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Abstract In this paper, we show how measurement of
backscattered signal from commercial off-the-shelf RAIN (passive
UHF) RFID tags attached to dielectric materials can be used for
reliable measurement of dielectric properties of those materials.
The method is robust, in that the tags can be generic and do not
need to be specially designed or calibrated. The directly measured
quantity is the frequency of backscatter (POTR) peak resonance,
from which effective dielectric permittivity can be extracted. We
show that it is almost independent of tag type used for
measurement. Qur approach can differentiate between at least
four different types of dielectrics that we used in testing. One
possible application of this sensing technique is identification for
sorting items in recycling and sustainability use cases, such as
plastics.

I. INTRODUCTION

Minimizing, reusing, and recycling solid waste to ensure
sustainable consumption and production patterns is a UN
sustainable development goal [1]. Effective reuse and recycling
can enable the circular economy but require accurate sortation
of the post-consumer solid waste. In general, the process starts
with sorting by item quality: what can be reused versus what is
past end-of-life (EOL) and must be recycled. Next, recyclable
items are sorted by composition to produce high purity, single
composition feedstock for specific recycling processes.

However, many items slated for reuse or recycling will no
longer have composition labels to enable the sortation process.
For example, the label may be worn out over the item’s lifetime
and no longer be readable or removed by the consumer during
the item’s lifetime or in preparation for recycling (as many
labels are not recyclable). Even if the composition label is
present, in many cases it is not accurate [2] due to the
complexities of open and global supply chains.

To determine item composition, sorting centers employ
various methods. Near infrared (NIR) spectrometry is a
common industrial method to identify the composition of
recyclables such as textiles [3] and plastic [4]. However, NIR
has disadvantages, such as equipment cost and inability to
accurately sort items that are small or dark in color.

In 2021, nearly 30 billion passive RAIN (passive UHF) RFID
tag chips were sold [5]. RAIN deployments are growing in size
and number as they help to solve numerous business use cases
across a variety of industries and supply chains [6]. Further,
RAIN RFID promises to benefit consumers in the future with
concepts such as Internet of Everything [7]. The vast majority
of sold tag chips are converted into labels and attached to retail
items or their packaging, constituting tagged items. A large
volume and variety of recyclable items will still have an
attached RFID tag at EOL [8]. Further, RAIN RFID
infrastructure is cost effective and can provide item-level
information beyond composition that can benefit sorters, for
example authentication of items to enable their second-hand

resale [9, 10]. RFID tags and integrated circuits (ICs) also need
to be recycled [11-12] but this is beyond the scope of this paper.

As mentioned before, accuracy of sortation process is critical
for effective recycling. RFID has been used to determine the
properties of tagged items because tag performance changes
depending on the dielectric it is attached to. However, all
previous works (see next section) required either special custom
designed tags or complicated calibrated measurement setups to
allow one to determine the dielectric permittivity of the tagged
item from measured tag responses.

In this paper, we show for the first time that the backscatter
signal from any generic T-matched RAIN tag measured using a
standard setup can be easily analyzed to detect the approximate
dielectric permittivity of the item the tag is attached to, thereby
enabling sortation for the reuse or recycling of the item.

II. PRIOR WORK

While many active RF wireless technologies can be used for
sensing, RFID is attractive due to its lower cost and power. In
general, any RFID tags (chipless or chip-based) can be used as
sensors [13]. There exist many works on using chipless RFID
for sensing [ 14-19]. For example, [19] demonstrates how to use
wideband measurement of chipless tags to deduce the dielectric
permittivity of plastic items in the recycling sorting chain.

In this work, we concentrate on RAIN RFID tags which are
chip-based. Sensing with chip-based RFID tags can use various
approaches, there are good review publications on that topic
[20]. Those approaches may include, for example, monitoring
tag power state — on or off [21, 22], reading a specific tag’s
serialized identifier in the case of multiple tags or ICs with
sensor switches placed on the object [23, 24], measuring tag
antenna gain penalty [25], analyzing analog characteristics of
the tag (such as minimum power to read the tag at fixed
frequency [26, 27], tag resonant curve shape [28-30],
backscatter signal strength or phase [31-33]), tracking a
capacitance state of the impedance self-tuning circuitry in those
ICs which have it [34-36] etc.

Note that UHF RFID sensing can also be based on dedicated
sensors connected to the IC that has a serial interface (SPI or
12C) or to the smart tag platform that can be wirelessly- or
battery- powered [37-40]. Adding batteries or rechargeable
batteries to tags makes tags semi-passive (or battery-assisted),
giving even more various capabilities such as more sensing
intelligence at longer range. Those dedicated sensors can be
used for dielectric sensing but are outside of scope of this paper.

However, all those works mentioned above required special
custom designed and calibrated tag antennas, often in tandem
with custom calibrated measurement setups which depended on
many things such as specific IC used on the tag, etc. We
propose a radically different simple measurement approach and
method described in detail in the next section.
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I11. PROPOSED METHOD

A common antenna used in RAIN RFID tags is the well-
known T-matched dipole antenna [41-43] such as one specific
model [44] shown in Fig. 1 which consists of a loop coupled to
a dipole. Such antenna provides a good impedance match on
various items and thus is often used in ARC certified tags [45].

Fig. 1. Typical RFID tag with a T-matched antenna.

Tag performance is often characterized by threshold tag
sensitivity (POTF, Power on Tag Forward) and threshold tag
backscatter (POTR, Power on Tag Reverse). Those
characteristics can be easily measured in any standard UHF
RFID tag measurement setup. A typical threshold backscatter
power response of a T-matched tag is shown in Fig. 2. The
resonant frequency f,o. defines the location of the POTR peak.

POTR
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Fig. 2. Threshold POTR of a typical T-matched tag.

The antenna impedance of a T-matched dipole can be
approximated by a transformer-based circuit (or its equivalent
inductor representation) familiar to many researchers which we
will not replicate here. In [46], it was derived using circuit theory
that the threshold POTR of T-matched tags reaches maximum
value at the frequency wporr = 27 fporr:

2 _ W
Wpotr = 1__1 > (1)

where w,; = 2mf; is the natural resonant frequency of a dipole
portion of the tag, or basically a frequency at which the tag
antenna resistance peaks. In (1), & is the coupling coefficient
between the dipole and the loop (0<k<1). One can see from (1)
that unlike POTF resonances (see formulas for those also in
[46]), wporr does not depend at all on neither chip capacitance
nor loop inductance.

Natural resonance of printed dipole antenna depends on
antenna geometry and the properties and size of dielectric slab
it is attached to. As a result, POTR peak resonance shifts down
in frequency when the tag is placed on a dielectric. However,
the coupling between the loop and the dipole in T-matched tags
is magnetic and does not change. That makes the frequency of
POTR peak an easily measurable marker, excellent for tracking
the change in natural resonant frequency w; of a tag antenna on
dielectrics. This frequency can be related to the POTR peak
frequency in free space via the effective permittivity &.¢f of an
equivalent infinite dielectric surrounding the tag antenna,

which scales the POTR resonance frequency as:
vacuum
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From (2), the relative POTR peak shift can be related to the

effective dielectric permittivity as:
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Assume that RFID tag metal antenna is placed directly on
the slab of dielectric material of finite size and thickness as
shown in Fig. 3. There exist several works that propose
approximate formulas for calculating the effective permittivity
for printed dipoles [47-49]. Those formulas were used in some
subsequent works for dielectric sensing using generic antennas
[50-52], for RFID tag design optimized for specific dielectrics
[53-54] and even attempts to use change in RFID tag read range
as an indicator of dielectric permittivity [55-57].
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Fig. 3. Tag on dielectric slab

For example, [48] gives a well-known formula for effective

permittivity of a flat dipole antenna on a substrate:
1 Rz
ey =1+ (5)2 )

where K;and K, are dependent on the properties and the size of
a dielectric slab the antenna is placed on as well as on the
geometry of the antenna itself.

In the next section we empirically demonstrate that effective
dielectric permittivity calculated using eq. (3) is very similar for
different T-matched tags with different shapes and sizes of
antennas. That means that it is sufficient to monitor only the
relative shift of f,, (compared to its free space value) for any
tag to determine the dielectric permittivity of the item another
tag is attached to. Any tags (the more the better, of course) can
be used for producing a calibration curve that relates the
effective permittivity (calculated from relative POTR peak
shift) to the actual permittivity of the tagged material.

Note that the frequency of the POTR peak location is easy
to measure reliably and using any standard wideband RFID test
equipment such as Voyantic Tagformance [58] or CISC RAIN
RFID Xplorer [59]. For example, a Gen2 Query measurement
with Voyantic (5 MHz frequency step and 0.1 dB power step)
takes about 30 seconds across 500 MHz of bandwidth. It also
does not matter how exactly RSSI is defined (definitions
between readers and various measurement equipment can vary
by a few dB’s, depending on which backscatter spectral
harmonics are counted), what is the distance to the tag, how the
tag is oriented relative to reader antenna, etc. - as long as the
measurement is performed in far field. Also note that the POTR
peak frequency is independent of several other factors such as
the type of tag IC (its impedance and sensitivity), the parasitic
capacitance and resistive losses in the direct-die IC attachment,
whether the IC has self-tuning impedance matching capability
(and whether it is enabled or disabled), etc.

To summarize, in our proposed method, we measure the
relative shift of the POTR peak, calculate effective permittivity,
and then empirically correlate it to the actual dielectric
permittivity of the specific dielectric slab. That correlation
(calibration) needs to be done only once for dielectric slabs of
a certain size and thickness and applies to any type of tags.



IV. MEASUREMENTS

We measured ten types of tags (listed in Table I) on four
dielectric slabs (listed in Table II) in our anechoic chamber
setup shown in Fig. 4 with Voyantic Tagformance. Most tags
were dry inlays. Tags were tested flat on slabs from the edge
direction. Tags had various sizes, antenna geometries, and
several generations of various RFID ICs, from Impinj Monza 4
and Monza 5 to Monza R6 and the Impinj M700 series [60].

TABLE L TAGS TESTED
Tag Size (mm) IC
Taking 42x16 Impinj
Things M730
TT-422
Invengo 42x16 Impinj
Bullet M730
Arizon AZ- 44x18 Impinj
ES3 Monza 5
LABID 50x30 Impinj
UH424 Monza 4
SML 50x30 Impinj
GB1 Monza 5
Avery 50x30 Impinj
Dennison Monza 5
AD-381
Beontag 50x30 Impinj
H61 Monza
R6
Beontag 70x14 Impinj
E62 Monza
R6
Arizon 70x14 Impinj
AZ-HR7 M730
Paragon ID 70x14 Impinj
PID 70x14 M730
Explorer

- Fig; 4. Our measurement setup

TABLE II. DIELECTRIC MATERIALS USED
Material Size Dielectric Dielectric Image
(mm) permittivity loss
@ 1.1 GHz | tangent @
1.1 GHz
PTFE 130x130 2.05 0.0002 o= -
x4
PVC 130x130 3.00 0.0079 == o=
x4
FR4 130x130 4.87 0.0141
x3.2
Rubber 130x130 6.73 0.0247
x4

All tags were attached to the dielectric slabs with antenna
side facing down as shown in Fig. 5 using clear Scotch Magic
tape which had negligible effect on the results of testing on our
3.2-4 mm thick dielectric slabs.

Fig. 5. Examples of tag attachment using clear tape, with antenna side and

chip facing the dielectric: H61 on FR4 and PID 70x14 on PTFE.



The measurements on tags with Monza R6 and M700 ICs
were done with Impinj AutoTune function both enabled and
disabled - it did not have any effect on the POTR peak
frequency. Typical measured POTF and POTR curves for one
of the tags (AD-381) are shown in Fig. 6.
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Fig. 6. Measured threshold POTR responses of AD-381 on dielectrics.

Note that we used commercially produced tags, some of which
were certified by ARC [45] which has strict quality
requirements. Sample-to-sample variation still exists but is
quite small as one can see from Fig. 7 which shows ten samples
of PID 70x14, randomly sampled from the roll containing 500
inlays and measured both in free space and on PTFE material.
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Fig. 7. POTR of ten PID 70x14 tag samples (labeled S1 through S10) in
free space (FS) and on PTFE
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Indeed, POTR peak frequency is very robust and easily
measurable marker for resonant frequency shift measurement
because it is independent of IC impedance, sensitivity, or
parasitic IC mounting capacitance.

V. RESULTS AND ANALYSIS

Table III shows the POTR peak frequencies for all
measured tags on all dielectric slabs (we used a 5 MHz step, so
the accuracy of locating peak frequency was about 2.5 MHz).

We plotted in Fig. 8 the effective dielectric permittivity
calculated using eq. (3) as a function of the actual slab
permittivity. As one can see, different tags, with different
shapes of antennas, behave very similarly.

TABLE IIL FREQUENCY OF POTR PEAK (MHZ)

Free space PTFE PVC FR4 RUBBER

Tag \ Eps 1 2.05 3 4.87 6.73

TT422 1037.5 900 840 770 667.5
Bullet 1025 887.5 825 760 660
AZ-E53 1022.5 887.5 827.5 760 655
UH424 957.5 837.5 782.5 720 630
SML GB1 980 860 810 750 665
AD-381 1065 940 885 830 730

H61 975 862.5 815 752.5 652.5
AZ-HR7 997.5 887.5 840 785 695
E62 1035 920 870 800 700

PID 70x14 1025 905 845 792.5 702.5

To understand that, recall that all the tags we used have T-
matched printed dipole antennas where metal arms thickness
(~0.01 mm) is substantially smaller than the source feed gap
between the arms (~0.15 mm), which is much smaller than the
dielectric slab thickness (4 mm), which in turn is much smaller
than the overall electrical length of each tag antenna (>10 cm).
Because of those relations (we refer our readers to [48] for more
details), the effective dielectric permittivity dependence on
specific geometry of the tag antenna is weak.
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Slab dielectric permittivity
Fig. 8. Effective dielectric permittivity vs. actual slab permittivity.

Of course, there exists data spread between different tags,
and it grows as dielectric permittivity increases, as Fig. 8 also
clearly shows. The data spread would result in a certain error in
determining actual material permittivity. We estimate the
accuracy of our method to be about 15% for dielectrics with
permittivity 5 or less (see spread bounds in Fig. 8). However,
as Table IV demonstrates, in our tag population the standard
deviation of effective permittivity is only about 6% even in the
case of a heavy dielectric material (rubber).

TABLE IV. EFFECTIVE PERMITTIVITY FOR MEASURED TAGS
PTFE PVC FR4 RUBBER
e=205| e=3 | e=487 | €¢=6.73
Eeff 1.297 1.473 1.721 2.248
St. dev. of Eeff 0.0264 0.0483 0.0761 0.1368




VI. DISCUSSION AND FUTURE WORK

The described method is certainly dependent on the size and
thickness of the dielectric material which affects the effective
dielectric permittivity and hence the tag dipole resonance which
we measure by determining POTR peak frequency. This
dependence needs to be further studied.

One interesting question is how tag antennas other than T-
matched dipoles (for example, nested-slot type antennas
described in [42]) would perform in this method.

Another interesting research question is minimizing the
number of test points in frequency domain. For faster testing,
fewer points are desired. Both Voyantic Tagformance and
CISC RAIN RFID Xplorer already include algorithms for using
only a few points for fast tag production testing. Perhaps, a
good polynomial approximation can be applied to reconstruct
POTR peak from the limited number of test points and then
determine its resonant frequency.

Also, changes in the absolute POTR peak value can
potentially be analyzed to characterize material tangent loss.

One should keep in mind that since this method requires
broadband transmission in far field, in order to comply with
spectrum regulations it would most likely have to be used in
laboratory setting or shielded environment.

VII. APPLICATIONS

As we mentioned before, one potential application of this
method is plastics identification for sorting tagged items in a
recycling chain. Fig. 9 shows an envisioned process of sensing
to determine material composition. Assume that all tagged
items use plastic of the same thickness. Wideband equipment
measures the POTR response for each tag, finds the peak
frequency and compares it to the peak frequency for the same
tag in free space. Then effective permittivity is calculated,
which is then related to actual permittivity via a previously
made calibration curve, similar to the one in Fig. 8. Based on
that, a sorting decision is made in real time.

Database of POTR Calculate effective
peak frequencies in N N o
—»{ dielectric permittivity
free space for N
) of items 1,2, 3
various tags .
/ | O
/ Calibration
Measure POTR, find / _ Calcl_llate ac!u;_al_ curvg:
peaks dielectric permittivity «— effective
ofitems 1,2, 3 vs. actual
TN T i permittivity
LANN
Wideband reader Make sorting decision
= foritems 1,2, 3
= =

—

Tag1, Tag2, Tag3,
item1 item2 item3

Conveyor belt

Fig. 9. Envisioned application: sensing process for plastics identification

during sorting tagged items in recycling chain.

The POTR peak frequency in free space for each tag can be
stored in a cloud database or even in the memory of the tag itself
(storing an integer frequency value up to 2048 MHz would
require only 12 bits of memory).

One other potential application that follows from the
method’s dependence on dielectric thickness can actually be
determining the thickness of the dielectric objects. This is
something that near infrared spectrometry cannot easily do.

VIII. CONCLUSIONS

In this paper, we proposed a simple method to measure the
dielectric permittivity of tagged items from measured tag
backscatter, regardless of specific T-matched dipole tags used
(any ICs and any antenna geometries).

The method is based on measuring POTR peak frequency
shift relative to free space, calculating an effective dielectric
permittivity, and then finding the actual dielectric permittivity
via a calibration curve. The method is dependent on the size and
thickness of the dielectric material, but the calibration curve is
almost independent of the tag used, as long as tags are T-
matched flat dipoles.

One application that we envision is quick plastics
identification for sorting tagged items in a recycling chain in
real time.
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