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Fig. 7. Self-tuning tag loaded with different liquids: estimated values of the
tuning capacitance of the chip. The horizontal lines indicate the range of Cc
allowed by the RFmicron Magnus™ chip.

Fig. 8. Theoretical and measured sensor codes vs. frequency of the self-
tuning tag whose interdigitated region was loaded with different liquid drops
that were deposited onto an absorbing paper sheet.

the theoretical data are in reasonable agreement and follow
comparable profiles.

TABLE I
SELF-TUNING TAG LOADED WITH DIFFERENT LIQUIDS: MEASURED AND
COMPUTED SENSOR CODES AT 869 AND 915 M H z.

Liquids Sim Meas Sim Meas
869 MHz | 869 MHz | 915 MHz 915 MHz
Air 31 29 19 19
Ethyl Alcohol 26 26 13 15
Glycerol 27 23 14 12
Liquid phantom 20 18 7 7
NaCl solution 5 4 0 1

The experimental profiles of the turn-on power (Fig. 9(a))
show some fluctuations, especially in the North American
band. They are probably due to the combined variations in
the frequency of the gain and conductance of the loaded tag
(as shown in Fig. 6) that the chip is unable to compensate

for, as well as to the variations in frequency of the chip
sensitivity and conductance that are undocumented in the
datasheet. Finally, Fig. 9(b) illustrates the comparison between
the estimated maximum read distances at a fixed frequency,
derived from (8), when moving from the nearly lossless ethyl
alcohol down to the NaCl solution having the highest electrical
conductivity/permittivity. Overall, there is a good agreement
between the model and measurements.

(a) (b)

Fig. 9. Self-tuning tag loaded with different liquids: (a) measured turn-on
power vs. frequency and (b) comparison between measured and theoretical
read distance derived from (8) at 915 M Hz when the reader emits 4.0 W
EIRP interrogating power.

V. EXAMPLE OF MODELING OF NONLINEAR SENSING
RESPONSE

The example concerns the same tag as before, but in this
case applied to the monitoring/sensing in nonlinear regime of
the filling level of water inside a container. For this purpose,
the tag was placed onto the external surface of a perspex
cylinder (radius 2.2 ¢m, height 16 ¢m, and thickness 0.3 cm)
that was gradually filled with water (see the inset in Fig.
10(b)). The simulated input admittance and the gain of the
tag at 869 M Hz versus the level of water are depicted
in Fig. 10. The profiles of both the conductance and the
susceptance are nearly constant for 2 < h < 10 cm. The
gain of the tag’s antenna, instead, exhibits a major change
for most of the considered range of the water level. It was
verified by means of numerical simulations that this behavior
is caused by the combined effect of i) the reshaping of the
antenna directivity (following the electromagnetic interaction
with a high permittivity material) and i) the degradation of
the radiation efficiency because of the increasing power loss
into the water column. Accordingly, the open-circuit voltage
Vr(h) is expected, from (9), to be water level-dependent
(Fig. 10(b)) following a similar profile. This parameter is
computed for a reader’s power value P;, = 31 dBmW so
that Vr will be much higher than the cut-off values of the
chip (Vr cutorr = 0.07 V). The nonlinear response of the tag
will, therefore, be excited and Eq. (13) applies for £, = 1, with
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the parameters m and V7 cyt077 previously derived in Section
III.
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Fig. 10. Box-filling experiment: the self-tuning tag senses an increasing level
of water inside a perspex box where it is attached on. The reader was placed
50 ¢cm far from the pipe. (a) Simulated input admittance and (b) the antenna
gain and open-circuit voltage at 869 M H z versus the level of water.

The outcome of the model is in agreement with the mea-
surements shown in (Fig. 11(a)). The sensor code profile n(h)
clearly reveals the possibility to detect the change in the liquid
level even in the case of invariant antenna susceptance. In
particular, the overall variation of the sensor code is An = 11
with an estimated sensitivity of the tag to the change in the
water level equal to S(h) = % = 1.1em™1, as derived from
the linearization of n(h) profile. The system resolution, i.e.
the smallest detectable variation of the quantity that is being
measured, is hence 6h = % = 0.9cm, where on = 1 is the

precision of the sensor code generation for the specific set-up.

Finally, for the sake of completeness, the sensor code
was also measured according to an adaptive-power mode
interrogation (and hence in the linear regime). As expected
from the simulated nearly uniform admittance, the measured
sensor code (Fig. 11(b)) is constant and saturates to its upper
boundary. Hence, although the response of the antenna is
altered (only concerning the gain), no information about the
change in the water level is returned.

VI. DISCUSSIONS AND CONCLUSIONS

The paper introduced a general-purpose model of the
analog and digital response of the new class of passive
self-tuning RFID tag antennas in both linear and nonlinear
regimes proposing two different sensing methodologies. In
linear regime, i.e. when the reader operates in adaptive-power
interrogation mode, the sensor code is insensitive to the mutual
orientation and distance of the reader so that it looks to
be a rather robust sensing indicator even in the case of a
non-fixed setup, such as a hand-held reader. A fixed or at
least reproducible set-up is instead required when the power
emitted by the reader is kept fixed and locked to a value of
emitted power that is greatly above the turn-on value so that a
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Fig. 11. (a) Nonlinear regime: theoretical and measured sensor codes versus
the variable water level at 869 M H z. (b) Linear regime: measurement of the
sensor code by means of the adaptive-power mode interrogation and measured
and simulated turn-on power.

nonlinear response of the microchip RF impedance is excited.
Nevertheless, the fixed-power interrogation mode is capable
of expanding the sensing applicability of the self-tuning chip
to the cases where the phenomenon under observation does
not affect the antenna admittance while instead it modifies the
gain. A possible field of applications for the nonlinear sensing
could be in industrial manufacturing wherein a conveyor line
is involved. In this case, the tagged objects to be monitored
will approach in a same reproducible way and close enough
to the reader placed at a fixed and known position.

The communication performance, i.e. the maximum read
distance of the tag, can be preserved along with the evolution
of the physical phenomenon when an adaptive-power interro-
gation is exploited and only antenna susceptance is modified
by W(t). Such a change falls right within the retuning domain
of the self-tuning tag. In all the other cases, the read distance
will be subjected to degradation along with ¥ (¢). Accordingly,
the antenna response has to be properly shaped to comply
with the dynamic range and resolution of the sensor. The
constrained design method discussed in [33] could be, for
instance, extended to this case.

In general, when compared with the state of the art of
the analog RFID sensing tags [6], that only enable a quali-
tative monitoring [9], and with the more powerful tags with
sensor-oriented chips (including an internal Analog to Digital
Conversion, [34]), this class of self-tuning UHF tag antennas
fall in between. Indeed, they still employ the antenna as part
of the transduction mechanism but the intelligence required
to extract the sensing data is now split between both the
tag and the reader sides and the source of error due to the
signal transmission is removed. However, the retrieved sensing
content has to be considered as relative and an application-
specific calibration is still required. Since their cost is expected
to be comparable with that of the conventional tags for
logistics, they could be suited to for large scale applications
such as, for instance, foods or perishable products. The sensor
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data may hence complement the identification of goods with
some, still qualitative, information about their physical status.
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