducer gain is estimated
by the turn-on method at each position. The resulting gain-dis-
tance dependence exhibits a 0.3 dB/cm attenuation with a
profile, as found by linear regression of measurement data. The
achieved maximum read distance of the tag was ,
after that the tag stops responding. Measurements and simulated
data obtained by means of the two-ports model have been also
compared with the free-space model (Friis formula) that clearly
overestimates the gain, especially when the reader is placed in
the close proximity of the body (more than 5 dB in excess for

).
In a further test, the reader’s SPIFA is moved around the

phantom (Fig. 12) at a fixed 22-cm distance from the implanted

Fig. 11. Measured transducer gain for the cylindrical laboratory phantom
versus the SPIFA-cylinder distance compared with simulations by the two-ports
network and the free-space approximation (Friis formula). Measurements have
been moreover approximated by linear regression.

Fig. 12. Measured transducer gain around the phantom for an average
reader-tag distance of 22 cm. The dark area indicates the blind angular region
wherein the reader is not able to detect the implanted tag.

tag, and the parameter is estimated as above. The observed
angular dependence of the transducer gain is rather modest ex-
cept when the reader is placed in the opposite angular position
with respect to the implant. Due to the thicker layer of tissue
between the tag and the SPIFA, the corresponding power atten-
uation forbid the tag to activate. The exact alignment between
the implanted tag and the reader’s antenna is therefore expected
not to be a critical issue, provided that the reader-tag misalign-
ment does not exceed .

C. Meat-Bone-Metal Phantom

The last experiment considers the same setup as before with
the difference that the central part of the bone segment is now
coated by aluminum tape with the purpose to roughly simulate
a metallic part of a prosthesis. The tag is directly placed over
the aluminum and then the cylinder is filled by meat as before.
Measured and simulated results in Fig. 13 show that, even if the
loop was designed for a homogenous muscle-like region, it is
still possible to establish a stable RFID link and, moreover, the
resulting transducer gain is comparable to the one measured in
case of absence of the metal tape (few dB of difference in both

and ).

V. SAFETY ISSUES

Above numerical and experimental analysis seem to demon-
strate the technical feasibility of applying UHF RFID to limb
implants. However, the social and sanitary acceptance of such
devices can not skip the concerns about the compliance of radio
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Fig. 13. Cylindrical phantom with metal inclusion simulating a prosthesis when the reader is placed at distance . The tag is still implanted at a depth
. Measured (thick solid line) and simulated (dotted line) and .

Fig. 14. (Left) SAR distribution produced in shoulder by the reader’s antenna,
placed as in Section III-B and fed by 30 dBmW input power. (Right) table of
localized SAR averaged over 10 g of tissue.

emission with safety issues for an RFID reader’s antenna placed
so close to the human body. The quality parameter to be ana-
lyzed by means of the anatomical Visible Human model is the
localized specific absorption rate (SAR) averaged over 10 g of
tissue. SAR is required to be smaller than 4 W/kg for the expo-
sure of limbs and less than 2 W/kg for head and trunks [24] av-
eraged over 10 g of tissues and time-averaged over 6 minutes of
exposure. Fig. 14 shows an example of computed SAR distribu-
tion in the Visible Human for the case of implant in the shoulder.
The available power at the reader’s antenna is for
the worst case of continuous-wave emission. The estimated lo-
calized SAR values in all the four implant loci, in the same con-
figuration in Section III-B, are quite below the limits imposed
by regulations, so that the UHF interrogation of RFID implanted
tags in the limbs can be considered completely compliant with
SAR exposure limits.
It is worth noticing that the above considered reader’s power

could permit a larger telemetry distance than that considered in
the estimation of SAR, hence the safety issues could be even
more negligible. In particular, by assuming a 0.3 dB/cm power
attenuation with SPIFA-body distance, as experimentally found
in Section IV-B, the maximum telemetry ranges that could be
achievable with the above emitted power are {15 cm, 40 cm,
20 cm, 15 cm} for loop tags implanted into {shoulder, elbow,
hip, knee}, respectively.

VI. SUMMARY AND CONCLUSIONS

The combined numerical/experimental study demonstrated
the feasibility of RFID communications in the UHF band by
using loop tags implanted into the limbs, on the bones, up to

35 cm distance, having considered the current 18 dBm mi-
crochip sensitivity and 1 W of reader output power. For reader-
body distance less than 10 cm, the power margin in the direct
link is more than 2 dB in all the considered implant loci (and up
to 10 dB in case of elbow) while the backward link is muchmore
robust (power margin: 17–35 dB) as in the free-space RFID sys-
tems. The presence of metallic inclusion emulating a portion of
prosthesis seems to be still compatible with the RFID communi-
cation. The particular human build (normal, obese or muscular
subject) is expected to only moderately affect the direct link’s
gain (1 dB overall variation, at most) with a not remarkable
change in the read-range performance. Even the interrogation
modality is weakly influenced by the misalignment between the
reader and the implanted tag. Finally, the estimated power ab-
sorbed by the body under the exposure to the reader’s field, re-
sulted an order of magnitude smaller than what imposed by SAR
regulations, even in the worst case of continuous exposure.
It is worth recalling that the considered tag’s layout was in-

tended just for feasibility purpose, while a dedicated design ef-
fort, together with the selection of bio-compatible substrates,
will be instead required to comply with a true integration into
an existing prosthesis.
Within the current power limitations (emitted power and mi-

crochip power sensitivity), implanted RFID tags could be nowa-
days applied to labeling purpose, e.g., to store “inside the pros-
thesis” some clinical data of the patient and of the prosthesis
itself. For the most favorable implant in elbow, the residual 10
dB margin in the direct link, and the even larger margin of the
forward link, could be instead even suitable to implement some
sensing capability (as in [10]) based on analog power modula-
tion procedures, for instance to detect the motion of the limb
or to sense the internal temperature of the tissue. In the next
3–6 years, the expected reduction of the microchip consumption
suggests the possibility of physical sensing for all the implanted
loci and a read-distance up to 1 m. From a different point of
view, very low-power reader devices could be fully integrable
with personal smartphones, opening the door to crowdsourcing
health-care systems.
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