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Visual Summary: Scheme of the circular array interrogator, composed by four on-skin antennas fed by a power

splitter or a multiplexer, and of the eight IMDs in a simplified human arm model (top). Interrogating and
implanted antenna prototypes and realistic mock-up of measurement (bottom).

Take-Home Messages
o This work exploits the potentiality of a circular array of interrogating antennas to establish a robust RFID-
based transcutaneous link with multiple Implantable Medical Devices with no battery onboard and also
accounting for the safety constraints.

Thanks to the use of the array configuration, the minimum SAR-compliant power required to energize up
to eight IMDs hosting the state-of-the-art sensor-oriented ICs, is less than 23 dBm, well compatible with
portable small RFID readers.

The capability to monitor multiple IMDs over a large region of the human body is particularly useful in
some biomedical applications, such as the control of prosthetic hand through Electromyographic sensors,
with increased degrees of freedom in driving actuators.

The radiative near-field circular array permits to establish a robust transcutaneous telemetry with multiple
IMDs, thus enlarging the read region inside the human body for multi-point monitoring of physiological
parameters, with a robust power margin and in compliance with the electromagnetic exposure
regulations.

The transcutaneous telemetry of a multi-antenna array with multiple implanted sensors was studied, both
numerically and experimentally, considering a circularly body region (i.e. limbs), but the findings of this
work go far beyond this example of application with innovative and promising advancements in the
whole realm of Implantable Medical Devices.



Near-field Circular Array for the Transcutaneous
Telemetry of UHF RFID-based Implantable Medical
Devices

C. Miozzi, Student Member, IEEE, G. Saggio, E. Gruppioni, and G. Marrocco, Member, IEEE

Abstract—Wireless communication with Implantable Medical
Devices (IMDs) based on Radiofrequency Identification in the
UHF band suffers from the constraints on the maximum power
absorbed by the body tissues. Accordingly, an interrogating
antenna placed onto the skin is capable to monitor only a limited
region just below its footprint. In some applications like the hand
prosthesis controlled by Electromyographic signals emitted by
muscle contractions, multiple IMDs have to be used to increase
the degrees of freedom in driving the actuators. An array of inter-
rogators, working in the near-field can mitigate this bottleneck by
greatly extend the read region inside the body. Sequentially- and
simultaneously-fed arrays by a same reader are here investigated
to optimize the multi-sensor backscattering modulated links.
The conditions (feeding scheme and alignment) to guarantee a
robust interrogation of a relevant number of implanted sensors
with no battery onboard are identified also accounting for the
safety constraints related to the SAR. Numerical simulations
and experimentation with a cylindrical phantom resembling
human limbs, hosting reference antennas, demonstrate that the
simultaneous feed permits to interact with eight IMDs by using
nearly all the available power from typical readers (30 dBm,
22 dBm as a minimum) without exceeding the SAR limit with
a power margin (w.r.t. sensor-oriented ICs with -10 dBm power
sensitivity) of more than 5 dB for any angular alignment between
the array and the sensors.

Index Terms—Implantable Medical Devices, Radiofrequency
Identification, Transcutaneous Telemetry, Wireless Power Trans-
fer.

I. INTRODUCTION!

Implantable Medical Devices (IMDs) can wirelessly monitor
the health of prosthesis and, more in general, the patient
physiological data in real-time [1], [2] from the inside. They
are currently applied in clinical practice as integrated into
cardiac pacemakers and defibrillators. Further emerging appli-
cations concern visual prosthesis [3], brain-computer interfaces
[4], [5], embedded monitoring of oxygen [6], glucose [7],
[8], pH level [9], intracranial pressure [10], rise of local
temperature following inflammations [11] and of electrical bio-
signals [12]. The size and durability of IMDs are fundamental
requirements [13]. The highest simplification of the electronic
complexity can be achieved by resorting to the Radiofrequency
Identification (RFID) technology [11], [14], [15], [16], so
that the implantable sensor can be reduced to an antenna for
energy harvesting, an IC (Integrated Circuit) transponder and
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a dedicated sensor. The battery can be in principle avoided by
exploiting the passive communication with an external reader
through the backscattering modulation of the IMD load [17].
Flexible and conformable layouts of IMDs have been already
investigated [18].

Recently, the authors demonstrated [19], [20] the feasibil-
ity of an RFID-based transcutaneous wireless communication
through the arm in the UHF band (860-960 MHz) to capture
the myoelectric signals generated by muscular contractions
to control hand prostheses for amputees. In particular, the
actuators can be controlled by the electric signals produced
by the contraction of the residual muscles in the stump of
the amputated hand. Preliminary experiments involved a single
interrogating antenna, namely a microstrip slot placed on the
skin, and small loops as implanted antennas [19]. Moreover,
the authors verified the possibility to detect Electromyographic
(EMG) signals by using a really simplified and minimized
radio-circuitry for data transmission, just based on the AMS-
SLI900A chipset [20]. The averaged reading rate was 28 Hz
which, even though much lower than the 1 kHz sampling rate
provided by state-of-the-art equipment [21], was nevertheless
enough to correctly identify the muscle contractions and to
estimate their duration thus providing the user with control
over a single degree of freedom, such as hand opening/closing.
Higher sampling rate (from 60 Hz up to 1 kHz) have been
obtained as well through RFID-based platforms [22], [23],
at the cost of a more complex circuitry. A higher degree of
freedom in the prosthesis control could be achieved by using
multiple implanted sensors to monitor the activity of groups
of flexor and extensor muscles [24].

The bottleneck of transcutaneous link based on RFID [25]
is generally related to the compliance with the electromagnetic
exposure regulations, in terms of the Specific Absorption Rate
- (SAR). Indeed, the very low efficiency of an implanted
antenna and the modest sensitivity of RFID ICs implementing
backscattering-based protocols, demand for a high transmitted
power that in turn generates a risky exposure condition for
the body. Simulations and experimentations revealed that the
maximum power that can be continuously emitted by an on-
skin reader [26], in compliance with the safety constraints
(SAR averaged on 10 g less than 4 W/kg in the limbs),
must be less than 23 dBm in the worst case of continuous
illumination and neglecting the duty-cycle of the RFID pro-
tocol. In consequence, establishing a telemetry link with the
deepest implanted battery-less sensors is a challenging task.
In the state-of-the-art, the transcutaneous link can be correctly



activated with the only device that is implanted just beneath
the interrogator. Multiple implanted sensors will then require
a more advanced interrogation architecture.

In this paper, a multi-antenna interrogation system is pro-
posed, with the purpose to increase the number of RFID IMDs
that can be read with a robust power margin. The paper is
in particular focused on IMDs inside cylindrical-like regions,
resembling limbs.

Wearable multi-antenna systems have been already proposed
for the localization of endoscopic capsules by using radio
frequency-based methods [27], [28], [29], [30]. They are
mostly used in receiving modes to collect the signals emitted
by active IMDs working in transmitting mode. The instanta-
neous position of the moving IMD can be hence estimated
by processing the received-signal strength (RSS), the time-
of-arrival (TOA), or the angle-of-arrival (AOA). Transmitting
arrays of on-body antennas, driven in coherent or incoherent
modes, are instead widely used in microwave hyperthermia.
However, these arrangements were not used for transcutaneous
communication as their only aim is to enforce on the SAR
deposition pattern [31], [32], [33] maximizing the energy
delivery to localized targets, while preserving the healthy
organs.

In this paper, the concept of RFID array is instead in-
vestigated for the first time concerning the communication
with IMDs working according to the modulated backscattering.
The purpose is achieving a spatial field homogeneity in large
region of the limb so that a robust link with a multiplicity
of IMDs can be established. The described analysis will
determine the conditions (feeding scheme and alignment) to
guarantee the robust interrogation of a relevant number of
implanted sensors with no battery onboard, also accounting
for the safety constraints related to the SAR. Two different
types of power supply (sequential and simultaneous feeding)
are considered and the performance are parameterized in terms
of the SAR-compliant power margin (Section II). The idea
is hence exploited, by numerical simulations for the case of
devices suitable for implantation into the arm, for instance for
the monitoring of the myoelectric signals (Section III). Finally,
prototypes of all the components are used to experimentally
evaluate the transcutaneous links (Section IV) and corroborate
the numerically predicted power margins.

II. ARRAY ARRANGEMENTS AND PARAMETERIZATION

The multi-antenna transcutaneous telemetry system (Fig.
2) comprises M interrogating external antennas, forming an
equally-spaced circular array, which is placed around the body
region to be monitored or even on its surface. Without any loss
of generality, the implanted sensors are arranged along an N-
elements circular array, co-planar with the previous one, that
is placed inside the body.

Two types of feeding (Fig. la-b) are considered: sequential
and simultaneous.

A. Sequential feeding

In the sequential feeding scheme (Fig. 1a), the interrogating
antennas are sequentially powered by the generator through a
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Figure 1. Feeding schemes of the interrogating array for a) sequential and b)
simultaneous interrogations.

multiplexer having insertion loss Lj; so that only an antenna
is instantaneously active. IMDs will be therefore read at
different times. Denoting with Py the total available power
of the generator, the mth antenna will be then sourced by
Pgm = Pc/Lu.

The efficiency in the power transfer is quantified by the
embedded transducer power gain [11] G (), defined as the
ratio between the power Py, delivered to the nth IMD by
the mth transmitting antenna, when the remaining M — 1 are
switched-off (open-circuit termination), and the total available
power of the generator:

Pg PgmLy

GT,n(m) = (D

This indicator also accounts for possible impedance mis-
match at both reader and IMD sides as well as it includes the
electromagnetic coupling among transmitters and receivers in
the radiating near-field region where both electric and magnetic
phenomena are involved [34].

Referring to a typical COTS MUX [35], the size without
enclosure is 72 x 92 x 17 mm3. This is a general-purpose
device, and a further miniaturization can be feasible with an
ad-hoc optimized design. The declared current consumption is
< 12 mA that is negligible w.r.t. that of a typical wearable
RFID reader (~570 mAh [36]). The required power can be
then provided by the same battery sourcing of the reader with
no expected sensible reduction of the system autonomy.

B. Simultaneous feeding

In the simultaneous feeding scheme (Fig. 1b), the inter-
rogating antennas are always connected to the power source
through a power splitter having insertion loss Lg. In this case,

each interrogating antenna will be fed by Pg ., = ]\/I[)fs and




all IMDs will be interrogated simultaneously. The resulting
array is therefore coherent so that the total radiated field inside
the body is the vectorial superposition of the fields produced
by each interrogating antenna in presence of the others being
disconnected from the sources. The SAR will be hence derived
from the square value of the before-mentioned total field.

The performance parameter is the active transducer power
gain G, namely the ratio between the power P, delivered
to the nth IMD when all the interrogators are switched on,
according to the scheme in Fig. 1b, and the total available
power from the generator:
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C. Link Margin

By assuming, for simplicity, that IMDs include IC transpon-
ders of a same family, with power sensitivity p;c, the mini-
mum power required by the reader to activate the nrh implanted
sensor, so that? P, = Prc, 18 :

min __ pbic
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GT,n
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Let PZ**(SAR,) be the maximum power continuously
emitted by the reader so that the corresponding SAR delivered
in the body is less than the regulation limit SARy, the
feasibility of the link can be quantified by the constrained
power margin referred to the turn-on of the nth IMD:

Pmer(SARy)

M, = .
szn
G.n

“

The nth IMD is then activated by the reader, provided that
M, > 1. M, hence gives a measure of the power in excess,
w.r.t. the available one, in the communication between the
interrogating system and the generic implanted device. The
parameter M,, quantifies the reliability of the link with the nrh
IMD. From (3) the margin can be expressed in terms of the
transducer power gain as:

Pg(SAR) ,

aprc

Mn = Tn (5)
where o > 1 is an additional safeguard margin, hereafter
fixed to 2 (3 dB) accounting for non-fully predictable param-

eters of the system.

ITI. NUMERICAL ANALYSIS: LOOPS IN THE ARM AND
ON-SKIN SLOT INTERROGATORS

Without loss of generality, let consider the case of M = 4
interrogators and N = 8 IMDs placed at the muscle-fat
interface of an arm. This arrangement can be useful for the
detailed monitoring of the electromyographic signals on the
agonist and antagonist muscles [26] of the forearm of an
amputee for hand prosthesis control.

2the notation P, and G, will be hereafter used for both simultaneous
and sequential feedings. For the latter case, the “n” subscript must be read as
n(m).
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Figure 2. Reference antennas for the transcutaneous telemetry system: a) the
loop implanted transponder and b) the interrogating microstrip slot. Relevant
size (in [mm]): a = 13, b = 8, s = 2.5, L = 40, W = 25, t = 3,
d = 1. Arrows indicate the reference directions to identify the placement in
the body. c) Cross-section view of the simplified arm model with the circular
array interrogator, composed by four microstrip slots, and eight implanted
loops. Black circles indicate outgoing arrows, thus according to the rule, the
interrogating antennas are oriented so that the slots are parallel to the cross-
section of the arm. Body tissues (thickness in [mm], relative permittivity &,
conductivity o in [S/m]): bone (7.5, 20.8, 0.33); muscle (26, 55.1, 0.93); fat
(2, 5.5, 0.05); skin (1, 41.5, 0.85).

A. IMDs and interrogating antennas

IMDs are emulated by a (13 x 8 mm?) rectangular loop
hosting the RFID IC in the middle of the longer side (Fig.
2a). Taking into account the effective permittivity of the human
body, the electrical size of the implanted loop is not so small
compared with the wavelength. Thus, the current distribution
is not uniform on the loop perimeter. Numerical simulations
showed that the radiated field in the near region outside the arm
is mostly with horizontal polarization (w.r.t. the arrangement
in Fig. 2c¢).

To optimally couple with the field of the loop, the considered
interrogating antenna is a double-folded patch (external size:
40 x 25 mm?2, thickness: 3 mm, internal dielectric proprieties:
g, = 1.55, 0 = 6 - 10~* S/m) forming an open-end slot (Fig.
2b) whose electric field must be aligned with the larger size
of the loop [26]. For the sake of simulation simplicity, above
antennas are considered flat, namely without exactly matching
the curvature of the body segment. To make the antenna more
conformable, the implementation could exploit textile (FELT)
or foam (EPDM) substrates, as already experimented by the
authors in [37], [38]. A brief discussion of possible impact of
the bending in the multi-element transcutaneous link is given
in the Appendix.

Both external and implanted antennas are tuned at 867 MHz.
In particular, the implanted transponder is optimized with
reference to the IC impedance [42] Z;c = (12 — j120) {2 that
will be used in the experimental session. A conservative value
of chip sensitivity is pyc = —10 dBm that is compatible with
state-of-the-art RF-chips enabling the interface with external
sensors [43].

The two antenna arrangements are mutually rotated of an
angle ¢ = 22.5° (Fig. 2¢) and the mutual orientation among
antennas (indicated by arrows in Fig. 2) is such to preserve the
two-plane symmetry, as well as to optimize the transcutaneous
coupling as discussed above. Insertion losses for both the
multiplexer (sequential feed) and power splitter (simultaneous
feed) are assumed to be Lg = Ljy; = 0.7 dB (1.18).



B. Body Model

The body model is a 35 cm-long multi-layer cylinder having
the size of a human arm (cross-section view in Fig. 2c¢). The
phantom includes a bone core, muscle, fat and skin whose
dielectric properties in UHF band and thicknesses (caption in
Fig. 2¢) are derived from [39] and [40]. The layered cylinder
is included into 3 mm-thickness external shell of epoxy resin
(e, = 4, 0 = 6-1073 S/m). This shell can be found in
typical prosthetic hand socket where the prosthesis is inserted
[26]. Interrogating antennas are hosted on the external surface
of the shell and hence they are not in direct touch with the
skin. This configuration is beneficial to reduce hot spot in the
limb and hence to improve efficiency of the antenna [41]. For
the application of the interrogating antennas on different body
regions, even when a prosthesis is not involved, they could
be partly insulated from the skin through an interfacing (soft)
ribbon layer and hence the same model can be applied as well.
Sensors are placed in the muscle at 5 mm distance from the
internal shell of the cylinder.

C. SAR constraints

Fig. 3 shows the simulated® electric field amplitude and
the corresponding SAR on the cylinder cross-section for the
two arrangements of the feeding arrays. Data are referred to
867 MHz and to a total input power Pg = 1 W. In the
case of a simultaneous feeding scheme, each antenna will be
hence fed by (0.25/Lg) W so that a lower SAR is expected
w.r.t. the sequential feeding. It is worth reporting that the
mutual impedances between the four interrogating antennas,
i.e. the off-diagonal elements of the impedance matrix, are
10% up to 20% at most of the self-impedances values. This
means that the coupling among the patch antennas is modest
due to the high losses of the human body, which enforce an
electric decoupling. Consequently, the power delivering of each
antenna to the tissues is rather local. Nevertheless, for the sake
of accuracy, the coupling have been fully accounted in the
simulations.

The distribution of electric fields and SAR when the external
antennas are powered, one at a time, and in the case of
simultaneous power supply, respectively, are shown in Fig. 3.
As expected, the simultaneous array generates a more uniform
field distribution on the whole cross-section (Fig. 3a) even if
with reduced peaks w.r.t. the sequential array. Moreover, the
SAR (Fig. 3b) is less localized in the case of simultaneous
array with a maximum value, averaged over 10 g, which is 4.5
times smaller than in the other configuration (5.0 W/kg vs. 21.9
W/kg). Therefore, since the exposure regulation [45] requests
SARy04 < 4 W/kg, it follows by linearity that the power emit-
ted by the generator must be less than PZ** = {22.6, 29.0}
dBm for sequential and simultaneous feed, respectively. Ac-
cordingly, by considering the power splitter, each antenna
in the simultaneous scheme can be sourced by the same
maximum power (Pg ,, = (20—6—0.7) = 22.4 dBm), similar
to that of the sequential scheme (Pg ., = (22.6 —0.7) = 21.9
dBm). This is a consequence of the modest coupling among

3Simulations by CST Microwave Studio 2019, Time Domain solver.
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Figure 3. Simulated a) electric field distribution and b) SAR on the cylinder
cross-section passing through the center of the interrogating antennas for both
the sequential and simultaneous arrays. Results at 867 MHz corresponding to
Pg =1 W of available power at the generator.

antennas so that their effect is practically independent. On the
whole, the simultaneous interrogation permits to use nearly the
whole available power (30 dBm) without exceeding the SAR
limit with the benefit that all the sensors will be sampled at
the same time.

D. Transducer Gain and Link Margin

Fig. 4 shows the computed embedded and active transducer
power gain for the two array configurations whose antennas
are all well tuned to the worldwide UHF RFID band. In case
of sequential feeding, IMDs far from the active slot antenna
(52 — S7 in Fig. 4a) will experience a gain degradation of
more than 15 dB w.r.t. the two IMDs (57, Sg) just beneath the
interrogator R;. Instead, the gain values are identical for all
the IMDs in case of simultaneous feeding. There is however
a reduction of 8 dB w.r.t. the best energized IMDs in the
sequential feeding, mainly caused by the 1:4 power splitting.
Hence, as also found for the field and SAR distributions, the
simultaneous feeding provides a much more uniform link gain
for all the IMDs, at the expenses of a reduction of the peak
values.

The corresponding link margins from (5) are resumed in
Tab. I. In case of sequential reading, each reader’s antenna is
capable to activate two implanted tags with a power margin
M, = 8.8 dB. The data rate of the system is hence 2 data
samples per read and it implies a minimum power consumption
of 12.0 mW for each interrogation, as can be gathered by
exploiting eq. (3) and considering the transducer power gain
in Fig. 5 at 867 MHz and the chip sensitivity of -10 dBm, as
above.

In the simultaneous feeding scheme, instead, all the IMDs
will be activated with the same margin M,, = 7.1 dB with
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transcutaneous links for a) sequential and b) simultaneous feeding schemes.

Table 1
CONSTRAINED POWER MARGINS (IN DB) AT 867 MHZ IN CASE OF
SEQUENTIALLY AND SIMULTANEOUSLY FED INTERROGATING ARRAYS.

Sequential .
B R [ B [ Simultaneous
S 8.8 -4.6 -11.4 -7.6 7.1
So -4.4 8.9 -8.1 -11.3 7.1
S3 -7.6 8.9 -4.6 -11.4 7.1
Sy -11.3 -4.4 8.8 -8.1 7.1
S5 -11.3 -7.6 8.9 -4.6 7.1
Se -8.1 -11.2 4.4 8.9 7.1
S7 -4.5 -11.3 -1.5 8.9 7.1
Ss 8.8 -8.1 -11.4 -4.4 7.1

respect to the SAR-constrained power P7e® 29 dBm.
The expected data rate will be 8 data samples per read. The
minimum requested power from the generator is 77.6 mW.
From above numbers, it is clear that the sequential feeding
scheme guarantees the interrogation of all the IMDs, but at
different times, with the smallest power request and a larger
margin. The simultaneous interrogation, providing a four-times
data rate, is instead achieved at the expense of extra-power.

E. Tolerance to Misalignment

Finally, the effect of possible angular misalignments be-
tween the array and the set of sensors is evaluated with
reference to the highest possible displacement of 22.5° oc-
curring when the interrogators are placed just above four
sensors (say R,, over So,_1,n = 1,...,4 ). In this case the
sensors {52, 54,56, 53} will be energized less than sensors
{S1, 53, S5, S7}. The resulting table of power margins (Tab.
II) shows that, in spite of some symmetry lost, all the sensors
would be still readable in both the feeding schemes. The
smallest power margin reduces of 5 dB (from 8.8 dB down
to 3.7 dB) in the case of sequential scheme. The simultaneous
architecture is less sensitive to rotations (just a reduction of 2
dB in the link margin). Overall, the system looks resilient with
respect to angular misalignments. The vertical misalignment
was investigated in [26] and displacements up to 2.5 cm are
tolerated.

IV. EXPERIMENTAL EVALUATIONS

The prototypes of interrogating and implanted antennas are
shown in Fig. 5a. The experimental mock-up was fabricated
through a 3 mm-thick cylinder (external radius 4 cm) made by

Table 11
CONSTRAINED POWER MARGINS (IN DB) AT 867 MHZ IN CASE OF
ARRAY-IMDS ANGULAR MISALIGNMENT OF 22.5° W.R.T. THE MODEL IN

F1G. 2cC.
Sequential .
B R [ B | K Simultaneous
S 12.6 | -11.6 -6.3 -12.5 7.4
S -0.03 3.8 -13.9 -6.9 5.3
S3 -12.5 12.6 | -11.6 -6.3 7.4
S4 -6.9 -0.1 3.7 -13.9 5.3
S5 -6.3 -12.5 125 | -11.6 7.4
Se -14.0 -6.8 -0.2 3.8 5.3
S7 -11.6 -6.3 -12.5 12.5 7.4
Ss 3.8 -13.9 -6.9 -0.1 5.3

epoxy resin (Fig. 5b.1) that emulates the socket of a hand
prosthesis. The external microstrip slots were fixed on the
cylinder by insulating tape. The IMDs loops hosts the Impinj
Monza R6-P IC [42] with auto-tune disabled. The sensitivity
of the microchip is pyc = —20 dBm but the results given next
will be scaled as in [26] to the reference value p;o = —10
dBm for typical sensor-oriented ICs. Loops were attached over
an ultra-thin substrate of PET forming a cylindrical surface of
3.4 cm radius (Fig. 5b.2). The space between the concentric
external and internal cylinders was filled by minced meat [26],
emulating both the skin and the fat layers (Fig. 5b.3). The
remaining part of the cylinder was then also filled by the
minced meat emulating the muscle (Fig. 5b.4). To implement
the sequential feeding case, an AdvanSplitter-4 by Keonn [46]
was interconnected between the generator and the antennas
(Fig. 5c¢).

The embedded reflection coefficients I',, of each external
reader’s antenna in Fig. 5a was preliminarily measured by a
Vector Network Analyzer, in the presence of all the other slot
antennas in open-circuit termination, and of all the implanted
loops, each connected to its RFID IC. Results are shown in Fig.
6 in comparison with the simulation. There is some variability
among the four antennas. They have been fabricated manually
with adhesive copper and an hand cutter. Thus, a fabrication
uncertainty of at least 0.5 mm is expected in any size of
the device. Furthermore, the resonance frequency is rather
sensitive to the width of the vertical strips, and they were also
trimmed by hand. Not least, even though the authors made their
best to guarantee a homogeneous filling of the minced meat
to avoid air inclusion, it is possible that the antennas see not
identical local permittivity. Overall, the maximum frequency
shift among the measured resonance frequencies is roughly
50 MHz around 900 MHz that means a maximum error of
6 %. Nevertheless, all the four antennas exhibit a reflection
coefficient smaller than -15 dB in the RFID-UHF band. The
achieved performance are hence suitable to demonstrate the
idea. A more repeatable, and still tunable antenna could be
fabricated through etching and removable vias to emulate the
effect of the vertical tuning strips.

A. Power margin measurements

The measurements of both the sequential and the simulta-
neous feeding schemes were performed by using the Voyantic



Interrogating antennas Implanted loops

" External
cylinder

Minced meat
filling

Internal
cylinder (tags)

b)

3 mm layer of
minced meat

Power splitter

@&

c)

Figure 5. a) Prototypes of the microstrip slots and of the implantable loops.
b) Experimental mock-up: the epoxy resin pipe (1), emulating the prosthetic
socket, was used as a support for the external array and the PET cylinder for
the accurate positioning of implanted sensors (2); a first layer of 3 mm of
minced meat was inserted between epoxy resin pipe and PET cylinder (3),
emulating both fat and skin tissues, and finally the remaining part was filled
with minced meat (4). ¢) In the simultaneous feeding scheme the interrogating
slot are connected to a 1:4 power splitter.

TagFormance Station. The system returns the minimum acti-
vation power of each readable IMD and then the transducer
power gain is derived from (3). By accounting the SAR
constraints (Section III-C) and the chip sensitivity p;c = —10
dBm, the power margin was then calculated as in (5). The
results are shown in Fig. 7 for {Ry, Ro, R3, R4} individually
powered (Fig. 7a-b-c-d, respectively) and for the simultaneous
feeding of the circular array (Fig. 7e). Concerning the sequen-
tial feeding, each interrogating antenna communicates with
the sensors implanted below with a positive margin M > 0
dB. The differences in the communication performance among
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Figure 6. Measured reflection coefficients of the interrogating antennas and
comparison with simulations.

some IMDs placed in symmetric positions are probably due
to manufacturing imperfections of all the components of the
system, including the mockup. Finally, the margin for the
simultaneous feeding scheme is shown in Fig. 7e. All the IMDs
have a positive margin and also in this case results compare
satisfactorily with the model.

V. CONCLUSIONS

The potentiality of a circular array of interrogating antennas
has been exploited, both numerically and experimentally, to
establish a robust RFID link with implanted devices placed
into a cylindrical body region. By accounting for the SAR
constraints on the maximum power the reader is allowed to
emit, the sequential scheme is the least power-hungry, also
guaranteeing the largest power margin. Even in extreme con-
ditions (the whole margin used), the required power to energize
up to eight devices hosting the state-of-the-art sensor-oriented
ICs, is less than 23 dBm. This value is well compatible with
portable small readers. Due to the limited sampling rate (two
samples per reading), sequentially fed arrays could be suitable
for the monitoring of slow-varying physiologic parameters,
such as the deformation. Instead, when faster events have to
be sampled, such as bio-electric signals from muscles, the
simultaneous feeding scheme must be used. It permits a higher
data rate, up to 8 data samples per reading, but at the price
of a not negligible increase of the feeding power. Anyway,
miniaturized readers with an output power of 25 dBm at
least, could be applied with still a residual margin of 3 dB.
The array is moreover rather tolerant to angular misalignment
with respect to the arrangement of the implanted sensors
with great benefit to practical implementation when antennas
must be integrated within a prosthetic socket. Instead, in case
of direct application onto other parts of the body without
any fixed prosthesis, provided that the interrogating antennas
are mutually linked through a dielectric ribbon, their optimal
position can be found based on a real-time measurement of
the Received Signal Strength Indicator (RSSI) returned by the
sensors. The ribbon is moved around until the position with the
best link is identified. This procedure could be also supervised
by an ad-hoc software supporting the operator to set-up the
optimal arrangement.
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APPENDIX: EFFECT OF BENDING OF THE INTERROGATING
ANTENNAS

In real applications, the double patch antennas could be
more comfortably bent to match the curvature of the body. The
inset in Fig. 8 shows the cross-section of the cylinder with a
perfectly wrapped antenna over it, with a curvature angle of
37°. The expected impact are on the resonant frequency and
on the distribution of the internal field.

Frequency shift

Numerical simulation revealed that the bending produces
a not negligible downward-shift of the resonance frequency
of more than 100 MHz. This change can be compensated by
acting on the tuning short circuit, moving from d = 1 mm to
d =5 mm (Fig. 8).
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Figure 8. Simulated reflection coefficient of the interrogating antennas when
perfectly wrapped onto the curved surface of the cylinder. Comparison with
the original un-bent configuration and with a modified version where the width
d of tuning shorting strips is enlarged to retune the resonance frequency at
867 MHz.

Figure 9. Distribution of electric field at 867 MHz is reported for each
optimized configuration.

Field distribution

Field distribution inside the cylinder is mostly due to the
slot that is partially affected by bending. However, there is no
relevant modification of the electric field w.r.t. the case of the
flat antenna (Fig. 9). Hence, the coupling with the sensors will
be unchanged. Indeed, the computation of the power margin
for both sequential and simultaneous feeds shows similar (and
even better in the sequential case) power values (9.2 - 9.5 dB
and 6.9 - 7.1 dB, respectively) that those of the flat case (8.8
dB and 7.1 dB, respectively).

Overall, the bending mostly disturbs the detuning of the
interrogation antennas and hence, for real applications, the
on-body antenna must be fabricated with a rigid substrate
having a moderate curvature (for instance by glueing a flexible
antenna as before over a pre-formed curved holder) so that
the limb shape is at least partly matched as already done in
hyperthermia applicators.
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